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Abstract

The aim of this thesis is to investigate the utilization of plasmonic metal nanostructures for efficiency
enhancement of thin-film solar cells. This efficiency enhancement strategy exploits the strong near-field
enhancement and highly efficient light scattering that originates from localized surface plasmon
resonances (LSPRs) excited in metal nanostructures and leads to an increased absorption in the solar cell
active layer. In the first part of this thesis, the near-field enhancement is explained with rigorous
theoretical details and how the electromagnetic characteristics alters significantly if a nanoparticle
interacts with an incoming field. We have simulated in COMSOL the incoming electric and magnetic field
pattern for a single dielectric particle. We have also shown the far-field radiation pattern and scattering
characteristics. We have also demonstrated the enhanced resonant electric field (Hot Spot) and
wavelength for peak electric field between 2 nanoparticles in close proximity. Later on, we have
constructed models where we chose different metal nanoparticles (Al, Cu, Ag, Au) covered by thin-film
absorber layer (GaAs, CdTe). We have measured the enhanced magnitude of absorption and scattering
in presence of each of these nanoparticles which boosts the efficiency of an otherwise lacking thin-film
absorber without the implementation of nanoparticles. Also we have demonstrated how varying the size
of the nanoparticles impacted on the absorption enhancement. We have also delved into the recently
emerging organic solar cell technology, very particularly, the Perovskite solar cell. Introducing
nanoparticles into the Perovskite absorber layer results in higher absorption and scattering. We have
measured the absorption enhancement in presence of different noble metal NPs (Al, Cu, Ag, Au). Also
we have demonstrated the effect of the radius of the each of the metal NPs into absorption
enhancement. Due to this absorption enhancement, the plasmonic nanostructured cell exhibits an
enhanced power conversion efficiency compared to an optimized, high performance organic solar cell.



Chapter 1

Introduction

1.1 Motivation

One of the great challenges facing society today is the supply of low-cost, environmentally friendly
energy sources that can meet the growing demands of an expanding population. As pointed out in
reference [1] Photovoltaic power has the potential to meet these needs, since the amount of radiation
striking the earth’s surface is 1.76 x10/5 terawatts (TW) and current world usage is estimated at 15 TW.
With respect to other renewable and nonrenewable energy resources, however, the cost of
photovoltaic modules continues to be high, and cost per Watt remains the driving force behind much of
photovoltaic research.

Concurrently, nanophotonics has emerged as a widespread area of research, with focus on both
fundamentals of light control at the nanoscale and applications to devices. Subwavelength
nanostructures enable the manipulation and molding of light in nanoscale dimensions. By controlling
and designing the complex dielectric function and nanoscale geometry, the coupling of light into specific
active materials can be controlled, and macroscale properties such as reflection, transmission, and
absorption can be tuned. Applying the methods of nanophotonics to solar cells allows for the possibility
of shrinking the absorbing layers while maintaining high levels of absorption, which enables higher
efficiency, low cost, stable photovoltaic devices.

1.2 Objective

About 60% if the energy radiated from the sun reaches the Earth’s surface; even if 0.1% of the energy
could be converted at an efficiency of 10%, it would be four times larger than the total world’s electricity
generating capacity which is about 5000 GW. Among the various conversion systems, solar photovoltaics
(SPV) systems is the most popular direct energy conversion system that converts solar energy in the
visible spectrum (43% of the total radiated energy) directly to electricity. Conventionally, photovoltaics
absorber must have ‘optically thick’ to allow near-complete light absorption and photocarrier current
collection. A typical wafer-based crystalline solar cells have a much larger thickness of typically 180-300
um. But high-efficiency solar cell must have minority carrier diffusion lengths several times the material
thickness for all photocarrier to be collected a requirement that is most easily met for thin cells, plus it
reduces material cost. In an effort to reduce the wafer thickness to decrease carrier diffusion length and
material all the while keeping the wafer optically thick, our objective is to somehow increase the
incident light intensity. That is where the nanoparticles come in handy as they show enhanced radiation
pattern and can manipulate light in subwavelength level. As noble metal nanoparticle exhibits localized
surface plasmon resonances, their implementation can increase efficiency. Moreover, we must provide
designs and simulations which would prove the viability of their impact in efficiency of conventional
thin-film solar cells.



1.3 Solar Cell Overview

Solar photovoltaic cells are made from semiconductors, they are quantum devices and their efficiency
largely depends on the bandgap. It can convert solar radiation with frequencies less than the bandgap of
the cell materials. The efficiency is about 30%. Solar cell technology development can be broadly
classified by the material composition of the active layer. Historically, crystalline Si has been the
dominant semiconductor material for photovoltaics, although thin-film solar cells are gaining an
increasing market share. Cited in [2], for Si approximately 50% of the total cost is due to the cost of the
materials themselves, with the remainder due to cell production and module fabrication. While Si has
many advantages as a material, including abundance and manufacturing experience, it is a relatively
weak absorber, requiring 200 - 300 um of semiconductor material to fully absorb the incident sunlight.
This Si must be high quality and defect free so that the generated carriers are not lost before collection.
Study in reference [3] suggests that alternative thin-film photovoltaic cells with thicknesses of several
microns have been developed with lower processing costs, but also lower efficiencies. For thin-film solar
cells large fraction of the solar spectrum (600-1100 um) is poorly absorbed. Also in reference [4,5], it is
found that the main thin-film solar technologies at present are Cadmium Telluride (CdTe), Gallium
Arsenide (GaAs), Copper Indium Gallium Selenide (CIGS), and thin-film Si, with the record efficiency of
these devices at 19.9% (CIGS).

1.4 Solar Cell Fundamentals

The purpose of a solar cell is to convert incident sunlight to electrical power. When an incident photon
hits a solar cell, there are several possible outcomes. It can simply reflect of the surface. As shown in Fig.
1.1, if the energy of the photon is lower than the bandgap of the semiconductor (hf < Eg), it can pass
through the semiconductor without absorption. If the energy of the photon is higher than the bandgap
of the semiconductor (hf > Eg) then it can be absorbed by the semiconductor, exciting an electron from
the valance band to the conduction band and generating an electron-hole pair (as well as heat,
depending on the semiconductor).

Tl

A~ O— AT
hv > Eg hv = Eg hv < Eg

Figure 1.1: Photon energy compared to bandgap of a semiconductor.



Solar cells typically include other layers besides the semiconductor, such as contact layers and window
layers, which can also parasitically absorb incident sunlight. Efficient solar cells minimize the losses due
to reflection and absorption in other materials to maximize absorption in the semiconductor. After an
electron-hole pair is generated, the electron and hole must be separated and driven to collection at
separate electrodes. The charge separation occurs at a location of higher electric field. In a standard p-n
junction, this occurs by diffusion. The charge carriers diffuse to a p-n junction within the semiconductor
and are separated by the electric field at a junction. In a p-i-n device architecture, as commonly used in
a-Si:H cells, there is an electric field across the entire device which drives the carriers to separation by
drift rather than diffusion. Once the carriers are separated they are collected by the electrodes,
generating current. Not all photogenerated electrons and holes are collected; other processes such as
recombination can prevent the carriers from reaching the electrodes. Efficient solar cells therefore need
to absorb the solar spectrum with minimal losses to reflection or materials other than the
semiconductor, and efficiently separate the carriers and collect them externally. This thesis deals
primarily with the first challenge: we design nanostructures to absorb light in small volumes of material,
and integrate them into photovoltaic devices to study the effects. Carrier collection is not explicitly
addressed, but the ultrathin semiconductor volumes used here may improve collection efficiencies as
well. There are two primary challenges to designing solar cells with high absorption: first, the cell must
absorb over the entire solar spectrum where the semiconductor is active, which is quite broad, and
second the absorption must be high at all angles of incident sunlight. Naturally the angle of incidence
changes throughout the day and season, as depicted in Fig. 1.2(a), but the angle will also vary due to
diffuse scattering from clouds and other objects (Fig. 1.2(b)). While tracking devices can be used to
optimize the angle of incidence of the sun, it is nevertheless important for solar panels to operate well
at a wide range of incident angles.

Figure 1.2: Schematics of direct and diffuse angles of incident sunlight striking a solar cell.

1.5 Plasmonics



The unusual optical properties of surface plasmons, the coherent oscillation of electrons on the surface
of a metal, have been studied for a number of years. The most famous historical example is the Lycurgus
cup from the 4th century AD, which exhibits different colors under reflection and transmission. This
unusual optical property was obtained by mixing subwavelength Ag and Au nanoparticles into the glass
which scatter green light but transmit red light, resulting in different colors. Quantitative studies of the
optical properties of metal nanoparticles began in earnest near the beginning of the 20th century, and
were particularly bolstered by Gustav Mie's seminal 1908 paper [6] on the scattering of light by spherical
objects, including by Au. In 1957, Ritchie predicted the existence of surface plasmons, and by 1968 Otto,
Kretschmann, and Raether had shown that surface plasmons could be excited optically [7, 8, 9]. One of
the first major application areas of surface plasmons to emerge was in molecular sensing: rough metallic
films were shown to enhance the Raman signal of molecules by several orders of magnitude, and the
effect was explained via electromagnetic interactions in references [10, 11]. Discovered in several
studies [12, 13, 14, 15, 16, 17, 18] that with advances in nanofabrication, a wide variety of other
applications of surface plasmons have emerged in recent years, including optoelectronics components,
enhancement of local emitters, materials with negative index of refraction, imaging below the
diffraction limit, light emitting diodes, plasmonic lasers, and cancer therapy. While surface plasmons in
general exist on any interface of a metal, most research has focused on either localized surface
plasmons, such as those on the surface of a nanoparticle, or planar surface plasmons characterized by
propagating charge compression waves on the surface. In both cases the wavelengths are small and the
electric field intensities high compared to free space.

1.6 Plasmonic Photovoltaics

Inspired by the techniques of optoelectronics, surface plasmons have recently attracted attention for
use in solar cells. Indeed, an ultrathin-film solar cell can be considered as an optical integrated circuit, in
which light is received, guided, localized, and collected at the nanoscale. The large resonant scattering
cross sections of metal nanostructures offer the potential to scatter light strongly, while surface
plasmon polaritons can guide and confine light in nanoscale dimensions. The main mechanisms for
absorption enhancement in photovoltaics via surface plasmons will be discussed in detail in Chapter 2.
The field of plasmonic photovoltaics has emerged in force over the time scale of this thesis, with the
number of literature papers and interested commercial manufacturers expanding rapidly, particularly
from 2008 onward. The field has benefited greatly from both improved large-area nanofabrication
techniques and electromagnetic calculation, which are both discussed throughout this thesis. Studies
done in references [19, 20, 22, 23, 24, 25, 26, 27] suggest that to date plasmon-enhanced photocurrent
in photovoltaics has been demonstrated in a wide variety of solar cells, including those based on Si, a-
Si:H, GaAs, CdSe, InGaN/GaN, InP/InGaAsP, organic semiconductors such as polythiophene and copper
pthalocyanine, and hybrid organic-inorganic devices such as dye sensitized solar cells. In parallel, several
groups have published theoretical and simulation results on plasmonic solar cell designs.

The design for a PSC varies depending on the method being used to trap and scatter light across the
surface and through the material.

I.  Nanoparticle cells:



A common design is to deposit metal nanoparticles on the top surface of the thin film SC. When light
hits these metal nanoparticles at their surface plasmon resonance, the light is scattered in many
different directions. As cited in [28] this allows light to travel along the SC and bounce between the
substrate and the nano-particles enabling the SC to absorb more light (fig 1.3(a)). These cells have the
advantage that the fabrication process does not have to be substantially modified to incorporate
plasmonic scatterers. The disadvantage is that, since the particles are on top, attention must be paid to
the density of objects to avoid shadowing. References [29, 30] shows that the presence of particles on
top also modifies the use of AR coatings, and so any added benefits from nanoparticles must be weighed
against the benefits due to conventional antireflection methods.

\ |/

Incident Light

A/

Metal Nanoparticles

semeondicer/ /S

Substrate

Figure 1.3(a): PSC using metal nanoparticles.

Il. Metal film cells:

Other methods utilizing surface plasmons for harvesting solar energy are available. One other type of
structure is to have a thin film of silicon and a thin layer of metal deposited on the lower surface. The
light will travel through the silicon and generate surface plasmons on the interface of the silicon and
metal (fig 1.3(b)). This generates electric fields inside of the silicon since electric fields do not travel very
far into metals. If the electric field is strong enough, electrons can be moved and collected to produce a
photocurrent. The thin film of metal in this design must have nanometer sized grooves which act as
waveguides for the incoming light in order to excite as many photons in the silicon thin film as possible.
[31].
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Figure 1.3(b): Thin film SC (left) and Typical SC (right).

1.7 Literature review

In their paper about plasmonic nanoantennas, Vincenzo Giannini, Antonio I. Fernandez, Susannah C.
Heck [32] explores rigorously how an incident radiation interacts with metal nanoparticles. When light
interacts with a metal nanoparticle its conduction electrons can be driven by the incident electric field in
collective oscillations known as localized surface plasmon resonances (LSPRs). These give rise to a drastic
alteration of the incident radiation pattern and to striking effects such as the subwavelength localization
of electromagnetic (EM) energy, the formation of high intensity hot spots at the NP surface, or the
directional scattering of light out of the structure. A. Garcia-Etxarri, R.Gomez-Medina, L.S. Froufe-Perez
[33] demonstrates how high-permittivity dielectric particles (e.g. silicon) present strong electric and
magnetic dipolar resonances in telecom and near infrared frequencies. Multiple nanoparticles also
interacts with each other when placed in close proximity to each other and create enhanced electric
field called “Hot Spot”, as explores in the paper published by Katja Erhold, Silke Christiansen and Ulrich
Gosle [34]. These nanoparticles and their plasmonic characteristics are good way to create increased
absorption in thin-film solar cells. Y. Ekinci, H. H. Solak, and J. F. Loffler [35] shows in their study an
engineered enhancement of optical absorption and photocurrent in a semiconductor via the excitation
of surface plasmon resonances in spherical Au nanoparticles deposited on the semiconductor surface. N.
P. Hylton, X. F. Li, V. Giannini, K. H. Lee, N. J. Ekins-Daukes, J. Loo [36] shows that implementation of
metal nanoparticles on GaAs layer can results in increased optical path length and parasitic absorption
due to excitation of localized surface plasmon resonances. T. Repan, S. Pikker, L. Dolgov, A. Loot [37]
demonstrates in their paper increased efficiency inside the CdTe solar cell absorber caused by plasmonic
metal nanoparticles.

Qian Zhou, Debao lJiao, Kailiang Fu, Xiaojie Wu [38] conducted a study on the recently emerging
Perovskite solar cells and compares their efficiency with traditional solar cells. Due to their simplicity
and low cost, their properties are vigorously studied and researched. Olga Malinkiewicz, Aswani Yella,
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Yong Hui Lee, Guillermo Minguez Espallargas, Michael Graetzel [39] shows that methylammonium lead
iodide perovskite layers, when sandwiched between two thin organic charge-transporting layers, also
lead to solar cells with high power-conversion efficiencies (12%). As researched in the paper published
by Wei Zhang, Michael Saliba, Samuel D. Stranks, and Yao Sun, Xian Shi, Ulrich Wiesner, and Henry J.
Snaith [40] these perovskite solar also accommodates metal nanoparticles and facilitates field
enhancement. Their paper demonstrates photocurrent and efficiency enhancement in
mesosuperstructured organometal halide perovskite solar cells incorporating core-shell Au
nanoparticles (NPs) delivering a device efficiency of up to 11.4%.

1.8 Overview of Thesis

This thesis describes the design, modeling, and measurement of solar cells incorporating plasmonic
nanostructures for enhanced photocurrent. In particular, we focus on plasmonic nanostructures built
into the metallic back contact of a thin-film solar cell. In chapter 2 describes rigorously in theoretical
details the optical properties of a nanoparticle. Light scattering, localized surface plasmon resonance,
surface plasmon polaritons- all these phenomena are discussed and their implementation in solar cell. In
chapter 3 electric and magnetic properties of a high-permittivity dielectric particle (Si) are explored.
Furthermore in chapter 5 we discussed the arrangement of more than one nanoparticle in close
proximity and how they exhibit “Hot Spot”. Chapter 5 and 6 offers insight into the modelling of
nanoparticle enhanced solar cell and how field is enhanced in the particle-absorber layer vicinity. Both
GaAs and CdTe absorber layer is experimented with many noble metal nanoparticles like Al, Au, Cu, Ag
etc. In chapter 7 the recently emerging Perovskite solar cell is explored and how they accommodate
metal nanoparticles to enhance their power conversion efficiency.



Chapter 2

Plasmonic Solar Cells

2.1 Introduction

This chapter describes the optical properties of localized and propagating surface plasmons, as applied
to photovoltaics. Metals are traditionally seen as recombination centers or sources of optical losses in
photovoltaics, and the idea of using metal nanostructures to enhance absorption in solar cells is at first
counterintuitive. The unusual properties of plasmonic nanostructures, however, including their
scattering cross sections, high local electric fields, and propagating waveguide modes, enable their use
in solar cells. This chapter describes the resonant scattering cross-sections of small metal nanoparticles,
and considerations when these scatterers are introduced in solar cells. Also the waveguide modes that
can be excited in a solar cell, both photonic slab waveguide modes and SPP modes. The challenge for
photovoltaic applications is to design scattering objects with high effective cross sections that are both
broadband across the solar spectrum and insensitive to angle of incidence.

2.2 Optical properties of metal nanoparticles

Stated in [41, 42] owing to their bright colors, metal nanoparticles (NPs) have been employed for
centuries in church windows, mosaics, glass cups, and pottery. This utilization was based on empirical
knowledge, without an understanding of the physical origins of the metal NP colors. This however
changed, when Gustav Mie published his pioneering work as cited in [43] explaining the optical
properties of metal NPs in the beginning of the 20th century. After this theoretical framework had been
developed, it took several decades until the advances in the field of nanotechnology led to a widespread
use of metal NPs in various research areas. Recently different studies [44-53] discovered and
demonstrated potential applications of metal NPs in solar cells, light emitting devices, chemical and
biological sensors, surface enhanced Raman spectroscopy, photochemistry, and lasers.

2.3 Localized Surface Plasmon resonances

Studies done in references [54, 55] shows that the unique optical properties of metal NPs arise from the
interaction of the NP conduction electrons with the incident light. This interaction can be described by a
simplified formalism, the so-called quasistatic approximation, for NPs with a size much smaller than the

wavelength (A1) of the incident light. In this size regime, the electric field (E,) of the light wave is



approximately constant across the entire particle. This spatially constant electric field exerts a force on
the conduction electrons of the metal NP, which causes them to collectively move to the NP surface, as
shown in Fig. 2.1[56]. At the same time, the Coulomb attraction between these displaced electrons and
the ionized metal lattice leads to a restoring force. The combination of these two forces causes a
collective oscillation of the electrons with a maximal amplitude at the so-called localized surface
plasmon resonance (LSPR) frequency.

Metal NP

\\G) @ @/

-

Electron
cloud
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Time

Figure 2.1: Schematic of a dipole LSPR excited in a metal NP with a size much smaller than the wavelength of the

incident light with an electric field E0 . This external field exerts a force on the NP conduction electrons, resulting
in a collective oscillation. Because of the small NP size, E0 is approximately spatially constant, resulting in a dipole

resonance [56].

In NPs that are small compared to A , all electrons oscillate in-phase and therefore only dipole LSPRs are
excited. As pointed out in references [59-61] these LSPRs should not be confused with surface plasmon
polarities (SPPs), which are electromagnetic excitations propagating at the surface of planar metal layers
that exhibit evanescent decay in the direction of the surface normal. Unlike SPPs, LSPRs do not
propagate (hence the localized in their name) and can be excited by a plane light wave without the need
for specific incoupling schemes such as gratings and prisms.

The optical properties of metal NPs are highly dependent on the relative permittivities of the NP
material and the embedding medium, &, andé&,,, respectively. In general, both of them are complex
numbers with & = & +i¢g, According to the quasistatic approximation, we only need to know these two

material properties as well as the NP radius (R) to calculate the dipole polarizability (& ) of a spherical
metal NP at a given frequency (@ ) of the incident light [56]



_ 3 Enp (a))—gm (a))
a(w)=47R ‘. ()26, (a))

(2.1)

The response of the metal NP on the excitation by an external light source can then be described by the
induced dipole moment p =¢g,&,0E, with the vacuum permittivity &,. From Eq. (2.1) from [56], it

follows that & exhibits resonance behavior whenever

| e +2¢, |= Minimum (2.2)

In a transparent embedding medium, i.e.&, =0 , and for a small ¢, ,, ords,,/dw, the dipole

resonance condition is simplified to [56]

& np = —28 (2.3)

m

As shown in references [62, 63], this implies that LSPRs can only be excited if eitherg,,, or &, are
negative, which necessitates that either the NP or the embedding medium consists of a metal (the latter
would correspond to a void in a metal layer, which supports LSPRs as well. The &, of Ag and Au are both

negative in the visible spectral range, as shown in Fig.2.2 [56], such that for small spherical NP of these
noble metals in vacuum, a dipole LSPR is excited at A ~360 nm and A ~500 nm for Ag and Au NPs,
respectively.
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Figure 2.2: Relative permittivities of Ag and Au, as measured by spectroscopic ellipsometry [56].
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2.3 Light extinction by metal NPs

Metal NPs exhibit efficient light extinction, which is the sum of light absorption and scattering. These
optical properties are a consequence of the LSPRs excited in the metal NPs and have been studied
extensively during the last decades. [64-70] have provided evidence that the NP extinction has been
found to strongly depend on the NP composition, size, shape, and dielectric environment.

The light extinction, absorption, and scattering of a single metal NP are commonly described by their
C,., and C_,, respectively, with C_, = C, +C,,. These cross-sections are

related to the area within which the metal NP interacts with the incident light. According to the

cross-sections, C

ext ? abs? sca’?

quasistatic approximation, bothC,, and C,. of spherical NPs are directly related to «
by [56]

C.. =kIm(e) (2.4)
k*

= —_— 2-5

sca 67[ |a | ( )

where kK = 27zﬂ/£m | 2 denotes the wavenumber, which is the magnitude of the wave vector (k) of the
incident light. It is convenient to normalize these cross-sections by the physical size of the metal NP,

such that the normalized cross-sections (Q) for a spherical NP are given by Q = C/(R*7).

The quasistatic approximation is rather accurate for R < 20 nm. Referenced in [71] as proof for NPs with
a larger size, the approximation does not hold anymore because phase retardation of the external and
internal fields lead to a red-shift of the LSPR and strong light scattering leads to radiation damping . This
has also been studied in [72] that in addition, higher-order multipole resonances are excited. All these

effects are taken into account in the more rigorous elecrodynamic Mie model cited in [56], where C,

and C,_, are given by a multipole expansion of the electromagnetic fields:
(2.6)

Cor =27 3. (21 +1)Re(a, +b)

2 00
Coa =7 2,2+, F +]B,) 2.7
1=1
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The so-called Mie coefficients @, andb, , which are given by [56]

_ My, (MX)y ', (X) —w, (Xy ', (MX)
My, (MX)E " (X) = & (X)y 'L (MX) (2.8)

b = w (MX)y ', (X) — My, (X)y ', (MX) (2.9)
w (MX)& (X) —m&, (X)y ', (MX)

where x=KkRand, m=,/g, /&, withim(g,)=0. y; and{, are cylindrical Riccati-Bessel functions,
defined by w;(z)=12j,(z) and &(z)= zh”(z) , with the spherical Bessel and Hankel functions. The

prime indicates differentiation with respect to the argument in parentheses. The order of the multipole
is given by | , where the lowest-order mode (| = 1) is a dipole.

Equations (2.5) and (2.6) from [56] allow to extract several general trends for spherical metal NPs. The
C., spectra of a spherical Ag NP with R = 3.5 nm for several &, is shown in Fig. 2.3 of [56]. Such small
NPs (i.e. R << A ) exhibit a single extinction band, originating from a dipole LSPR. It red-shifts with

increasing&,,, as expected from the quasistatic dipole resonance condition, Eq. (2.3), and the

monotonically decreasing &, of Agin the visible spectral range (cf. Fig. 2.2, [56]).
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Figure 2.3: Extinction cross-section ( ! ) of a Ag NP with R = 3.5 nm for several &, , according to Mie theory [56].
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The size dependence of extinction, scattering, and absorption of Ag NPs is shown in Fig. 2.4(a)-(c) from
[56]. For R =5 nm, only the dipole LSPR is excited at 4 = 360nm [Fig. 2.4(a),]. As the NP size increases,
the dipole resonance red-shifts due to phase retardation and becomes broader due to radiative
damping [Fig. 2.4(b) and (c)]. For R = 100, for example, the dipole resonance is centered at 4 ~600 nm
and is highly damped. At the same time, higher-order multipoles are excited at wavelengths smaller

than that of the dipole LSPR. The comparison between Q. and Q, reveals that for the smallest Ag

abs

NPs no significant scattering is observed, whereas it dominates for the larger two NP sizes.

300 400 500 600 700

Wavelength (nm)

Figure 2.4: Extinction, scattering and absorption efficiencies of spherical (a)-(c)

Ag and (d) Au NPs in air for several R, according to Mie theory [56].

C.../C

Figure 2.5 of [56] shows the dependence of the ~s& " ~&t ratio on R, according to Mie theory. The
growing importance of light scattering with increasing R is also taken into account by the quasistatic

approximation, where scattering scales with R®, whereas absorption only scales with R® [Eq. (1.7) and
(1.8) from [56]]. The comparison between the C_, /C,, ratio for ¢, =1 =1 (solid curve in Fig. 2.5

(56])
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Figure 2.5: The — scat & ratios for a Ag NP with a radius R in an embedding medium with &, =1 (solid curve)

and &, = 10 (dashed curve), according to Mie theory [56].

and ¢, = 10 (dashed curve) shows that the importance of light scattering for a given R strongly

increases with increasing &, .

Finally, we can consider the role of the NP material composition itself. In the visible spectrum, Ag
absorbs only very little light, resulting in a small &, (cf. Fig. 2.2 [56]). Gold, on the other hand, absorbs

more strongly due to interband transitions that extend into the visible spectral range. This is evidenced
by the much weaker resonance and less effective light scattering of Au NPs compared to Ag NPs of the
same size, as shown in Fig. 2.4(d) of [56].

So far, we have only discussed the optical properties of spherical metal NPs. Studies for non-spherical
metal NPs [73-76] suggest they also have optical properties that strongly depend on their shape. Rod-
shaped particles, for example, exhibit one dipole LSPR per non-degenerated axis as found in reference
[77], as shown by the experimentally measured spectra of Au NPs in Fig. 2.6 [56]. The optical properties
of such rather simple non-spherical geometries can still be calculated analytically. For more complicated
geometries, however, numerical simulations have to be employed. The quasistatic and Mie models
described above both rely on ¢ as their only material-related parameter. Therefore, the results
obtained from these models can only be as accurate as the & values that are utilized for the
calculations. Because & is a macroscopic material property, the models neither take into account the
damping of the electron oscillation when the NP size is smaller than the mean free path length of the
electrons nor nonlocal effects at the metal-dielectric interface, that both become increasingly important
with decreasing NP size. Although models exist that take these effects into account [78], they require
the detailed knowledge about microscopical parameters such as the exact morphology of the metal
NP/embedding medium interface and the shape and size distribution of the NPs. As in real-life
experiments, these parameters are mostly unknown or could only be roughly estimated, the benefit of
utilizing models that correct for surface scattering and nonlocal effects is not obvious.
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Figure 2.6: Experimentally measured extinction spectra of colloidal dispersions of spherical Au NPs with RLI 5 nm
(dashed curve) and rod-shaped Au NPs with a minor axis diameter of 10 nm and a 3:1 aspect ratio (solid curve)
[56].

2.4 Metal NP-embedding medium Interactions

The excitation of LSPRs in a metal NP leads to a strong enhancement of the electric field intensity (| E |2
) near its surface. This enhancement depends on the metal NP shape and the position relative to the E,
vector of the incident light wave, as shown by Fig.2.7 showed in [56]. In the quasistatic approximation,

the near-field intensity enhancement (| E, [ /| E, [*) at the distance d to the surface of a metal

2
Figure 2.7: Normalized electric field intensity (| | E | ) near Ag NPs with a (a) triangular and (b) circular cross-

section, as obtained by 2D numerical simulations. The plane light wave is incident from the bottom, with its Eo

and K vectors as indicated by arrows [56].
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NP with radius R is given by [79]

2
|ENP| _

EF |* sin® (2.10)
0

|* cos® O+| -1+

{1+

(04
27(R+d)? 27(R+d)?

where | E\, | denotes the electric field intensity outside of the metal NP and & the angle between the

E, vector of the incident light and the vector pointing from the NP center to the point of interest. The

maximal field enhancement is obtained for @ = 0, 7. At these angles, Eq. (2.9) from [56] can be
simplified to [56]

E 2
(Eely

(24 |2
|E [

_ 2.11
27(R+d)? 211

Shown in references [80-83] that as a result of this near-field enhancement, the absorption in the

embedding medium can be strongly increased due to the presence of metal NPs. Below saturation, this
2

| Exe |

.

absorption enhancement equals |
0

In addition to near-field enhancement, light scattering by metal NPs can also lead to absorption
enhancement in thin-films due to light trapping. Light scattering by metal NPs only becomes efficient for
NPs with a size above ~ 30-50 nm, whereas the near-field enhancement can already be very strong
even for NPs with a size of only a few nm.

The presence of metal NPs does not only affect light absorption in the embedding medium but also the
PL of nearby emitters such as organic molecules and semiconductor nanocrystals. Several studies cited
in [84-98] demonstrate that Metal NPs have been found to either strongly quench or enhance the PL of
nearby emitters, depending on the size, shape, composition, and dielectric environment of the metal
NPs, the natural quantum yield of the emitter, the distance between the NPs and the emitter, and the
spectral overlap of the LSPR and the emission. Also as discovered in different studies cited in [99, 100,
101-103], the effect of the presence of metal NPs on the PL of nearby emitters originates from both the
absorption enhancement that corresponds to an excitation enhancement in the context of PL
measurements, as well as a modulation of the emission quantum yield and a reduction of the excitation
lifetime.

2.5 Overview of Mechanisms for Plasmonic Absorption Enhancement

There are a few distinct plasmonic mechanisms for enhancing absorption in solar cells, which together
encompass most of the explored devices to date. First, subwavelength metal nanostructures (on either
the front or back of an absorbing layer) can be used to scatter incident light into a distribution of angles,
increasing the path length of the light within the absorbing layer (Fig. 2.8(a)) from [56]. Evidence in [104,
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105] points out that this can lead to higher short circuit current densities, in both relatively thick cells
and thin cells on index-matched substrates.

A second plasmonic mechanism for enhanced absorption results from high near-field intensities
associated with the localized surface plasmonic resonance of the particle (Fig. 2.8(b)). Depending on the
shape and size of a metallic particle, particular frequencies of optical excitation will result in strongly
enhanced fields near the particle.

pITTTT
. ’\“/‘“ e

Figure 2.8: (a) Light trapping by nanoparticles from metal nanoparticles on the top surface of the solar cell. Light is
scattered and trapped into the substrate at a higher angle, increasing the path length. (b) Light absorption
enhancement in the semiconductor by embedded nanoparticles due to the enhanced near field of the
nanoparticles. (c) Light trapping by coupling to guided modes of the solar cell from nanopatterned metallic back
contacts

Since the optical absorption is proportional to the field intensities, high local fields lead to increased
absorption. This can be a challenging geometry, however, as the embedded metal particles can lead to
semiconductor defects or act as recombination centers, in addition to the fabrication challenges. A study
cited in [106] demonstrates that most of the successful solar cells of this geometry are polymer devices,
where metal particles can be incorporated through spin-casting.

The third mechanism uses the scattering center as a means to excite propagating waveguide modes
within the thin absorbing layer (Fig. 2.8(c)). [107-110] have mentioned that the propagating waveguide
modes may be either photonic waveguide modes or surface plasmon polariton (SPP) modes, and the
scattering center is used to overcome the momentum mismatch between the incident wavevector and
that of the waveguide mode. As the mode propagates, the power in the waveguide mode will be
absorbed partially in the semiconductor layer, thereby exciting electron-hole pairs and enhancing
absorption by redirecting the light horizontally. Carrier collection usually occurs in the vertical direction,
orthogonal to the absorption path. This third design is the focus of most of this thesis. Figure 2.9 from
ref. [56] illustrates several possible architectures for integrating scattering objects into photovoltaic
devices.
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incident sunlight

grooves or ridges

Figure 2.9: Generalized scatterers for coupling into waveguide modes in a solar cell, showing some of the potential
variables for designing plasmonic nanostructures. Scatterers can consist of particles on top, middle, or back of the
solar cell and could contain layers of metal, dielectrics, transparent conducting oxides, or air. Incident sunlight is
scattered into photonic or SPP modes depending on the scattering object and incident wavelength of light.

Variables include the shape of the scattering center, its relative height in the waveguide, arrangement
with respect to other scattering objects, and the use of either dielectric or metallic surrounding layers.
For example, the scattering objects may be nanoparticles, gratings, or holes in an otherwise continuous
metal film. The shape of the nanostructure is another variable: hemispheres, cylinders, cones, or
anisotropic shapes are all possibilities, each with their own scattering cross section and angular
scattering distribution.

18



Chapter 3

Scattering Properties of a single silicon nanoparticle
in air

3.1 Introduction

Here we analyze the dipolar electric and magnetic response of lossless dielectric spheres made of
moderate permittivity materials. For low material refractive index (<3) there are no sharp resonances
due to strong overlapping between different multipole contributions. However, we find that Silicon
particles with index of refraction ~ 3.5 and radius ~200nm present strong electric and magnetic dipolar
resonances in telecom and near-infrared frequencies, (i.e. at wavelengths = 1.2-2mm) without spectral
overlap with quadrupolar and higher order resonances. The light scattered by these Si particles can then
be perfectly described by dipolar electric and magnetic fields.

3.2. Extinction resonances of a dielectric sphere. The Mie theory revisited

Consider a non-absorbing dielectric sphere of radius a, index of refraction m, and dielectric permittivity
&, = mzin an otherwise uniform medium with real relative permittivity &, , permeability 24, =1 , and

refractive indexm, =./&, . The magnetic permittivity of the sphere and the surrounding medium is

assumed to be 1. Under plane wave illumination, and assuming linearly polarized light, the incident
wave is described by

E = E,u,e™e ™ (3.1)

B =Byu,e“e™ (3.2)

wherek =m,@/c=m, 27/ A, Abeing the wavelength in vacuum and B, = g,H, =—(m, /C)E, (see
Fig. 3.1). The field scattered by the sphere can be decomposed into a multipole series, (the so-called
Mie’s expansion), characterized by the electric and magnetic Mie coefficients {a,} and {bn L

respectively; (@, and b, being proportional to the electric and magnetic dipoles, &, and b, to the

qguadrupoles, and so on).
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Figure 3.1: Incident field vector [36].

We shall find useful to write the Mie coefficients in terms of the scattering phase-shifts «, and S,
[112]

a = % (l-e?")=ising,e ™

(3.3)
1 oi .. iy
b, =§(1—e fy=isin g e (3.4)
Where
tana. = mzjn(y)[xjn(x)]'_ Jn(x)[yjn(y)]'
T m (WD, (01 Y, (LY, (DT (3.5)
tan B = Jn (V) IX5a OO = 1o COLYi (W] 3.6

" Jn(y)[xyn (X)]I_ Y, (X)[yjn(y)]'

m=m_ /m, being the relative refractive index, X=Kka the size parameter and y =mX. j,(X)and

Y, (X) stands for the spherical Bessel and Neumann functions, respectively, and the primes indicate
differentiation with respect to the argument. Discussed in [112], in absence of absorption, i.e. for real m,
the phase angles «, and f, are real, then the extinction and scattering cross sections, o, and oy,

respectively, have the common value
27 < 02 02 N
o, =0, = FZ(Z” +1){sin’ a, +sin’* B}=> {o., +oy .} (3.7)
n=1 n=1

In the small particle limit (x << 1) and large particle permittivities (m > 1) the extinction cross section
presents characteristic sharp resonance peaks. The values of y = mx at which the angles &, or S, are
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/2, 3712,... etc., define the resonance points. At each resonance, the extinction cross section is of

the order of A?and it is independent of either the particle size or the refractive index [112]
res ext 272-
o, =0, {X<<Im >>1}zF(2n +1) (3.8)

Asymptotically, the first resonance peak occurs aty = 7 (i.e. 4 =m2a) corresponding to the magnetic
dipole term of coefficienth, .

3.2 Magnetic and electric resonances of dipolar particles

Let us consider further in some detail the scattering properties of small dielectric particles (x <« 1). In the
x « 1 limit, the sphere is sufficiently small so that only the dipole scattered fields are excited. The
induced dipole moments, proportional to the external (polarizing) fields, E and B, are usually written in

terms of the particle electric and magnetic polarizabilities . and «,, , respectively [112]

p=¢,6,0:E, m= oy B (3.9)

Holy,
Where
3

K AN
ag = i(a)‘lai, a, = I(QJ b (3.10)

By using the definition of the phase angles «, andf, , [cf. Egs. 3.3-3.6], we can rewrite the
polarizabilities as [112]

(0) (0)
a o
a, = kE3 , ay = k"g (3.11)
1-i_—a 1-i_—af
67 67
Where
6 67
aéo) =—Ftana1 , a,f,?) :_Ftanﬂl (3'12)

In terms of these magnitudes, the extinction and scattering cross sections then read

o =kIm{a; +a,,} (3.13)

4

k
Os =a{| ag [P +|ay [} (3.14)
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. . 0 0 s
Of course, in absence of absorption, aé) and ah(,l) are real quantities and we recover the well-known

optical theorem result &, = o, In particular, in the Rayleigh limit, wheny =2zma/ A <<1,a®® and

a,(wo) approach the quasi-static form [112]

272

~4za’(m? -1)

y<<d 30 (3.15)

2
m- -1
0) 3 (0)

ag’ |, c4ra’ ——, a |

E y<<1 m2+1 M

From studies cited in [113-115], we recover the well-known expression for the polarizability of a
Rayleigh particle including radiative corrections. Notice that in this limit the magnetic polarizability is
negligible. Very small particles always behave as point electric dipoles.

However, for particle sizes that are not extremely subwavelength, the quasi-static approach fails to
describe the resonant behavior. As y increases, (i.e. as | decreases), there is a crossover from electric to
magnetic behavior as shown by Fig. 3.4 for a Si particle. The y values at which the quasi-static

polarizability aéo) (a,f,,o)) diverges define the electric (magnetic) dipolar resonances.

Near the first bl—resonance, the particle essentially behaves like a magnetic dipole. If A decreases

further,a, peak dominates and the sphere becomes again an electric dipole. Notice however that, due

to the overlap between the electric and magnetic responses, the radiation field near the resonances
does not correspond to a fully pure electric or a fully pure magnetic dipolar excitation. Yet, for the
aforementioned Si sphere, the magnetic dipole contribution is, at its peak, about five times larger than
the electric dipole one.

3.3 COMSOL Simulation Settings

Fig 3.2 shows our COMSOL simulation structure with a cross-section of the 3-D model a single Silicon
nanoparticle in air. The radius of the nanoparticle is taken 230nm. The region outside of the
nanoparticle is air. A perfectly matched layer (PML) is taken outside of the region of interest which is at
least 3 times the radius of the nanoparticle. The incident field decays completely inside the PML layer.
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Figure 3.2: Cross-section of the 3-D COMSOL simulation

3.4 Maps for the modulus of the total electric vectors normalized to the
incoming Electric field (E,, /E,.)

Fig 3.3 shows the total electric field vectors normalized to the incoming electric field (E,, / E,, ). XZ

planes crossing y=0 are displayed. Field vectors are shown at A =1250nmwhere the electric resonance
peak occurs (fig 3.3(a)), 4 =1680nm, where magnetic resonance peak occurs(fig 3.3(b)) and at
A =1525nm, where electric and magnetic field contribute equally in the scattering cross-section(fig
3.3(c)).
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Figure 3.3: Normalized electric field ( ™t inc ) during (a) electric resonant peak (A =1250nm), (b) magnetic

resonant peak (A =1525nm), (c) electric and magnetic field at equal magnitude ( A =1680nm)

3.5 Maps for the modulus of the total electric vectors normalized to the
incoming Magnetic field (H,, /H,.)

Fig 3.4 shows the total magnetic field vectors normalized to the incoming electric field (H,, / H,. ). XZ

planes crossing y=0 are displayed. Field vectors are shown at A =1250nm where the electric resonance
peak occurs (fig 3.4(a)), A =1680nm, where magnetic resonance peak occurs (fig 3.4(b))and at

A =1525nm, where electric and magnetic field contribute equally in the scattering cross-section (fig
3.4(c)).
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Figure 3.4: Normalized magnetic field ( Hm‘ / H"‘C ) during (a) electric resonant peak ( A =1250nm), (b) magnetic

resonant peak (A =1525nm), (c) electric and magnetic field at equal magnitude ( A =1680nm)

3.6 Far-field radiation pattern and scattering radiation cross-sections vs.
wavelength characteristics

Fig 3.5 shows the corresponding far-field scattering radiation patterns for the three wavelengths. Also

the scattering cross section o versus the wavelength A for a 230nm Si sphere is show in following
figure (fig (3.6)).

Figure 3.5: The corresponding far field scattering radiation patterns for the three wavelengths
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The contribution of each term in the Mie expression is also shown. From the graph we notice that as we
increase the wavelength along right x-axis, electric and magnetic dipoles and multipoles occur
alternately. Our simulation result accurately matches with the journal paper.
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Figure 3.6: Graph of scattering cross-section versus wavelength (/1 ) showing (a) alternating magnetic and electric
field peak values at 1180 nm, 1250nm ,1680 nm (b) our simulation result
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Chapter 4

Plasmonic Properties of Bimetal Nanoshell Spheres

4.1 Introduction

The dimer structures ensure the existence of a so-called hot spot, where the local electric field
enhancement reaches its maximum. The hot spot is located in-between the dimer junction and is caused
by the coupling of the two particle’s plasmon modes. The nanoantenna geometry under analysis is
depicted in Fig. 4.1, and it consists of a plasmonic dimer of total length L composed of two spherical
nanoparticles separated by a gap of lengthg << L . Even if the total size of the nanoantenna is
supposed to be of a few tens of nanometers, its size remains comparable with the optical wavelength of
operation. One should also keep in mind that this point dipole approximation underestimates particle
interactions at close separations. However, the picture is still useful in providing some insight into the
interaction phenomenon. Although particle dimmers create hot spots, the electric field intensity
enhancement is generally quite low.

Figure 4.1: The nanoantenna geometry under analysis here

In our COMSOL simulation, we have used two dimetal dishell (fig 4.2) nanoparticles, where the inner
core is made of Au and outer shell Ag. We have taken the radius of the core (Au) 40nm and the width of
the outer shell (Ag) is 10nm. The outer region of integration includes air (dielectric). A Perfectly Matched
Layer (PML) of thickness 150 nm and radius 500nm is also taken.
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Figure 4.2: Cross-section of the 3D COMSOL simulation

4.2 Electric field distribution and Scattering cross-section

As evidenced by Fig 4.3, due resonant plasmonic interaction between the two dimetal dishells, the
electric field in the vicinity between the shells is profoundly increased. This is called a “HOT SPOT”.
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Figure 4.3: Enhanced electric field in between the dimer structure called “Hot Spot”
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This hot spot shows a maximum peak at a wavelength, 4 =645nm as seen in the scattering cross-
section vs. wavelength characteristics of the dimetal dishell nanoparticle in fig 4.4
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Figure 4.4: Graph of scattering cross-section ( O scat ) vs. wavelength ( A ) showing peak electric field at

A =645nm.

29



Chapter 5

Metal Nanoparticle Enhanced Light Absorption in
GaAs Thin-Film Solar Cell

5.1 Introduction

Thin-film solar cells is an emerging technology and has the potential to reduce the cost of current
photovoltaic cells. For increasing the light absorption and therefore cell efficiency, light trapping plays a
particularly critical role in thin-film solar cells. Light trapping is performed in conventional Si solar cells
by utilizing a pyramidal surface structure that scatters the light into the cell and thus increases the
effective path length [116-118]. Optically thick photovoltaic (PV) layers are required to design
considerably high efficiency PV cells, while the minority carrier diffusion lengths should be kept several
times the material thickness to permit effective carrier collection [119]. Therefore, reducing the material
usage while increasing the cell efficiency can be achieved by decreasing the PV active region thickness
while maintaining the optical thickness. One way of achieving this is by incorporating metallic
nanoparticles in the absorber layer of the PV cell. In recent years, plasmonic nanoparticles coupled to
semiconductors have been exploited to improve the light absorption in thin-film solar cells [120-124].
Increase in absorption with the help of metal nanoparticles can be achieved in two ways. Firstly, by
scattering the incoming light, optical path length can be increased and light trapping can be achieved.
Secondly, by enhancement of absorption caused by strong local fields due to the plasmon resonance of
the particle [122, 125]. The optical path enhances when the light beam inside the film goes through total
internal reflections at the layer’s interface. This is only possible for light propagating inside the film at
angles more than the critical angle. The antenna-like response of the nanoparticle also plays a significant
role for increasing the material extinction of the incident light (caused by the locally enhanced
electromagnetic field at the surface plasmon resonance in the vicinity of the nanoparticles) as well as
enhanced scattering cross section for off resonant light.

Due to the collective oscillation of the metal’s conduction electrons, metal nanoparticles behave as
powerful scatterers of light in wavelengths close to the surface plasmon resonance. For effectively point
particles, or particles with diameters considerably below the wavelength of the light, the absorption and
scattering of light is described by a point dipole model. The model describes the scattering and
absorption cross-section as [126]:
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Where

e le, -1
a=3v| 2" ~ (5.2)
g, le, -1

is the particle’s polarizability. Here V denotes the volume of the particle, &, the particle’s dielectric

function and &, expresses the dielectric function of the medium the particle is inside. It is evident that
when &y = —2¢&,, the nanoparticle’s polarizability will become considerably large. This particular

scenario is known as the surface plasmon resonance. The scattering cross-section can well surpass the
geometric cross-section of the particle at the surface plasmon resonance.

This study concentrates on the effects of the near-field enhancements of the metal nanoparticles (NP)
on the GaAs absorber layer due to surface plasmon resonance. A large portion of the solar spectrum is
absorbed poorly by thin film solar cells, especially in the intense 600-1100 nm region [125]. Thus, the
impact of metal nanoparticles of Gold (Au), Silver (Ag), Copper (Cu) and Aluminum (Al) were studied
using the finite element computer simulation software COMSOL Multiphysics and the absorption of
GaAs in each case was compared, in the 500-800 nm spectral range. The light absorption and its
enhancement is also dependent on the size of the nanoparticles inside the absorber layer. Varying the
diameter of the embedded nanoparticles, their effects on light absorption on the GaAs absorber layer
was also studied for application in thin-film solar cell technology.

5.2 Simulation Settings

The Scattered field formulation for the nanoparticles are solved by the finite element method simulation
software COMSOL Multiphysics 5.2. As the scope of this work was mainly focused on the near field
effects of plasmonic nanoparticles, simulations were performed to calculate the absorption in GaAs in
the vicinity of the nanoparticle surface. Unwanted additional effects, e.g. interference may affect the
simulation while simulating the whole solar cell structure. To simplify and calculate the plasmonic
interaction of the near field and differentiate it from other effects superfluous to our study, we used the
3D simulation geometry as depicted in Fig. 5.1. The energy absorbed by the GaAs absorber was
calculated by integrating the absorption in a 20nm GaAs layer immediate to the metallic nanoparticle. A
maximum mesh size of 30 nm was used.
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Figure 5.1: Simulation Structure with metallic NP at center surrounded by a 20nm GaAs Volume of Integration
(absorption calculation made here), followed by a buffer region of GaAs of 80nm. At the boundary a 30nm PML
region is present.

Perfectly matched layers (PML) of 30nm was set up along the boundary of the simulation space. The
main purpose of the PML is to strongly absorb the outwardly propagating electromagnetic waves from
the interior of a computational region without reflecting them back. A space of about 80nm of GaAs was
kept between the PML and the Absorbing region of interest so that the strong near fields may fully
diminish before interacting with the PML which might cause severe distortions [127].

For obtaining the absorption enhancement, the absorption in the integrating volume of GaAs
surrounding the nanoparticle was divided by the reference absorption of the GaAs without the presence
of the nanoparticle. The reference absorption is calculated by integrating the total absorption in the
integrating volume of interest and the nanoparticle volume without the presence of any foreign metallic
nanoparticle. The wavelength range of 400 nm to 800 nm was included in the work because the GaAs
has a bandgap of 1.43 eV (which corresponds to 867nm) and the absorptance (k) of GaAs is negligible
above a wavelength of about 830 nm. The optical constants of gold, silver and copper was taken from
[128], aluminum from [129] and optical constants of GaAs layer from [130].

5.3 Comparison of Metal Nanoparticles

A reference absorption lower than the absorption in the presence of a metallic nanoparticle within the
GaAs volume of interest suggests an enhancement of absorption with the aid of that nanoparticle. For
an Au nanoparticle of radius 25 nm, the absorption in the GaAs absorber layer with and without the
presence of the nanoparticle is illustrated in the

Fig. 5.2. The absorption in the nanoparticle and the absorption in the GaAs layer adjacent to the
nanoparticle were determined independently and correspond to the yellow and blue colored area
respectively. The reference absorption is also indicated in dotted lines for comparison. For wavelength
greater than 710nm, the Au nanoparticle is effective in the GaAs media as the reference absorption of
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GaAs is lower than that with the presence of Au nanoparticles in this spectral range. This can more easily
be seen from the absorption enhancement in Fig. 5.6, where the absorption enhancement of more than
1is evident above 710nm.
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Figure 5.2: The influence of a 25nm radius Au NP on the light absorption with in the GaAs absorber layer. The
dotted line is the reference absorption without the NP in the same volume of absorption

With Ag nanoparticles, the absorption in the GaAs layer is more than the reference absorption above
675 nm wavelength as depicted in Fig. 5.3. It is apparent from Fig. 5.6 that the absorption enhancement
lies above 1 when the wavelength is above 675 nm
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Figure 5.3: The influence on the light absorption of a 25nm radius Ag NP in the GaAs absorber layer. The dotted
line is the reference absorption without the NP in the same volume of absorption
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Likewise, Cu nanoparticles also shows a similar type of result. The absorption in the GaAs layer adjacent
to the nanoparticle is lower than the reference absorption without the presence of the Cu nanoparticle.
The effect of the presence of Cu nanoparticle is demonstrated in Fig. 5.4.
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Figure 5.4: The influence on the light absorption of a 25nm radius Cu NP in the GaAs absorber layer. The dotted
line is the reference absorption without the NP in the same volume of absorption

Finally, in the presence of the Aluminum (Al) nanoparticle of radius 25 nm, the GaAs absorber layer
demonstrates superior absorption in much of the optical spectra. As apparent from the Fig. 5.5, the
absorption in the GaAs in presence of the Al nanoparticles increases in comparison to the reference
absorption for wavelengths longer than 580 nm. As evident from Fig. 5.6, for wavelengths above 580 nm
the Al nanoparticle results in an absorption enhancement of up to a factor of 1.9.
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Figure 5.5: The influence on the light absorption of a 25nm radius Al NP in the GaAs absorber layer. The dotted
line is the reference absorption without the NP in the same volume of absorption.
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5.4 Comparison of Absorption Enhancement

The absorption enhancement for different metallic nanoparticles are illustrated in the Fig. 5.6. The
maximum absorption enhancement for Ag and Cu reaches near 2.2 for the wavelength range of 400-800
nm. In contrast, even though Al nanoparticles have a lower maximum enhancement of 1.90, it has
higher average enhancements in broader spectral range (600-800 nm).

Almonoplion enbazmne st

Figure 5.6 Comparison of absorption enhancement induced by the near-field of Au, Ag, Cu and Al metal
nanospeheres in the GaAs absorber layer.

The average absorption enhancement in case of Al nanoparticles is 1.56 in the spectral range of 600-800
nm, which is more than that of Ag, Cu and Au with enhancements of 1.25, 1.17 and 1.07 respectively.
For Au nanoparticles both the maximum enhancement and the average enhancement in the region of
interest is lower than those of Ag, Cu and Al.

5.5 Effects of Size of Nanoparticles

The size of the nanoparticles play a vital role in the absorption enhancement of the GaAs absorber layer.
In general, with increasing particle size the plasmon resonance peak of a plasmonic nanoparticle
broadens and shifts towards higher wavelengths [126]. As Aluminum (Al) nanoparticles seem to show
comparatively better performance in GaAs absorber, the results obtained from the simulation of Al
nanoparticles of varying sizes in GaAs layer is presented in Fig. 5.7 for the spectral range of 400-830 nm.
For a particle radius of 10nm, the maximum absorption enhancement of 1.61 is found to be around
wavelength 595nm, and the absorption enhancement remains above 1, for the range of 475 to 830 nm.
The highest maximum absorption enhancement of 2.08 is observed for Al particles of radius 20nm at the
wavelength of 710nm and the enhancement remains above 1 for the wavelength range 535-830nm.
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Figure 5.7: Comparison of Absorption Enhancement in GaAs for Al nanaoparticles of different radius.

A larger particle radius of 25 nm results in a bit lower maximum absorption enhancement of 1.9. The
enhancement maintains a value above 1 for the spectral range of 585-830 nm, which encompasses most
of the optical spectral region except the deep UV range. A further increase of nanoparticle radius to
30nm results in the decrement of the peak absorption enhancement. Moreover it also maintains an
enhancement value of 1.61 for a shorter spectral range of 655-830nm. The results indicate that the
optimal particle radius of Al nanoparticles should be around 20nm for much of the optical range, while
10nm radius Al particles can be considered for the deep UV range for embedding in the GaAs layer.
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Chapter 6

Increased efficiency inside the CdTe solar cell
absorber caused by plasmonic metal nanoparticles

6.1 Introduction

In this chapter, the same kind of properties of metal nanoparticles are studied except a CdTe absorber
layer is taken. We will analyze the effects of the nanoparticle on the efficiency of the absorber layer and
how it enhances the incident field and thereby increases the efficiency. Since this work is focused on
near field effects of plasmonic nanoparticles, simulations were used to calculate absorption in CdTe near
the nanoparticle surface. When simulating the whole solar cell structure, additional effects, such as
interference, can affect the simulation results. In order to distinguish plasmonic interactions from
interference effects, we used simulation geometry depicted in Fig. 6.1. In this case, we only simulate a
single nanoparticle and its vicinity. The plasmonic particle is surrounded with a 20 nm CdTe region,
where the absorbed energy is integrated. Simulations were done with 3D mesh, with maximum size for
mesh elements of 30 nm. To avoid spurious reflections from simulation boundary, a 30 nm perfectly
matched layers (PML) boundary region was used.

PML

CdTe

Integration volume

Nanoparticle

Figure 6.1: Simulation Structure with metallic NP at center surrounded by a 20nm CdTe Volume of Integration
(absorption calculation made here), followed by a buffer region of GaAs of 80nm. At the boundary a 30nm PML
region is present.
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The PML is used to absorb propagating waves, but it is sensitive to near fields and it can cause strong
distortions in simulated fields if the PML region is placed too close to the near fields. Therefore it was
necessary to add an 80nm CdTe buffer region to allow the strong near fields to diminish before reaching
the PML region. Commonly recommended size for the buffer region or the PML is in the order of half of
the wavelength in the medium, but simulations showed that for our system the near fields of the
particle decay very quickly and the large buffer layer and PML are unnecessary.

The total enhancement of absorption in the CdTe layer around an Au nanosphere can be revealed by
dividing the absorption in CdTe with reference absorption. The reference absorption is calculated for
CdTe volume equal to volume of the nanoparticle and surrounding integration region. By following this
method we can obtain the spectral absorption enhancement.

To compare different particles, spectral absorption enhancement was averaged over wavelength range
from 500 nm to 900 nm. Shorter wavelengths (below 500 nm) were outside of our interest because
those wavelengths are far away from the plasmon resonance condition and there are no strong local
fields. Higher wavelengths are below CdTe bandgap (1.45 eV) and therefore also outside of our interest.
Optical constants for gold, silver and copper were taken from [131], for aluminium from [132], for CdTe
come from Sopra N&K database and for tellurium the data is taken from [133].

6.2 Results and discussion

Overview of absorption in simulated system is shown in Fig. 6.2a. Absorption was calculated separately
in the nanoparticles and in CdTe within 20 nm from the nanoparticle surface. For comparison the
reference absorption is also plotted, with dashed line. The plasmon resonance peak at L/ 815nm is easily
recognizable. As can be seen from the figure, most of the absorption is due to the plasmonic resonance
induced strong near fields in the CdTe rather than in the nanoparticle itself.
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Figure 6.2: (a) Graph showing comparison of absorbed power (a.u.) in nanopartilcle and CdTe with reference
absorbed power, (b) our simulation result

It is evident that for wavelengths shorter than 600nm the nanoparticles are ineffective and they are
causing losses. The losses are higher in Au and Cu particles and lower in Ag particles. Greater losses in
Au and Cu nanoparticles can be attributed to interband transitions in the metal. Our COMSOL simulation
result in fig 6.2(b) shows deviation. This is due to taking a coarser meshing to decrease the
computational load from the software which would otherwise have taken far longer time to compute
the result.

The main results of this study are presented in Fig. 6.3a. Au, Ag and Cu nanoparticles all exhibit a similar
behavior, having optimal particle size of about 45 nm. Aluminium particles were also simulated as these
particles are sometimes used although as scattering particles [134]. Since the plasmonic resonance of
the aluminium particle is outside of the interesting spectral range of 500 nm - 900 nm, there are no
strong fields and associated local absorption enhancement.
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Figure 6.3: (a) Absorption enhancement comparison (b) Our simulation result
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Chapter 7

Metal Nanoparticle Induced Enhancement of Light
Absorption in Perovskite Solar Cells

7.1 Introduction

A perovskite solar cell incorporates perovskite structured compound, most commonly a hybrid organic-
inorganic lead or tin halide-based material. Very recently, organometal halide perovskites have been
employed as the absorber layer in hybrid solar cell [135, 136]. Over the last five years, silicon-based
solar cells have seen a new competitor as organic photovoltaic devices, particularly the bulk
heterojunction architecture, have allowed power conversion efficiencies around 8% [137]. Solar cells
incorporating perovskite materials is now the fastest advancing photovoltaic (PV) technology with their
efficiencies having increased from 3.8% in 2009 [138] to 22.1% in early 2016 [136]. These materials show
highly enhanced low-loss photovoltaic operation in addition to a simple synthetic route which is solution
based from abundant sources (C, N, Pb, and Halogen). One very commonly known perovskite-compound
type, methylammonium halides, have been reported to show 3.8% increased efficiency. This
CH3NH3PbI3 “perovskite sensitized” solar cell (PSSC) is constructed employing a liquid electrolyte in a
dye-sensitized solar cell (DSSC) architecture [138]. It can facilitate an efficient electron transport
pathway without the need for an n-type oxide, which removes a huge loss interface in the sensitized
approach. Also, this material can effectively operate as a solid-thin film semi-conductor, taking up all the
roles of light absorption. Furthermore, very effective transportation of electrons and holes are also
observed [139]. The halide content in the material can be deemed as a bandgap controller [140]. Having
a long diffusion length of over 1 micron, these materials can function effectively in a thin-film structure
[141]. All these properties demonstrate that perovskites hold great potential as cheap and highly
efficient absorber materials for solution processed PV cells.

Moreover, perovskite absorber layers are also able to facilitate the use of metallic nanoparticles (NP) for
increasing the performance of the solar cell, although the exact physical mechanism behind such
improvement is still to be properly explored [142]. There is versatility in ways the metallic NP can be
incorporated into solar cells. Light absorption cross-sectional area can be increased by enhancing the
local electric field of metal NPs upon surface plasmon resonance [142-145]. Again manipulative light
scattering property can be used to redirect light into solar cell increasing the optical path-length [146].
Metal NP can also be utilized as a sensitizer directly, to harness light and inject photon-induced
electrons to an electron acceptor [147]. This study concentrates on the effects of the near-field

enhancements of the metal nanoparticles (NP) on the Methylammonium Lead lodide (CH;NH,Pbl,)
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Perovskite absorber layer. To the best of our knowledge this is the first work that computationally
investigates the enhancement of light absorption efficiency in Perovskite absorber layer due to the
embedding of metal nanoparticles. A large portion of the solar spectrum is absorbed poorly by thin film
solar cells, especially in the intense 600

1100 nm region [148]. Thus, the impact of metal nanoparticles of Gold (Au) and Silver (Ag) were studied
using the finite element computer simulation software COMSOL Multiphysics and the absorption of
Perovskite in each case was compared, in the 400-900 nm spectral range. The light absorption and its
enhancement is also dependent on the size of the nanoparticles inside the absorber layer. Varying the
radius of the embedded nanoparticles, their effects on light absorption on the Perovskite absorber layer
were also studied.

7.2 Simulation Settings

For the nanoparticles, the scattered field formulation was solved by the finite element method
simulation software COMSOL Multiphysics 5.2. As this work was primarily concerned with the near field
effects of plasmonic nanoparticles, simulations were performed to calculate the absorption in
Perovskite near the nanoparticle surface. While simulating the whole solar cell structure, unwanted
additional effects, e.g. interference may affect the simulation. To avert this problem and calculate the
plasmonic interaction in the near field of the metal NPs, and differentiate it from effects superfluous to

our study, the 3D simulation geometry is used as depicted in Fig. 7.1. The total energy absorbed G, by

the Perovskite absorber was calculated by integrating the absorption in a 20nm Perovskite layer of
volume V, adjacent to the metallic nanoparticle. This was performed by calculating the total

electromagnetic power loss Q, in Perovskite absorber layer, modeled as

G, = [Q.av (7.1)

across the 400-900 nm range. A mesh size of maximum 30 nm was used.

Along the boundary of the simulation space, a perfectly matched layer (PML) of 30nm was set up. The
prime function of the PML is to strongly absorb the outward propagating electromagnetic waves from
the interior of a computational region without reflecting them back. A space of about 80nm of
Perovskite was kept between the PML and the integrating volume V of interest so that the strong near
fields may fully diminish before interacting with the PML which might cause severe distortions [149].

To observe the absorption enhancement AbS, , the absorption in the integrating volume of Perovskite
surrounding the nanoparticle was divided by the reference absorption G, of the Perovskite without

the presence of the nanoparticle.
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J, Qv
Abs, =~—— (7.2)

ref

Where the reference absorption G, is calculated as:

Gref = J.v andv + J.v Qvedv (7-3)

Integrating the total absorption in the integrating volume of interest Q, and the absorption in the
nanoparticle volume an without the presence of any foreign metallic nanoparticle. The wavelength

range of 400 nm to 900 nm was included in the work because the Perovskite has a bandgap of 1.55 eV
(which corresponds to 800nm) [150]. The optical constants of gold and silver were taken from [151] and
optical constants of Perovskite layer from [152].
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Figure 7.1: Simulation Structure with metallic NP at center surrounded by a 20nm Perovskite Volume of Integration
(absorption calculation made here), followed by a buffer region of Perovskite of 80nm. At the boundary a 30nm
PML region is present.

7.3 Comparison of Metal Nanoparticles

An enhancement of absorption occurs when the absorption in the presence of a metallic nanoparticle
within the perovskite volume of interest G, is larger than the reference absorptionG,, . For an Au
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nanoparticle of radius 25 nm, the absorption in the Perovskite absorber layer with and without the
presence of the nanoparticle is illustrated in the Fig. 7.2.
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Figure 7.2: The influence of a 25nm radius Au NP on the light absorption with in the Perovskite absorber layer. The
dotted line is the reference absorption without the NP in the same volume of absorption

The yellow and blue colored area corresponds respectively to the absorption in the nanoparticle and the
absorption in the perovskite layer adjacent to the nanoparticle which were independently determined.
The reference absorption is also indicated in dotted lines for comparison. For wavelength higher than
575 nm, Au nanoparticle is effective in the absorber media as the reference absorption of Perovskite is

lower than that with the presence of Au nanoparticles in this spectral range. This can be perceived
clearly from the absorption enhancement in Fig. 7.6.
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Figure 7.3: The influence on the light absorption of a 25nm radius Ag NP in the Perovskite absorber layer. The
dotted line is the reference absorption without the NP in the same volume of absorption
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Figure 7.4: The influence on the light absorption of a 25nm radius Al NP in the Perovskite absorber layer. The
dotted line is the reference absorption without the NP in the same volume of absorption.
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Figure 7.5: The influence on the light absorption of a 25nm radius Cu NP in the Perovskite absorber layer. The
dotted line is the reference absorption without the NP in the same volume of absorption.

7.4 Comparison of Absorption Enhancement

The absorption enhancement for Au (gold), Ag (silver), Al (aluminum) & Cu (copper) nanoparticles are
illustrated in the Fig. 7.6. While we can see Au, Ag & Cu showing a pattern, Al happened to enhance
almost all over the spectrum starting from 425nm. A comparison of absorption enhancement due the
NPs is shown in Table-l. For average enhancement calculation, we measure the enhancement in near
the infrared region starting from wavelength 600nm to 900nm. Change in absorption enhancement
along the wavelength range for Au, Ag, Al, Cu NPs at 25nm radius is shown in Fig. 7.6.
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Absarption enhancerment

Figure 7.6: Comparison of absorption enhancement induced by the near-field of Au, Ag, Al, Cu metal nanospeheres
in the Perovskite absorber layer.

7.5 Effects of Size of Nanoparticles

The size of the nanoparticles plays a vital role in the absorption enhancement of the Perovskite absorber
layer. In general, with increasing particle size the plasmon resonance peak of a plasmonic nanoparticle
broadens and shifts towards higher wavelengths [152-155]. Further investigation is done by varying all
the NP sizes & results in shown in Fig. 7.5. The enhancement increment with changing radius is shown in
the Table-ll where maximum enhancement if measured for wavelength range of 400-900 nm and
average enhancement is measured for the range of 600-900 nm as enhancement most likely to be above
1 in this range observed from Fig 7.6.

Absorption enhancement
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Figure 7.7: Comparison of Absorption Enhancement in Perovskite for Au nanaoparticles of different radius.

NP radius Maximum Wavelength(nm) | Average
enhancement | of maximum | enhancement
enhancement
range
10nm 2.90 690nm 1.91
15nm 4.53 700nm 2.88
20nm 7.25 770nm 3.76
25nm 9.62 780nm 4.30
30nm 9.62 790nm 4.37
35nm 8.01 815nm 3.99
40nm 6.55 850nm 3.30
45nm 5.16 885nm 261
Table 7.2

From Fig.7.7 it is evident that, as the radius of Au NP increases, maximum absorption enhancement
reaches a value of 9.62 at wavelength 780nm for a NP of radius 25nm. The same amount of absorption
enhancement is obtained at the presence of 30nm Au NP but with a slight shift of wavelength, at 790nm
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Figure 7.8: Comparison of Absorption Enhancement in Perovskite for Ag nanaoparticles of different radius.

with a slightly higher absorption enhancement of 4.37. Above 30nm, as the radius is increased, a decline
is noticed in maximum absorption enhancement. The details are summarized on Table-II.

NP radius Maximum Wavelength(nm) | Average
enhancement | of maximum | enhancement
enhancement
10nm 2.38 660nm 1.78
15nm 3.75 780nm 2.69
20nm 5.06 770nm 3.50
25nm 7.09 775nm 4.04
30nm 7.97 790nm 4.18
35nm 7.19 805nm 3.90
40nm 6.08 840nm 331
45nm 5.15 890nm 2.61
Table 7.3

While using Ag as NP, maximum absorption enhancement of 7.97 is obtained in absorber layer at the
wavelength of 790nm for 30nm radius NP & from Fig. 7.8 it is observed that beyond a NP radius of 30nm
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the absorption enhancement starts to decrease. Details of absorption enhancement for Ag NP provided
in Table-lll.
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Figure 7.9: Comparison of Absorption Enhancement in Perovskite for Cu nanaoparticles of different radius.

NP radius Maximum Wavelength(nm) | Average
enhancement | of maximum | enhancement
enhancement
10nm 2.40 680nm 1.69
15nm 3.78 695nm 2.46
20nm 5.17 770nm 3.21
25nm 7.11 775nm 3.71
30nm 7.85 785nm 3.86
35nm 6.97 800nm 3.63
40nm 5.80 835nm 3.11
45nm 4.86 880nm 2.48
Table 7.4
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Almost similar result is achieved with a lower maximum absorption enhancement of 7.85 at wavelength
785nm when Cu is used as NP in the perovskite absorber layer as inferred from Fig. 7.9. Absorption
enhancement starts to decline as the radius of Cu NP is increased. The variations in absorption
enhancement due to change of Cu radius are delineated in Table-IV.
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Figure 7.10: Comparison of Absorption Enhancement in Perovskite for Al nanaoparticles of different radius

NP radius Maximum Wavelength(nm) | Average
enhancement | of maximum | enhancement
enhancement
10nm 1.21 450nm 1.12
15nm 1.40 470nm 1.28
20nm 1.55 650nm 1.48
25nm 1.74 665nm 1.68
30nm 1.97 785nm 1.81
35nm 2.14 865nm 1.82
40nm 2.33 900nm 1.72
45nm 2.38 900nm 1.52
Table 7.5
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On the other hand, in Fig. 7.10 Al demonstrates somewhat different characteristics when it was used as
NP in the perovskite absorber layer. It shows almost even absorption enhancement throughout the
wavelength range with maximum enhancement of 2.38 nm for 45nm radius Al NP in the 900nm
wavelength, but within the bandgap wavelength of perovskite the maximum absorption enhancement is
2.2 for 40 nm radius of Al NP. As evident from the Table- V, the average enhancement of maximum 1.82
is present for 40 nm radius Al NP and beyond this it decreases as the NP radius is increased.

Chapter 8

Conclusion

8.1 Summary

Physically thin but optically thick photovoltaic absorbers has the potential to transform high-efficiency
and low cost solar cell designs. This can be achieved by light trapping utilizing the resonant scattering
and concentration of light by exploiting metallic nanoparticles. We have investigated the enhancement
of light absorption in the GaAs layer due to the influence of strong near fields caused by plasmonic
nanoparticles. The results concluded that absorption enhancement up to a factor of ~2 is possible in the
GaAs absorber layer, by the aid of metallic nanoparticles in the 600-800 nm range, where in general thin
film solar cells have poor absorption. The absorption enhancement in the instance of Al nanoparticle is
significant in a broader optical range compared to Au, Ag and Cu. According to the results employing Al
nanoparticles of radius 20nm ensures the best performance among the considered metal nanoparticles.
This simulation suggests the possibility of using Aluminum nanoparticles for enhanced efficiencies and
light absorption in GaAs thin-film solar cells. We also investigated influence of strong near fields caused
by plasmonic nanoparticles to the absorption in the CdTe layer. It was found that the spectrally
averaged absorption enhancement can be locally enhanced up to 2.5 times in the vicinity of noble metal
nanoparticle. Particularly silver or gold nanoparticle with diameters 45-50 nm provided theoretical
enhancement of light absorption in the range 650-900 nm with maximum at 815 nm. According to our
calculations, interaction of plasmons induced in neighboring nanoparticles become significant only at
quite small distances £ 50 nm between them. It will allow essential doping of CdTe material by
nanoparticles without strong broadening or red shifting of plasmon resonance spectral band.

Perovskite solar cells have the potential to transform high-efficiency and low cost solar cell designs. This
can further be boosted by light trapping, utilizing the resonant scattering and concentration of light by
exploiting metallic nanoparticles. We have computationally investigated for the first time (to the best of
our knowledge) the enhancement of light absorption on the Methylammonium Lead lodide (
CH,NH,Pbl,) Perovskite absorber layer due to the influence of strong near fields caused by Au & Ag

nanoparticles. The results concluded that absorption enhancement up to a factor of 9.62 is possible
using 25nm & 30nm Au NP in the Perovskite absorber layer, by the aid of metallic nanoparticles in the
400-900 nm spectral range, where in general thin film solar cells have poor absorption. The absorption
enhancement in the instance of Au nanoparticle is significant in a broader optical range compared to Ag.
According to the results employing Au nanoparticles of radius 35 nm ensures the best performance
among the considered metal nanoparticles. This simulation suggests the possibility of using Au
nanoparticles for enhanced light absorption in perovskite solar cells.
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8.2 Future Works

Our future goal is to use dimetal as nanoparticles in the absorber layer of a solar cell. As explained in
chapter 4 dimer shells show resonance peak (hot spot) with a particular separation distance in air. We
would like to implement this phenomenon in the absorber layer of a solar cell. Also the accommodation
of an array of metal nanoparticles fine-tuned in separation distance and radius to bring out the
maximum possible enhancement in absorption for a particular frequency. Furthermore 2D materials like
graphene is showing huge promise as absorber layer. We would also try out different metamaterials and
examine their plasmonic properties and how they tie in to solar cells.
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