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Abstract

Recently, thin-film solar cells enhanced with plasmonic nanoparticles have attracted much
attention of the scientific community. To improve the performance of such cells, an
optimization of the nanoparticle parameters such as size, surface coverage and material is
performed. Also it is found out that lanthanides along with host material can be used for
upconversion process which further enhances the absorption efficiency for solar cells. Based
on this optimization, the role of surface plasmons and upconversion process is discussed and

analyzed with respect to optical absorption of the photoactive layer.

This thesis focuses on the use of lanthanide ions for spectral conversion in solar cells. The
main energy loss in the conversion of solar energy to electricity is related to the so-called
spectral mismatch: low energy photons are not absorbed by a solar cell while high energy
photons are not used efficiently. To reduce the spectral mismatch losses both upconversion
and downconversion are viable options. In the case of upconversion two low energy infrared
photons that cannot be absorbed by the solar cell, are added up to give one high energy photon
that can be absorbed. In the case of downconversion one high energy photon is split into two
lower energy photons that can both be absorbed by the solar cell. The rich and unique energy
level structure arising from the 4fn inner shell configuration of the trivalent lanthanide ions
gives a variety of options for efficient up- and downconversion. Here upconversion process

has been used for improving solar cell efficiency.

The light absorption efficiency is enhanced in the lower wavelengths by a nanoparticle array
on the surface and in the higher wavelengths by another nanoparticle array and lanthanide
layer embedded in the active region. The efficiency at intermediate wavelengths is enhanced
by the simultaneous resonance from both nanoparticle layers. We optimize this design by
tuning the radius of particles in both arrays, the period of the array, the distance between the
two arrays and the thickness of lanthanide layer. The optimization results in a total quantum
efficiency of 60.99% for a 0.3 um thick a-Si substrate.
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Chapter 1

Introduction

In recent years there has been a significant, resurgent interest in renewable energy sources.
This has been partially motivated by the increase in oil prices worldwide as a result of
geopolitical and economic factors, and the general concern associated with global warming
that is exacerbated by the emission of greenhouse gases during the production of primary
power by conventional means. While many technologies are being considered to supplement
oil as a primary energy source, renewable energy sources are seen as the key to long-term
weaning of industrialized economies from strict reliance on oil, coal, and natural gas. These
include wind, fuel cells, solar cells, geothermal, biofuels, etc. Solar energy conversion is
perhaps the most appealing of all these solutions, since the energy source is readily available
[1,2].

Sustainable energy production based on the direct conversion of energy radiated from the sun
into useable forms like heat or electricity is expected to gain importance since it may be the
only renewable source capable of generating sufficient energy to meet the long-term
worldwide energy demand. Solar energy utilization requires effective means of capture and
conversion of the solar radiation, and storage of the acquired energy. The capacity of
photovoltaic cells to convert sunlight into electricity makes them prime candidates for
effective large-scale capture and conversion of solar energy, but at present the contribution of
photovoltaic energy is limited due to its relatively high cost per kilowatt-hour and poor
absorption efficiency. A reduction in price may be achieved by either lowering the production

cost or increasing the conversion efficiency [3].

The concept of converting light to electricity was first introduced with the discovery of the
photovoltaic (PV) effect by Edmond Becquerel in 1839 [4]. However, the first commercially
viable demonstration of a solar cell did not occur until over 100 years later, with the invention
of the crystalline Si-based cell first revealed to the world by researchers at Bell Labs in 1954

[5]. Silicon is the material of choice for photovoltaic applications due to its low cost,



abundance in nature, nontoxicity, long-term stability, and well established technology. The
first Si cell had an efficiency of 4% and since then researchers have been attempting to
demonstrate, and companies to commercialize, solar cells with high conversion efficiency and
low manufacturing cost. In the ensuing 50 years, Si cells have been demonstrated with an
efficiency of nearly 25% [6], very close to the theoretical limit (given by Shockley—Queisser

limit) for a single junction under one sun illumination of 31% [7, 8].

Shockley—Queisser limit

The Shockley—Queisser limit or Shockley Queisser Efficiency Limit refers to the maximum
theoretical efficiency of a solar cell using a single p-n junction to collect power from the cell.
It was first calculated by William Shockley and Hans-Joachim Queisser at Shockley
Semiconductor in 1961. The limit is one of the most fundamental to solar energy production,
and is considered to be one of the most important contributions in the field.
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Fig 1.1: The Shockley-Queisser limit for the maximum possible efficiency of a solar cell as

a function of band-gap

The limit places maximum solar conversion efficiency around 33.7% assuming a single p-n
junction with a band gap of 1.34 eV (using an AM 1.5 solar spectrum). That is, of all the
power contained in sunlight falling on an ideal solar cell (about 1000 W/m?), only 33.7% of
that could ever be turned into electricity (337 W/m2). The most popular solar cell material,
silicon, has a less favorable band gap of 1.1 eV, resulting in a maximum efficiency of about
32%. Modern commercial mono-crystalline solar cells produce about 24% conversion

efficiency, the losses due largely to practical concerns like reflection off the front surface and
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light blockage from the thin wires on its surface. The Shockley—Queisser limit only applies

to cells with a single p-n junction; cells with multiple layers can outperform this limit.

Thin film solar cells

To make electricity from photovoltaics competitive with fossil fuel technologies, the
price needs to be reduced significantly. Currently 90 % of the solar cell market is based on
crystalline silicon wafers, with thicknesses of 200-300 pm. Around 40% of the cost of a solar
module made from crystalline silicon is the cost of the silicon wafers. Because of this, there
has been a great deal of research on thin-film solar cells over the past years.

Thin film solar cells have become a potential alternative to traditional crystalline silicon solar
cells due to lower manufacturing costs, better flexibility, easy preparation, durability and
shorter energy payback period. A better understanding of the underlying physics and the
availability of mature fabrication technology makes amorphous silicon the preferred choice
for thin film photovoltaic cells [9]. Thin-film solar cells have thicknesses usually in the range
1-2 um, and are deposited on cheap foreign substrates such as glass, plastic, stainless steel or
metal for mechanical support. They are made from a variety of semiconductors including
cadmium telluride as well as amorphous and polycrystalline silicon. A major limitation in all
thin film solar cell technologies is that their absorbance of near-bandgap light is ineffective,
in particular for the indirect-bandgap semiconductor silicon [2]. Also, the efficiencies of such
silicon thin-film cells at the moment are low compared to wafer-based silicon cells because
of the relatively poor light absorption, as well as high bulk and surface recombination.
Therefore, structuring the solar cell so that light is trapped inside, in order to increase the

absorbance, is very important.

Light trapping mechanisms

Because silicon is a weak absorber, light-trapping is also used in wafer-based cells. For wafer
cells, pyramids of small size are etched into the surface. For thin-film cells with thicknesses
in the micron range, surface texturing with these dimensions is not suitable, so new methods

must be found.

It is possible to achieve light-trapping by forming a wavelength-scale texture on the substrate
and then depositing the thin-film solar cell on top, and large increases in photocurrent have
been achieved in this way [10, 11]. However, a rough semiconductor surface results in

increased surface recombination.



A new method for increasing the light absorption that has emerged recently is the use of
scattering from noble metal nanoparticles excited at their surface plasmon resonance [2].
Advancements in the field of plasmonics have shown the promising capability of metallic
Nano structures to improve light-trapping in sub wavelength solar cells. Nanostructured
metallic films can maintain surface Plasmon polaritons, a special kind of plasma surface
waves, that able to concentrate light into sub wavelength scale near the surface. In addition,
metallic nanoparticles deposited on top of cells also can improve photo electron generation in
the active region. They enable very efficient scattering of light at high scattering angles that
makes it possible to couple the scattered light with trapped waveguide modes of the photo
active layer and improve the light-trapping over a broad range of the solar spectrum.

Major advantage of using plasmonics for light trapping process is that during fabrication
metal nanoparticles are deposited at last stage of fabrication process hence almost entire
fabrication process can be carried out in same environment of processing conditions without
compromising the quality of either metal or surface. The cell structure is independent of the
surface plasmons implying that the optical properties of the surface plasmons are decoupled
from the electrical properties of the solar cell hence can be optimized independently. The
resonant natures of plasmonic enhancements make the nanoparticles a very efficient and
flexible tool for solar cell applications, which can be used to manipulate the light trapping and

energy conversion efficiency.

Efficiency improvement of solar cells

The efficiency of solar cells can be improved either by increasing the light absorption
efficiency or by increasing the minority carrier life time. In order to increase the light
absorption, it becomes necessary to incorporate light trapping mechanisms in solar cells.
Nanoparticles exhibit the phenomenon of surface plasmon resonance when illuminated with
light of suitable frequency [12-14]. Near the plasmon resonance frequency, metallic
nanoparticles strongly scatter light incident on it. This scattering effect is the result of the
collective oscillations of electrons to re-radiate electromagnetic radiation [15].
When placed on the surface of silicon substrate, metallic nanoparticles scatter light
preferentially into it due to the high refractive index of silicon [16]. The particles also scatter
the incident light at an angle, thereby increasing the path length of photons within the silicon
substrate. As a result, the optical thickness of the active region increases, thereby allowing

the semiconductor substrate to absorb higher levels of electromagnetic radiation [17].



Researchers have explored the possibility of placing nanoparticles on the surface [18, 13, 19],
rear [20] and within the active region [21] of thin film solar cells. Multiple arrays of
nanostructures placed either on the front, rear or both are used to further enhance the
absorption efficiency [22-24]. The phenomenon of energy transfer between discrete nano-
structures located at the surface and active region of a solar cell is used to control the flow of
energy and improve absorption efficiency [25]. In these cases, enhancing the quantum
efficiency has been considered over limited bands of wavelengths. Also, a loss in performance
is possible if the metallic nanoparticles are introduced in the bulk due to increased
recombination [26, 27]. However, it is possible to prevent the metallic nanoparticles from
acting as recombination centers either by using room temperature processes such as
microcontact printing [28] or by passivating it with a dielectric coating [21]. Motivated by
these facts, we enhance the light absorption efficiency of a thin film a-Si solar cell by placing
periodic arrays of silver nanoparticles at the surface and within the active region of the cell.
The surface and bulk layer of nanoparticles enhances the absorption of lower and higher
wavelengths respectively. In addition the absorption of light within the substrate is further
enhanced by the simultaneous resonance from the surface and bulk layers at intermediate
wavelengths. Due to the multiple and high-angle scattering from both the layers of
nanoparticles, the effective optical path length of light increases inside the cell. This results
in several fold increase in the optical thickness of the active region without increasing the

physical thickness [17].

Upconversion

One of the prominent research areas of nanomaterials for photovoltaics involves spectral
conversion. Modification of the spectrum requires down- and/or upconversion or
downshifting of the spectrum, meaning that the energy of photons is modified to either lower
(down) or higher (up) energy. Nanostructures such as quantum dots, luminescent dye
molecules, and lanthanide-doped glasses are capable of absorbing photons at a certain

wavelength and emitting photons at a different (shorter or longer) wavelength [29].

The band-gap of amorphous Si is larger than that of c-Si at about 1.75 eV, which confines it
to absorb NIR light shorter than 700 nm. This means that upconverting materials with
absorption above 700 nm should be appealing for uses in amorphous Si solar cells to

circumvent the transmission loss.



Zhang [30] investigated the use of NaYF4:18% Yb3+, 2% Er3+ nanocrystals as upconverter
in an amorphous Si solar cell to enhance the power conversion efficiency. This kind of
upconverter shows visible emissions at around 655 nm (red), 525 nm and 540 nm (green)

after absorbing light at 980 nm.

1.1 Motivation

As solar energy seems to be only renewable source of energy that is easily available to full
fill our future needs of energy, research is to be done to reduce the cost of the commercially
available solar cells and to improve the efficiency of solar cells so that more amount of energy

can be harvested. Figure below shows the spectrum of solar radiation received on earth:
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Fig 1.2: solar radiation spectrum

Most of the solar cells available today absorbs light from the visible region of the solar
spectrum, and this range is limited because of the material band gap limitations. Most widely
used material for solar cells i.e. c-Si has a band gap of ~1.1eV which restricts its absorption

limit to a wavelength of ~1100 nm max. Because of this almost 40% of the solar power that



comes to earth is entirely wasted. This absorption range is to be broaden to have better

efficiency for solar cells.

1.2 Aim and objectives of the thesis

Main aim of thesis it to enhance the solar cell efficiency by using light trapping mechanisms
in the visible and in the IR region by figuring out the broad spectrum characteristics of
scattering and absorption from a Silicon substrate with metallic Nano structures embedded on
it. The simulations address the behavior of scattered and absorbed power densities for broad
spectrum of un-polarized electromagnetic waves. The change in characteristics of scattering
and absorption with the angle of incidence is also addressed. The Nano structures are
optimized in order to maximize the absorption by the Si substrate. Also we will try to improve

solar cell efficiency using up-conversion process which is carried out using lanthanide ions.

1.3 Thesis outline

The remainder of the thesis is organized as follows:

e Chapter 2 provides background knowledge and concepts for the surface plasmon
resonance.

e Chapter 3 explains the concept of photon upconversion process and covers all the
properties associated with upconverter materials.

o Chapter 4 gives an insight of why silver nanoparticles are best suitable for the given
solar cells.

e Chapter 5 explains the proposed solar cell design, design parameters and results.

o Chapter 6 describes all the parameters and their variation effects on the solar cell
efficiency.

e Chapter 7 concludes the thesis.



Chapter 2

Literature Survey and Theory

2.1  Plasmon nanoparticles

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.

What differentiates these particles from normal surface plasmons is that plasmonic
nanoparticles also exhibit interesting scattering, absorbance and coupling properties based on
their geometries and relative positions. These unique properties have made them a focus of
research in many applications including solar cells, spectroscopy, signal enhancement for

imaging, and cancer treatment.

Plasmons are the oscillations of free electrons that are the consequence of the formation of
a dipole in the material due to electromagnetic waves. The electrons migrate in the material
to restore its initial state; however, the light waves oscillate, leading to a constant shift in the
dipole that forces the electrons to oscillate at the same frequency as the light. This coupling
only occurs when the frequency of the light is equal to or less than the plasma frequency and
is greatest at the plasma frequency that is therefore called the resonant frequency. The
scattering and absorbance cross-sections describe the intensity of a given frequency to be
scattered or absorbed. Many fabrication processes exist for fabricating such nanoparticles,

depending on the desired size and geometry.

The resonant behavior of localized surface plasmons are restricted to a limited range of
frequencies determined by the size and shape of the particles, dielectric functions of the

involved media, and the electromagnetic interaction between them [31]. When the frequency



of light incident on the nanoparticles match the natural frequency of the oscillating surface

electrons, the phenomenon of surface plasmon resonance is established [32].

For particles with diameters well below the wavelength of light, a point dipole model
describes the absorption and scattering of light well. The scattering and absorption cross-

sections are given by:

Where a is the polarizability of the particle.

Here V is the particle volume, &, is the dielectric function of the particle and &, is the
dielectric function of the embedding medium. We can see that when &, = —&,,,, the particle
polarizability will become very large. This is known as the surface plasmon resonance. At the
surface plasmon resonance the scattering cross-section can well exceed the geometrical cross
section of the particle. For example, at resonance a small silver nanoparticle in air has a
scattering cross-section that is around ten times the cross sectional area of the particle. In such
a case, to first-order, a substrate covered with a 10 % areal density of particles could fully
absorb and scatter the incident light. For light trapping it is important that scattering is more

efficient than absorption.

The size dependent dielectric function the particle &(w, D) is given by, [31]

D)= | %
£, = Eg+ - m

where D is the diameter of the particle and i = v—1. The size independent first term &;zis
due to inter-band transitions. The second term is the Drude-Sommerfield free electron term

which contains the bulk plasmon frequency wp, given by wp? = Ne?/meo where N is the density



of free electrons, e is the electronic charge, m is the effective mass of an electron and & is the

free-space dielectric constant, and the size-dependent damping constant y; [31]

. ."I'I.'_lr.-
HD)=m+2 (F)

where y0 is the bulk damping rate and vr iS the Fermi velocity of the electrons. A is a
dimensionless size parameter which accounts for the additional surface damping terms, such
as the inelastic collisions between electrons and chemical interface damping. Inelastic
collisions shorten the mean free path of the electrons when nanoparticle size decreases.
Chemical interface damping occurs in embedded nanoparticles, where the fast energy transfer
between the particle and its surroundings results in the loss of phase coherence of the

collective electron oscillation.

The particle polarizability becomes large when g, = —2&m, and this effect is called surface
plasmon resonance. At resonance the particle scattering cross-section area, Cscat, a parameter
that determines the extent to which scattering of light occurs, is several times the geometric

cross section of the particle [15].

. 1 /2m\*
Coear = E ;1__ |’ﬂr|_

where A is the wavelength of the incident light. For particles with diameter in the range of a
few nanometers, scattering is also accompanied by absorption. As particle diameter increases
to around 100 nanometers, the scattering effect strongly outweighs the absorption by the
particle [33]. Also, the resonance is accompanied by another process, namely dynamic
depolarization [34]. As size increases, the oscillation of the conduction electrons at resonance
goes out of phase, resulting in a red shift of the particle resonance. The increase in size also
results in higher radiation damping, which results in the broadening of the range of
frequencies at which resonance occurs [35, 36]. The surface plasmon resonance can be tuned
to a large extent either by coating or sandwiching the nanostructure with a dielectric medium.
The medium can markedly enhance the red shift of the central wavelength and consequently
obtain a wide tunable range at higher wavelengths [37]. Both red shifting and broadening of

resonance frequencies are advantageous for the solar cell [33].
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2.2  Surface plasmon resonance

Surface plasmons are those plasmons that are confined to surfaces and that interact strongly
with light resulting in a polariton. They occur at the interface of a vacuum or material. Surface
plasmon resonance (SPR) can be described as the resonant, collective oscillation of valence
electrons in a solid stimulated by incident light. The resonance condition is established when
the frequency of light photons matches the natural frequency of surface electrons oscillating
against the restoring force of positive nuclei. SPR in nanometer-sized structures is called
localized surface plasmon resonance. SPR is the basis of many standard tools for measuring
adsorption of material onto the surface of metal nanoparticles. It is the fundamental principle
behind many color-based biosensor applications and different lab-on-a-chip sensors.

Localized surface plasmon resonances are collective electron charge oscillations in metallic
nanoparticles that are excited by light. They exhibit enhanced near-field amplitude at the
resonance wavelength. This field is highly localized at the nanoparticle and decays rapidly
away from the nanoparticle/dielectric interface into the dielectric background, though far-
field scattering by the particle is also enhanced by the resonance. Light intensity enhancement
is a very important aspect of localized surface plasmon resonances and localization means the
localized surface plasmon resonance has very high spatial resolution (subwavelength), limited
only by the size of nanoparticles. Because of the enhanced field amplitude, effects that depend
on the amplitude such as magneto-optical effect are also enhanced by localized surface

plasmon resonances

Understanding the basic mechanism of localized surface plasmon resonance and various
parameters affecting it is necessary to engineer the nanoparticles for light trapping
applications in solar cells [5]. The electromagnetic properties of metal particles have been
known for a long time but there has been renewed interest in recent years following the
development of new nanofabrication techniques which makes it easy to fabricate these
nanostructures. Localized surface plasmons are collective oscillations of the conduction
electrons in metal particles. Movement of the conduction electrons upon excitation with
incident light leads to a buildup of polarization charges on the particle surface. This acts as a
restoring force, allowing a resonance to occur at a particular frequency, which is termed the

dipole surface plasmon resonance frequency [38].
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For the commonly used metals, such as silver, gold, and copper, the surface plasmon
resonances usually lie in the visible range and provide a very efficient way to control and tune
the spectral response of the photoactive layer for the incident sunlight. A major benefit of
plasmonic light trapping lies in the fact that the metal nanoparticles can be deposited at the
final stage of the device fabrication process without the need to change any processing
conditions or compromise the material or surface quality. An added advantage is that the
optical properties of the surface plasmons are decoupled from the electrical properties of the
solar cell hence can be optimized independent of the cell structure. The resonant natures of
plasmonic enhancements make the nanoparticles a very efficient and flexible tool for solar
cell applications, which can be used to manipulate the light trapping and energy conversion
efficiency.

2.3 Plasmonic solar cells

A Plasmonic solar cell is a type of thin film solar cell that converts light into electricity with
the assistance of plasmons. They are typically less than 2 pm thick and theoretically could be
as thin as 100 nm. They can use substrates which are cheaper than silicon, such as glass,
plastic or steel. One of the challenges for thin film solar cells is that they do not absorb as
much light as thicker solar cells made with materials with the same absorption coefficient.
Methods for light trapping are important for thin film solar cells. Plasmonic cells improve
absorption by scattering light using metal nano-particles excited at their surface plasmon
resonance. This allows light to be absorbed more directly without the relatively thick absorber
layer required in other types of thin-film solar cells. However, this type of solar cell also
normally demands a thin transparent conducting oxide to function for realistic photovoltaic
absorber thickness and now there are methods available that allow high conductivity while

maintaining high optical transmission of the transparent conducting oxide.

There are currently three different generations of solar cells. The first generation (those in the
market today) are made with crystalline semiconductor wafers, typically silicon. Current solar
cells trap light by creating pyramids on the surface which have dimensions bigger than most
thin film solar cells. Making the surface of the substrate rough (typically by growing SnO; or
ZnO on surface) with dimensions on the order of the incoming wavelengths and depositing
the solar cell on top has been explored. This method increases the photocurrent but the thin

film solar cell would then have poor material quality.

12
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The second generation solar cells are based on thin film technologies such as those presented
in this thesis. These solar cells focus on lowering the amount of material used as well as
increasing the energy production.

A common design is to deposit metal nano-particles on the top surface of the thin film solar
cell. When light hits these metal nano-particles at their surface plasmon resonance, the light
is scattered in many different directions. This allows light to travel along the SC and bounce

between the substrate and the nano-particles enabling the solar cell to absorb more light.

\ |/

Incident Light

\l/

Metal Nanoparticles

Substrate

Fig 2.1: Basic design of plasmonic solar cell

Recent advances in the rapidly emerging field of plasmonics have shown the promising
capability of metallic nanostructures to improve light-trapping in sub wavelength solar cells.
Nano-structured metallic films can maintain surface Plasmon polaritons, a special kind of
plasma surface waves, that able to concentrate light into subwavelength scale near the surface.
Thus, coupling of the incident sunlight with the surface Plasmon polaritons can improve the
light-trapping and absorption of thin-film solar cells. In addition, metallic nanoparticles
deposited on top of cells also can improve photoelectron generation in the active region. They
enable very efficient scattering of light at high scattering angles that makes it possible to
couple the scattered light with trapped waveguide modes of the photoactive layer and improve
the light-trapping over a broad range of the solar spectrum.

13
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Chapter 3

Photon Up-conversion

Photovoltaic cells are able to convert sunlight into electricity, providing enough of the most
abundant and cleanest energy to cover our energy needs. However, the efficiency of current
photovoltaics is significantly impeded by the transmission loss of sub-band-gap photons.
Photon up-conversion is a promising route to circumvent this problem by converting these
transmitted sub-band-gap photons into above-band-gap light, where solar cells typically have

high quantum efficiency [29].

The possibility to tune chemical and physical properties in nano-sized materials has a strong
impact on a variety of technologies, including photovoltaics. One of the prominent research
areas of nanomaterials for photovoltaics involves spectral conversion. Modification of the
spectrum requires down- and/or up-conversion or downshifting of the spectrum, meaning that
the energy of photons is modified to either lower (down) or higher (up) energy.
Nanostructures such as quantum dots, luminescent dye molecules, and lanthanide-doped
glasses are capable of absorbing photons at a certain wavelength and emitting photons at a

different (shorter or longer) wavelength.
3.1  Spectral conversion

Spectral conversion aims at modifying the incident solar spectrum such that a better match is
obtained with the wavelength-dependent conversion efficiency of the solar cell. Its advantage
is that it can be applied to existing solar cells and that optimization of the solar cell and spectral

converter can be done separately [39].
Different types of spectral conversion can be distinguished:

1. Up-conversion, in which two low-energy (sub-bandgap) photons are combined to

give one high-energy photon
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2. Downshifting or luminescence, in which one high-energy photon is transformed
into one lower energy photon and
3. Down-conversion or quantum cutting, in which one high-energy photon is

transformed into two lower energy photons.

Downshifting can give an efficiency increase by shifting photons to a spectral region where
the solar cell has a higher quantum efficiency i.e. basically improving the blue response of
the solar cell, and improvements of up to 10% relative efficiency increase have been predicted
[40]. Up and down conversion, however, are predicted to be able to raise the efficiency above
the SQ limit [41, 42]. For example, Richards [43] has shown for crystalline silicon (c-Si) that
the potential relative gain in efficiency could be 32% and 35% for down-conversion and
upconversion respectively, both calculated for the standard 1,000-W/m? air mass (AM) 1.5

solar spectrum.

The usefulness of down and up conversion and downshifting depends on the incident
spectrum and intensity. Spectral conditions for solar cells vary from AMO (extraterrestrial)
via AML1 (equator, summer and winter solstice) to AM10 (sunrise, sunset). The weighted
average photon energy (APE) [44] can be used to parameterize this; the APE (using the range
300 to 1,400 nm) of AM1.5G is 1.674 eV, while the APE of AMO and AM10 are 1.697 and
1.307 eV, respectively. Further, overcast skies cause higher scattering leading to diffuse
spectra, which are blue-rich, e.g., the APE of the AML1.5 diffuse spectrum is calculated to be
2.005 eV, indeed much larger than the APE of the AML1.5 direct spectrum of 1.610 eV. As
down-conversion and downshifting effectively red-shift spectra, the more relative energy an
incident spectrum contains in the blue part of the spectrum (high APE), the more gain can be
expected [43, 45]. Application of down-conversion layers will therefore be more beneficial
for regions with high diffuse irradiation fraction, such as Northwestern Europe, where this
fraction can be 50% or higher. In contrast, solar cells with upconversion layers will be
performing well in countries with high direct irradiation fractions or in early morning and
evening due to the high air mass resulting in low APE, albeit that the non-linear response to
intensity may be limiting. Up- and down-conversion layers could be combined on the same
solar cell to overcome regionally dependent efficiencies. Optimization of either up- or down

conversion layers could be very effective if the solar cell bandgap is a free design parameter

[8].
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3.2  Up-conversion

Upconversion was initially related to the development of infrared (IR) detectors: IR photons
would be detected through sequential absorption, as would be possible by the arrangement of
energy levels of a solid. However, as Auzel pointed out, the essential role of energy transfer
was only recognized nearly 20 years later [46]. Several types of upconversion mechanism
exist, of which energy transfer upconversion mechanism is the most efficient; it involves
energy transfer from an excited ion, named sensitizer, to a neighboring ion, named activator
[46]. Others are two-step absorption, being a ground-state absorption followed by an excited-
state absorption, and second-harmonic generation. The latter mechanism requires extremely
high intensities, of about 10%° times the sun’s intensity on a sunny day, to take place [47] and

can therefore be ruled out as a viable mechanism for solar cell enhancement.

Three types of upconversion methods can be used to cover entire spectrum from Visible to
near infra-red (from 700 nm to 2500 nm) [29]:

1. For wavelength > 800nm, Rare earth doped metals (RED-UC) i.e.
Lanthanides (from atomic number 57 to 71). The abundant electronic states of trivalent
lanthanide ions enable upconverting a range of IR wavelengths by selecting varied types
of rare earth ions [48, 49].

2. For wavelength < 800nm, Triplet—triplet annihilation upconversion
(TTA-UC): Two nearby acceptor (annihilator) molecules in the triplet states collide with
each other, and results in one acceptor molecule being excited to the higher singlet state,
while the other one returns to the ground singlet state. A radiative decay from the
generated singlet excited state of the acceptor produces an upconverted fluorescence,
which is called triplet-triplet annihilation (TTA) upconversion.

3. For wavelength < 800nm, Quantum nanostructure (QN-UC): using a
compound semiconductor nanocrystal, which incorporates two quantum dots with
different bandgaps separated by a tunneling barrier. Upconversion occurs by excitation
of an electron in the lower energy transition, followed by intra-band absorption of the

hole, allowing it to cross the barrier to a higher energy state.
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Fig 3.1: The absorption and emission range of three types of upconversion materials in
reference to AM 1.5 spectrum (QN-UC (purple): upconversion in quantum nanostructures;
TTA-UC (purple): triplet-triplet annihilation upconversion; RED-UC (green): Rare-earth-
doped upconversion materials)[9].

3.3  Rare earth doped up-converter materials

The rare-earth family is comprised of 17 elements, which includes 15 lanthanide elements
(from La to Lu) plus the elements of yttrium () and scandium (Sc). The trivalent lanthanide
ions possess a 4f"5s?5p° electronic structure with 14 available orbitals (0 < n < 14), offering
14 possible electronic group configurations. The quantum interaction of involved electrons
endows lanthanide elements with abundant energy levels covering a spectral range of NIR,
visible and ultraviolet (UV) (from 300 nm to 2500 nm)[50-54]. In addition, the perfect
shielding of 4f electrons by outer complete 5s and 5p shells enables electronic transitions to
occur with limited influence from the surrounding environment, thus exhibiting high
resistance to processes of photo-bleaching. As the symmetries of involved quantum states are
identical, the intra-4f electronic transitions of lanthanide ions are electric-dipole forbidden,
yet can be relaxed due to local-crystal-field-induced intermixing of the f states with higher
electronic configurations. The primary forbidden nature yields metastable energy levels of
lanthanide ions (lifetime can be as long as tens of milliseconds), thus favoring the occurrence
of sequential excitations in excited states of a single lanthanide ion as well as permitting
favorable ion-ion interactions in excited states to allow energy transfers between two or more
lanthanide ions[29].
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There are four main basic mechanisms for rare-earth ions based upconversion processes,
given as:

1. Excited state absorption (ESA)

2. Energy transfer upconversion (ETU)

3. Photon avalanche (PA) and

4. Energy migration-mediated upconversion (EMU)

Fig 3.2: A schematic illustration of four typical upconversion processes: (a) Excited state
absorption (ESA); (b) Energy transfer upconversion (ETU); (c) Photon avalanche (PA); (d)

Energy migration-mediated upconversion (EMU).

3.3.1 Excited state absorption (ESA)
ESA takes the form of successive absorption of pump photons by a single ion utilizing the
ladder-like structure of a simple multi-level system as portrayed in Fig 3.2 (a).

3.3.2 Energy transfer upconversion (ETU)

Fig 3.2 (a) illustrates a simplified three level system for two sequential photon absorption
processes. The ETU process involves at least two types of ions, namely a sensitizer and an
activator. In this process, ion | known as the sensitizer is firstly excited from the ground state
to its metastable level by absorbing a pump photon; it then successively transfers its harvested
energy to the ground state and the first excited state of ion I, known as the activator, exciting

ion Il to its upper emitting state, which is followed by radiative decay to its ground state.
3.3.3 Photon avalanche (PA)

The PA as shown in Fig 3.2 (c) is a looping process that involves an efficient cross relaxation

mechanism between ion | in the ground state and ion Il in the second excited state, resulting
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in generation of two ion Ils in the metastable state. The population of ion Il in the second
excited state is created through absorption of laser photons at its metastable state (the first
excited state), which is initially populated through non-resonant weak ground state
absorption. When the looping process ensues, an avalanche population of ion 11 will be created
at its metastable state, producing avalanche upconverted luminescence from the emitting
state.

The generation of PA up-conversion typically occurs above a certain threshold of excitation
density. Below the threshold, very little up-converted fluorescence is produced, while the
luminescence intensity increases by orders of magnitude above the pump threshold. In
addition, the looping nature enables the evoked up-conversion luminescence to be strongly
dependent on the laser pump power, especially around the threshold laser power.

3.3.4 Energy migration-mediated upconversion (EMU)

The lanthanide ions designed for realizing energy migration-mediated upconversion (EMU)
comprise four types: the sensitizers (type 1), the accumulators (type I1), the migrators (type
I11), and the activators (type IV; Fig 3.2 (d)). A sensitizer ion is used to harvest excitation
photons and subsequently promotes a neighboring accumulator ion to its excited states. A
migrator ion extracts the excitation energy from high-lying energy states of the accumulator,
followed by random energy hopping through the migrator ion sub-lattice and trapping of the
migrating energy by an activator ion that produces luminescence by decaying to the ground

state.

3.4 Host Materials

Rare-earth-doped upconversion materials typically consist of an appropriate dielectric host
matrix and doped Ln®" ions that are dispersed as the guest in the lattice of the host matrix.
Host materials with low phonon energy are able to produce upconversion luminescence at
high efficiency, as multi-phonon-assisted non-radiative relaxations between the closely
spaced energy levels can be minimized, thus yielding increased lifetime of intermediate
energy levels. Investigated low phonon energy host materials typically include fluorides,
chlorides, iodides, and bromides [55], while high phonon energy host materials such as

silicates, borates, and phosphates are also under study [56].
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In particular, hexagonal NaYF4 lattice is considered to be one of the most efficient host
materials to date [57-59]. Interestingly, even for cubic phase NaYF4, a well-defined
distribution of Na* and Y3 ions in the crystal lattice can enable ultrahigh upconversion
luminescence [60]. The Ln®** dopants provide light harvesting ability as well as upconverting
ability for RED UC.

Among Ln%* ions, the research for enhancing the efficiency of solar cells explores the use of
single Ln®* doping such as Er**, Ho*, Tm®, and Pr® to upconvert IR light. Meanwhile, a
utilization of Yb® ions as co-dopants can provide new, strong absorption at ~980 nm (2F7/2
— 2F5/2). The Yb** ions are able to sensitize most lanthanide activator ions, typically, Er®*,

Ho®*, Tm®*, resulting in intense upconversion when excited.

Table 3.1 summarizes some selected upconverting materials which can be excited, utilizing

light with wavelength longer than 800 nm.

Daopant lon Host Material Excitation (nm) Emission (nm)
Er** NaYFs 1523 550, 660, 800, 980
Yh'-Er NaYhF, 0RO 520, 540, 654
Yb'-Er* NaYF, 980 410, 522, 540, 650
Yb*-Er* NaYF,@NaYF, 980 S10~570, 640~680
Yb*'-Er NaYFi@NaYFy:Nd™ 808/980 520, 540, 655
Yb*-Tm™ NaYF, 980 375, 450, 475, 679, 800
Yh'*-Ho™ NaYF, 980 545, 650
Yb™-Er*-Nd™ NaYF, R08/980 410, 520, 545, 650

1. Single Er** doped UC materials can convert light at 1523 nm to green (550 nm)
and red (650 nm) (Fig 3.3 (a)) [61];

2. Yb3+/Er3+ co-doped system can produce green (525 nm, 542 nm), red (655 nm),
as well as purple (415 nm, weak) emissions under 980 nm laser excitation [62];

3. Yb3+/Tm3+ pairs are able to convert light at 980 nm into UV (345 nm), blue (480
nm) and NIR (800 nm) emissions [63];

4. Nd3+/Yb3+/Ln3+ (Ln = Er, Tm, Ho, etc.) tri-doped UC materials can convert 808

nm NIR light to visible luminescence [64].
As an example, the energy transfer processes for Nd3+, Yb3+, and Er3+ are depicted in Fig

3.3 (b) for illustration. The Er3+ ion emits in the green and red range after absorbing the

excitation energy by either the Nd3+ or the Yb3+ ions. Simultaneous use of Nd3+, Yb3+ and
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Er3+ ions enables light harvesting at ~800 nm, ~980 nm, as well as ~1523 nm, covering

broader spectral range for upconversion.

Fig 3.3 (a): The upconversion mechanisms for single Er3+ doped upconversion particles
(UCNPs) excited under 1523 nm laser excitation.

Fig 3.3 (b): The upconversion mechanisms for Nd3+-Yb3+-Er3+ tri-doped system under 808

nm or 980 nm laser excitation.
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Chapter 4

Ag as Nanoparticle Material

There are a large number of metals available in nanoparticles form and that can be used in
plasmonic solar cells. To find out the best suitable material to fulfill our purpose of higher

guantum efficiency for solar cells Mie scattering simulations are performed.

The Mie scattering simulations are done using the software Lumerical FDTD Solutions. The
software provides a powerful scripting language and graphical user interface environment.

The scattering and absorption cross section can also be defined as

Prearl €
1. G_:m.r(ﬂ)} = ﬁ
I:au'rﬂ{ CEJ\}
2 mbs(({}} _ Pﬁb:((ﬁ))
Iinc( )

Respectively. Psca (w) is the total scattered power, linc (w) is the incident intensity and Paos

(w) is the total power absorbed by the particle.

A spherical particle with 50nm radius is used for the simulation. A total field scattered field
source covers a wavelength range of 300 to 600 nm is used is used for the plane wave
excitation. Outside the TFST only the scattered fields are available. The monitor located
outside the source will record the power scattered by the particles. The total fields are
available in the region inside the source contain both the incident and scattered radiation. The
absorbed field is calculated by subtracting the incident radiation from the total field outside

of the source boundaries.
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1. Absorption Cross Section
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Fig 4.1: Absorption Cross Section of different spherical metallic nanoparticle vs size

parameter

2. Scattering Cross section
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Fig 4.2: Scattering Cross Section of different spherical metallic nanoparticle vs size

parameter
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3. Fraction of total radiation scattered
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Fig 4.3: Fraction of scattering cross-section to the extinction cross-section of different

spherical metallic nanoparticle versus size parameter

The Mie efficiencies for absorption and scattering are defined as:

Qavs = O-OLbs/T':r2

Osca = O-sca/ﬂr2

Respectively, where g, is the absorption cross-section given by the rate at which the energy
is absorbed by the particle upon incident irradiance and asca is defined as the scattering cross-
section given by the rate at which energy is scattered upon the incident irradiance.

The Mie efficiencies for absorption and scattering are plotted as a function of size parameter
of the nano particles. The solar irradiance is not uniformly distributed; rather it has a
distribution centred on 500 nm wavelength region. The preferred particle should show
maximum scattering in this range of wavelength. In order to find the best material for
scattering applications the solar irradiance spectrum is integrated over wavelength from 300

nm to 600 nm with scattering efficiencies of particles as weight.
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Table 4.1: The Scattering efficiency of different materials over broad spectrum of wavelength

The Scattering efficiency of different materials over broad spectrum of
wavelength. S(A) is the solar spectral irradiance and Q(A) is the Mie

efficiency of scattering

Material s = Q) S =Q)/
Js®
Ag 668.8061785 1.973220951
Si 409.34592 1.207719025
Al 369.994862 1.091619122
Sn 363.0654496 1.071174841
Pd 339.061217 1.000353643
Au 325.814931 0.961272292
Cr 322.4639139 0.951385575
Cu 321.1998332 0.947656078
Pt 297.8905314 0.878885179
Fe 283.714159 0.837059735
Ni 283.204964 0.835557425
Ti 252.4476313 0.744812131
Ge 239.0700206 0.705343324
W 232.10887 0.684805404

Silver shows maximum integrated scattering efficiency of 1.973. From the data obtained, it
can be concluded that silver is the best material for scattering light, followed by silicon and
aluminium. Silver and gold are extensively used for plasmonic scattering application in thin
film solar cells. But Silicon and Aluminium are showing reasonable scattering efficiencies.
These materials can be used to replace expensive metals such as gold and silver. Silicon
particles have added advantage that it reduces the problem of recombination, which is a major
issue while using the metallic particles. The scattering efficiency of the particles can be further

increased by optimizing the particle parameters such as size, shape, etc.

The magnitude of scattering depends upon the radius of the particle; hence there exists an

optimum radius at which maximum scattering occurs. The variation of Mie efficiency for

25



different radii is plotted against broad spectrum of wavelength in order to figure out the

optimal radius for scattering applications.

Variation of Scattering Efficiency with radius of Particles

In the case of Aluminum particles, an increase in radius results in a direct increase in both
absorption and scattering efficiency. When calculating the fraction of total power scattered,
the trend observed is, As the radius increases, the scattering efficiency also increases. We
considered the radius ranging from 10nm to 70nm and found that the highest fraction of power
scattered was that in the case of 70nm.

Similar trends are observed in the case of Silicon and Silver. The fraction of scattering for
different radii peaks at different wavelengths. So depending upon the requirement of the
application the scattering profile of the particle can be tuned by choosing the appropriate radii.
In the case of Silver, higher scattering efficiency for wavelengths larger than 500nm is
achieved by 70nm radius. The fraction of scattered power approaches unity in the range from
500nm to 700nm. The scattering cross section of Si particles is showing multiple peaks at
various wavelengths for each of the radii. The peak value increases with increasing radius.
Silicon scatters more in those wavelengths at which it exhibits weak absorption. This property
can be exploited. Silicon nanoparticles can be used to scatter light into the silicon substrate

which scatters more efficiently in the weakly absorbing regimes of the substrate.
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Chapter 5

Proposed solar cell design

A. Krishnan [12] proposed a solar cell design using nanoparticle layers in both the surface

and inside the bulk of the amorphous silicon. The perspective view of this design is as shown

in the figure:

Surface layer
nanoparticle aray

Front ITO contact

Eottom Al contact

Fig 5.1: Perspective view of the solar cell with silver nanoparticle arrays on the surface and
in the bulk [12].

In this solar cell the active region is made of amorphous silicon having a thickness of 0.3 um.
Spherically shaped silver nanoparticles are placed periodically in rectangular arrays on the
surface as well as inside the active region of the substrate. Particle layers are placed in such a
way that nanoparticles in both layers are vertically aligned.

The various parameters of this solar cell are as shown in the figure below:

i} mm

i 300 nm —w

I

3
5,

3

Fig 5.2: Various parameters.
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The radius of the nanoparticles on the surface and in the active region are denoted by Rs and
Rb respectively. The period of the nanoparticle array is denoted by P and the distance from
the surface of the solar cell to the top of the bulk array is denoted by T. A 300 nm thick active
region of amorphous silicon with an Aluminum back contact and a 20 nm thick ITO front

contact is employed.

This solar cell is simulated for four possible designs.

Design 1

Considered as the primary reference, contains only the a-Si layer and does not incorporate
any nanoparticle arrays for light trapping.

Design 2

It contains silver nanoparticle arrays on top of the ITO layer.

Design 3

A silver nanoparticle array is introduced into the bulk of the amorphous silicon.

Design 4

It corresponds to structure where nanoparticle arrays are introduced both in surface and bulk

of the device.

Quantum efficiency
Quantum efficiency are calculated for all the designs considered [12]. The quantum efficiency
of a solar cell for a particular wavelength, QE (1), is defined as the ratio of the absorbed power

within the solar cell, Pabs (1), to the incident power of light, Pin (X).

Pa.ﬁs':‘]":'

0E(R)= Fin(A)

Quantum efficiency of these 4 designs are compared in the below figure

7 []
Wavelsngth (is ) e

Fig 5.3: Quantum efficiency of various designs under consideration as a function of

wavelength of light.
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It can be observed that the design that employs nanoparticles on the surface and active region
of the solar cell shows significant improvement in absorption efficiency over the reference
designs. The introduction of nanoparticles on the surface improves the absorption efficiency
of a-Si for a range of wavelengths between 500 nm and 900 nm, but causes little improvement
at higher wavelengths. On the other hand, the introduction of nanoparticles inside the active
region results in significant improvement in the absorption efficiency at most wavelengths

above 620 nm, even though it has minimal effect at lower wavelengths.

This design exploits the absorption enhancement caused by both layers and produces
improved absorption at all wavelengths. Around 620 — 900 nm, the simultaneous resonance
from particles in both the layers enhances the field in the active region. The inter-layer particle
interaction produces an improvement in photon absorption when compared to the
enhancements caused by individual layers. The decrease in absorption efficiency below 500
nm for designs 2 and 4 is due to the screening effect caused by the nanoparticle layer on the
surface of the device.

The plasmonic enhancement of the surface layer particles is negligible at these wavelengths
and it prevents most of the incoming light from penetrating into the substrate. The
introduction of nanoparticles on the bulk reduces the enhancement due to bottom metallic
contact which results in a superior performance for Design 1 and 2 over the proposed device

around wavelengths 720 nm and 940 nm.

Total Quantum efficiency

For the broad spectrum of incident electromagnetic radiation, the total quantum efficiency,
TQE which takes the solar spectral irradiance into account, determines the overall absorption
efficiency of the solar cell. TQE is the fraction of incident photons that are absorbed by the

solar cell.

J',{] A OE(A) L s(4)dA

TQE = 2k 15(4
I3 AL s(1)dA

where h is Planck’s constant, c is the speed of light in the free space and IAM1.5 is the AM
1.5G solar spectrum. TQE and absorption enhancement for the broad spectrum of light as

compared to the plain reference silicon solar cell are listed in following table.
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Table 5.1: Comparison of T QE of the proposed design with the other considered designs

and their enhancement as compared to a-Si without nanoparticles

Design TQE (%)
Design 1 43.71
Design 2 49.09
Design 3 49.21
Design 4 56.01

5.1  Proposed design

Proposed design uses the same structure as proposed by A. Krishnan [5] with addition of a
lanthanide layer i.e. (NaYF4 with Er®* doping) at depth of 40 nm from the surface and is 20
nm thick. The proposed design is as shown in the figure:

ITO o O \‘7
Lanthanide layer 3-Si o O O a

Ag particles

Fig 5.4: Proposed solar cell design with a lanthanide layer inside the bulk.

Initially the radii of the nanoparticles on the surface (Rs) and in the active region (Rb) are
chosen as 50 nm and 65 nm respectively. The purpose is to exploit the plasmonic
enhancement provided by different layers at different wavelength regimes so as to enhance
the absorption over a wide band of wavelengths. The nanoparticles on the surface resonates
at lower wavelengths and provides plasmonic enhancement in these regions. On the other
hand the particle layer in the bulk with nanoparticles of higher size resonates at higher
wavelengths and provide plasmonic enhancement in these wavelengths. In order to allow
horizontal and vertical coupling of light between the nanoparticles, the period of the
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nanoparticle arrays (P) is taken as 200 nm and the distance from the surface of the solar cell
to the top of the bulk array (T) is taken as 85 nm. And thickness of lanthanide layer is taken

as 20 nm.

The three dimensional finite difference time domain analysis (FDTD) tool provided by
Lumerical is used for the design simulation. The amorphous silicon material is optically
modeled using the refractive index data provided in the SOPRA N&K Database [65]. A
normally incident plane wave source of unit amplitude with a wavelength range from 400 nm

to 1100 nm is placed above the surface nanoparticle layer.

Periodic boundary conditions are used for the side boundaries to model the periodic nature of
the particles. The Perfectly Matched Layer (PML) boundary conditions are used for upper
and lower boundary to approximate the effect of infinite space and infinite bottom contact
respectively. Mesh size of 2 nm is used for the regions where the particles are present and 3
nm for the a-Si absorber region.

The absorbed power within the active region of the solar cell is calculated with the help of 3-
D power monitors placed on the a-Si substrate. The monitors record field data over the entire
volume of the substrate and find the power absorbed as a function of spatial co-ordinates. For
the design with particles embedded in the bulk, the power absorbed by the particles has to be
deducted from the net absorbed power, since it does not contribute to the electron-hole pair
generation. The power absorbed by the silicon absorber layer is calculated by applying a
spatial filter which integrates the absorption within the filter region (here the a-Si substrate).
The quantum efficiency and total quantum efficiency are calculated for all the designs

considered.

5.2 Results

Here, quantum efficiency versus wavelength curves for a spectrum of 400 to 1100 nm
are discussed. Results here shows that insertion of lanthanide layer inside the bulk of
active region increases the absorption efficiency and hence the overall quantum

efficiency.
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Design 1
Following figure gives the quantum efficiency for a simple silicon cells with lanthanide layer

without any surface and bulk nanoparticle layers.
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Fig 5.5: Quantum efficiency vs wavelength plot for proposed design without surface and bulk

nanoparticles

It is evident from the graph that there is improvement in absorption in active region at
wavelength of around 920 nm, this is because of the insertion of lanthanide layer inside the

bulk of silicon. And the total quantum efficiency for this structure is found out to be 44.15%.

Design 2

Quantum efficiency for a structure with only surface nanoparticle layer is as shown in fig 5.6:
It can be concluded from the figure that quantum efficiency at lower wavelengths is same as
that of structure proposed by A. Krishnan [12] in his design 2. But there is a small
improvement at higher wavelengths in quantum efficiency. Hence there is a small

improvement in total quantum efficiency over design without lanthanide layer and is 51.34%.
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Fig 5.6: Quantum efficiency vs wavelength plot for proposed design with surface nanoparticle

Design 3
Quantum efficiency for a structure with only surface nanoparticle layer is as shown in fig 5.7:
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Fig 5.7: Quantum efficiency vs wavelength plot for proposed design with only bulk layer

nanoparticles
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It can be observed that there are peaks in value of quantum efficiency at wavelengths of
around 840 nm and 950 nm. These peaks are because of the excitation of electrons from higher
wavelengths to these wavelengths by the process of upconversion. These peaks contribute to
the higher absorption at larger wavelengths. And total quantum efficiency for this structure is
found out to be 52.61%, which is about 2% higher than the same structure without

incorporation of lanthanide layer.

Design 4
This design consists of both the surface layer nanoparticles and he bulk layer nanoparticles
along with the lanthanide layer for upconversion which is inserted in the bulk of the silicon

active region. The quantum efficiency plot is as given in fig 5.8.
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Fig 5.8: Quantum efficiency vs wavelength plot for proposed design with both the surface

and bulk nanoparticle layers.

It is evident that we proposed design gives very good overall response for quantum efficiency
by increasing the absorption of light in both the lower wavelength region and in the higher
wavelength region. Broadening of spectrum in the wavelengths is accounted by the presence
of upconversion layer in the bulk. Also there is a significant improvement at higher

wavelengths in quantum efficiency as compared to the design without the lanthanide or
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upconversion layer. Total quantum efficiency for the proposed design is 60.99 % showing an

improvement of 4.98% over the design which do not incorporate any upconversion layer.

Total quantum efficiency (TQE) for all these 4 design is as summarized in the following table:

Table 5.2: Comparison of TQE of the proposed design with the other considered designs and

their enhancement as compared to a-Si without nanoparticle and without upconversion layers

Design TQE (%)
Design 1 44.15
Design 2 51.34
Design 3 52.61
Design 4 60.99
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Chapter 6

Design parameters and their effects

Motive of this thesis is to have larger values of quantum efficiency for solar cells by using
nanoparticles layers in the bulk i.e. active region and on the surface of the cell. There are
various design parameters which influence the absorption profile of the thin film silicon

substrate. There are three major parameters which effect the absorption profile.

1. Radii of nanoparticles
2. Particle layer separation and

3. Vertical alignment of particle layers

Surface plasmon resonance frequency is effected by change in the particle radius whereas the
mutual interaction between the nanoparticle layers is affected by a change in particle layer
separation as well as the alignment of particles in both the arrays. In detail study of these

parameter variations influencing absorption efficiency of thin film substrate is as follows:

These results and variation effects are for the structure having amorphous silicon substrate of
thickness having amorphous silicon substrate of thickness 0.3um. Spherical nanoparticles are
periodically placed in rectangular arrays on the surface and inside the active region of the cell.
0.3um silicon substrate is accompanied with an aluminum back contact and and a 20 nm thick
indium-tin-oxide (ITO) front contact. Effect of parameter variations on quantum efficiency

and total quantum efficiency of this structure are also studied.

6.1 Effect of nanoparticle radii
Both radii of surface layer nanoparticles (Rs) and bulk layer nanoparticle (Ry) effects the
overall absorption efficiency. So, influence of change in particle radii for both surface and

bulk is studied separately.
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6.1.1 Effect of radii of surface layer nanoparticle (R)
The radius of surface nanoparticles (Rs) is varied from 0 nm to 100 nm and all the other design
parameters are kept constant. Variation in R effects the frequency at witch surface plasmon

resonance will occur. The variation in quantum efficiency with change in Rsis as shown in

the figure:
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Fig 6.1: Variation of QE with wavelength for different surface layer particle radii.

From figure it can be interpreted that the magnitude of the absorption peak increases when
the Rs increases from 0 nm to 60 nm. On further increasing Rsvalve reduction in magnitude
of absorption peak is observed in the same wavelength range. Also for wavelength smaller
than 750 nm the absorption peak shifts towards right with increase in particle radii. Another

peak in QE is observed at lower wavelengths for R values greater than 70 nm.

As the particle size increases dynamic depolarization-on occurs because, conduction electrons
across the particle no longer move in phase. This leads to a reduction in the depolarization
field (which is generated by the surrounding polarized matter) at the centre of the particle. As
a result, there is a reduced restoring force and hence a red-shift in the particle resonance. For
particle sizes where scattering is significant, this re-radiation leads to a radiative damping
correction to the quasi-static polarizability, the effect of which is to significantly broaden the
plasmon resonance. The red-shift and broadening of the resonance with increased particle size
would generally be expected to be an advantage for solar cell applications, since light-trapping

should occur over a relatively broad wavelength range and at wavelengths that are long
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compared with the quasi-static values of the surface plasmon resonance wavelengths of noble
metal particles. While an increased size leads to a larger absolute scattering cross section,
these effects do lead to a reduced cross section when normalized by size. Inclusion of dynamic
depolarization and radiative damping effects can give reasonably accurate predictions of
many features of the extinction spectra for larger particles for cases where the contribution of
higher order multipoles can be neglected. It can be concluded that particle at surface mainly
effects the absorption at lower wavelengths and has very little effect on absorption of higher

wavelength radiations.

6.1.2 Effect of radii of bulk layer nanoparticle (Rp)
The radius of bulk nanoparticles (Rp) is varied from 0 nm to 100 nm and all the other design
parameters are kept constant. The variation in quantum efficiency with change in Rsis as

shown in the figure:
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Fig 6.2: Variation of QE with wavelength for different bulk layer particle radii.

It is evident from the figure that particle in bulk layer do not significantly affect the absorption
at lower wavelengths but have a notable effect at higher wavelength or lower energy
radiations as when the light wave reaches bulk of the material some of the higher energy
components loses their energy in form of absorption and scattering. The frequencies and
intensities of localized surface plasmon resonances are known to be sensitive to the dielectric

properties of the medium [66-68] and in particular, to the refractive index of matter close to
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the particle surface. The larger particles show better absorption enhancement at higher
wavelengths.
The effect of varying nanoparticle radii of bulk and surface layer towards the absorption of

photons over the entire spectrum is shown in figure:
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Fig 6.3: Variation in TQE with change in surface and bulk layer nanoparticle radii

It is evident from the graph that the surface layer radius variation affects the absorption
to a higher extend. An initial increase in the radius of the surface layer nanoparticles causes
an increment in Total Quantum Efficiency (TQE) but decreases when the particle radii
exceeds 50 nm. Similarly, TQE increases with increase in R, up-to 60 nm and then decreases

with further increment in Ry,

6.2 Effect of particle layer separation

The distance of bulk nanoparticle layer from the surface layer effects the mutual interaction
between the particle layers. The variation in absorption efficiency i.e. quantum efficiency as
a function of wavelength as the inter particle layer separation (T: distance of bulk nanoparticle
from silicon substrate surface) is varied from 17 nm to 153 nm is shown in the figure below.

Inter particle distance is varied while keeping all other parameters i.e. substrate thickness 0.3
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pum, period of nanoparticle array at 200 nm, radius of surface nanoparticle at 50 nm and radius

of bulk nanoparticle at 65 nm.
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Fig 6.4: Variation of QE with change in inter particle layer separation

When the bulk nanoparticle layer is located near to the surface of amorphous silicon substrate
then there is slight improvement in efficiency for wavelengths below 700 nm. Maximum
absorption is observed when the nanoparticles in the bulk are located in the middle of the
active region for wavelengths 700 nm to 800 nm. And for higher wavelengths i.e. greater than
850 nm there is better enhancement in absorption if the bulk nanoparticle layer is placed near
bottom of the active region. Better observation can be made by looking at the total quantum

efficiency measurement as shown below in the figure:
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Fig 6.5: Variation of TQE with change in inter particle layer separation
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It is evident that if the bulk nanoparticle layer is placed near to the surface there is increase in
net absorption and hence better total quantum efficiency. There is a peak in TQE when the
bulk nanoparticle layer is located near to the middle of the substrate and towards the bottom
of the substrate. This is due to the absorption enhancement at these positions for wavelength
range 700 — 800 nm and 850 — 1100 nm respectively. This implies that range of absorption
for this structure is extended in the near infra-red (NIR i.e. wavelength range from 700 nm to

2500 nm) region.

6.3  Effect of vertical alignment of particle layers

Theoretical results are obtained by keeping both the surface nanoparticle layer and bulk
nanoparticle layer that’s id embedded in the a-Si substrate in perfect alignment. But
practically perfect vertical alignment is very difficult to attain. To understand the extent to
which the alignment of two nanoparticle layers affect the light absorption in the proposed
design, the bulk array is moved in the horizontal direction while keeping the position of the
surface array unaltered. The horizontal distance | between the centers of nanoparticles in both
the layers is a measure of misalignment between the particle layers. The variation in
absorption efficiency and total quantum efficiency when the bulk array is moved away from

the normal is shown in figures:
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Fig 6.6: Variation of QE and with change in the alignment of particles.
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Fig 6.7: Variation of T QE with change in the alignment of particles.

The QE and TQE plot for various | values shows that there is very little change in absorption
efficiency when the nanoparticles in the bulk array is moved horizontally away from the
normal passing through the center of the top layer nanoparticles. A slight mismatch in vertical
alignment of nanoparticle arrays does not affect the overall absorption. Therefore the
constraint of perfect vertical alignment can be relaxed while placing nanoparticle arrays in

the solar cell [12].
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Chapter 7

Conclusion

The proposed solar cell design exploits the cumulative plasmonic enhancement from different
nanoparticle layers at different wavelengths and improves the absorption efficiency over the
entire range of wavelength. For calculating the short circuit current, recombination occurring
in the device need to be considered. Recombination due to nanoparticles can be mitigated
either by depositing nanoparticles at room temperature or by coating the nanoparticles with a

thin dielectric layer.

Insertion of upconversion layer inside the bulk of the active region gives significant
improving in total quantum efficiency by increasing the absorption efficiency mainly in the
high wavelength region and broadening of quantum efficiency profile for lower and mid

wavelength regions.

In summary, the theoretical study shows that the thin film amorphous silicon solar cell with
presence of lanthanide layer (for upconversion process) along with nanoparticle arrays placed
on the surface and in the semiconductor layer and showed significant improvement in
absorption efficiency. The metallic nanoparticles at the surface contributes to the
enhancement at lower wavelengths and those embedded within the absorber layer contributes
to the enhancement at higher wavelengths. Also these is improvement in mid wavelength
region due to the upconversion process. The inter layer particle interaction further enhances
the field intensity at intermediate wavelengths. Therefore, the design put forward in this thesis
exploits the surface plasmon resonance from metallic nanoparticles at all wavelengths and

thus provides significant improvement in the overall light absorption efficiency.
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