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Introduction

1.1 Alternative Sources of Energy

Sun provides enormous amounts of energy powering oceans, atmospheric currents, and cycle of
evaporation and drives river flow, hurricanes and tornadoes that destroy natural landscape. The San
Francisco earthquake of 1906, with magnitude 7.8, released an estimated 10'" joules of energy
which sun delivers in one second. Earth’s resource of oil mounts up to 3 trillion barrels containing
1.7x10* joules of energy that the sun supplies in 1.5 days. Humans annually use about 4.6x10%
joules annually which sun supplies in one hour. The sun continuously supplies about 1.2x10%
terawatts of energy which is very much greater than any other renewable or non renewable sources
of energy can provide. This energy is much greater than the energy required by human beings
which is about 13 terawatts. By covering 0.16% of Earth’s land with 10% efficient solar cells would
provide 20 Terawatts of energy about twice of fossil fuel consumption of the world including
numerous nuclear fission reactors [1].

Nowadays, there is much talk in the popular news media as well as in technical journals about
energy supply and climate change. Electricity is the most versatile form of energy we have. It is
what allows citizens of the developed countries to have nearly universal lighting on demand,
refrigeration, hygiene, interior climate control in their homes, businesses and schools, and
widespread access to various electronic and electromagnetic media. Access to and consumption of
electricity is closely correlated with quality of life. Figure 1.1 shows the Human Development Index
(HDI) for over 60 countries, which includes over 90% of the Earth’s population, versus the annual
per capita electricity use [2]. The HDI is compiled by the United Nation and calculated on the basis
of life expectancy, educational achievement, and per capita Gross Domestic Product. Improving the
quality of life in many countries, as measured by their HDI, will require increasing their electricity
consumption by factors of 10 or more, from a few hundred to a few thousand kilowatt-hrs (kWh)
per year. How will we do it? Our choices are to continue applying the answers of the last century
such as burning more fossil fuels (and releasing megatons of CO,, SO,, and NO,) or building more
nuclear plants (despite having no method of safely disposing of the high-level radioactive waste) or
to apply the new millennium’s answer of renewable, sustainable, nonpolluting, widely available
clean energy like photovoltaics and wind. (Wind plants presently generate over a thousand times
more electricity than photovoltaics but it is very site-specific, whereas photovoltaics is generally

applicable to any location.)
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Figure 1.1: Human development index (HDI) vs. per capita kWh usage [2]

Solar energy is in abundance but up to now only a little is used for power human activities. About
80%-85% of our total energy comes from fossil fuels. These resources are non renewable, fast
depleting, produce greenhouse gases and other harmful environmental pollutants [3]. Fossil fuels
emit a large volume of green house gas like COz into the atmosphere and disturb the ecological
balance. These emissions have been increasing due to overutilization of fuels to meet the ever
expanding needs of human society. The solutions for this problem are to use fossil fuels in
conjunction with carbon sequestration, nuclear power and solar power. Carbon sequestration is an
extremely difficult method since a large volume of space is required to store the emitted green
house gases and its maintenance is a very crucial issue. Nuclear power seems to be a good option
but the feasibility of deploying several thousands of 1Gigawatt power plants all over the world to
meet the 10Tera watt demand of the society is sceptical. The Uranium resource for these power
plants on earth also gets exhausted in coming years. On the other hand shifting the focus on
renewable sources of energy is the ideal choice and solar power is by far the most prominent energy

source owing to its versatility, inexhaustible and environmental friendly features [1].

Solar cells represent the fundamental power conversion unit of photovoltaic (PV) system. Up to
now, many of them are made from semiconductors and for practical operation solar cells are usually
assembled into modules. Many different solar cells are now available on the market, and yet more

are under development. The burgeoning solar cell market is maturing to become a very profitable
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investment to industries resulting in an annual growth of 41% in the last five years as shown in
Figure 1.2 [4]. The range of solar cells spans different materials and different structures developed
to extract maximum power from the device while keeping the cost to a minimum. The photovoltaic
industry is a rapidly growing business which involves a great deal of research both in the industrial
and academic level. Academic research is a key factor in developing applications for domestic

enterprises, so that they would be able to compete in international markets.
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Figure 1.2 Global PV Installations by Year [5]

PVs are favoured for many applications because they are modular and can thus be deployed at
arbitrarily small or large scales and in particular are well-suited to rooftop deployment (as opposed
to solar thermodynamic which requires large-scale deployment), and because of their relatively high
efficiency and long-term (30 year) stability (as opposed to photoelectrochemical cells which at the
time of writing are limited to lower efficiencies and suffer from stability issues). The PV industry
has been growing rapidly, especially in recent years, due primarily to aggressive government-
fostered market growth in Japan, Germany and, more recently, Spain and Italy. PVs are nearing
cost-competitiveness with other sources of electricity, [5,6] and the drive continues to reduce the
cost per kilowatt-hour to increase the adoption of PVs. Silicon (Si) is by far the most popular
material choice in the terrestrial PVs market at the time of writing [5,6]. There are several reasons
behind it. Firstly, Si is most industrially studied material [7]. Secondly, Si is the most abundant
solid element on Earth, [8] and, at least in principle, it is cheap. Thirdly, by using Si the PV industry
has been able to follow in the footsteps of the microelectronics industry, exploiting the wealth of
knowledge that has grown up around this element. Furthermore, Si is nontoxic. There are two broad
approaches for reducing the cost per unit electrical energy generated by Si solar cell modules.

Firstly, one can aim to increase the efficiency of the product, usually by pursuing new cell designs

17



that can take full advantage of high-quality absorber material. Secondly, one can pursue cost
reductions while maintaining the efficiency of the product, often done by exploring novel
manufacturing approaches but also sometimes with new cell designs and perhaps by exploiting
lower-quality, cheaper materials. There is good reason to believe that the record Si cell efficiency
for unconcentrated sunlight, of 24.7%, set by UNSW in 1999, [9] will not be significantly exceeded
[10]. Furthermore, Sun Power Corporation has recently announced a cell produced on an industrial
pilot line with an efficiency of 23.4% [9]. Thus, in the case of Si, most research efforts have fallen
into the second category, i.e., pursuing designs that approach this efficiency but that are more cost-
effective at the manufacturing level. To reduce the cost, these cells are now often made from
multicrystalline (MC) material, rather than from the more expensive single crystals [11]. The high
manufacturing costs of the single crystalline silicon solar cells prevent them from breaking through
in the energy markets. The thin-film silicon solar cells [12, 13] are cheaper to manufacture, but their
efficiencies are low compared to those achieved with crystalline silicon wafer based cells [14].
Therefore, the trend in the photovoltaic research is to reach for even higher efficiencies and less
material consuming cell designs.

High costs and conversion efficiency have been the major bottlenecks in the potential of solar
power becoming a primary source of energy. Nowadays major research done with the aim of
improving the efficiency of these cells has brought this dream closer to reality. New methods of
harvesting the full spectrum of the sun emission, multijunction solar cells (homojunctions and
heterojunctions), and new low cost materials are the way paving way for solar power to be the

emerging power resource for the world in the next future.

1.2 Generations of solar cells

Solar cells are usually classified into three generations based on the order of their prominence.
Research is being conducted on all the three generations concurrently to improve their efficiencies.

In Figure 1.3, the record efficiency of all types of solar cells is reported.
1.2.1 First generation solar cells

The first generation of solar cells can be considered high-cost, high-efficiency and it is based on Si.
The manufacturing processes that are used to produce first generation cells are inherently
expensive, meaning that these cells may take years to pay for their purchasing costs. It is not
thought that first generation cells will be able to provide energy more cost effective than fossil fuel
sources. Reduction in production costs of this technology is nullified owing to high energy and
labour costs, material costs mostly for the silicon wafer, strengthened low-iron glass cover sheet and

18



costs of other encapsulant materials. Recently, there is news for further improvement of first

generation solar cell’s efficiency.
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Figure 1.3: Best Research Cell Efficiencies [15]

Different industry like Sanyo tries to develop their technology for enhancement of existing
efficiency of crystalline silicon (C-Si) based PV cells. Among them recently, DuPont presented its
technology roadmap for PV metallization technology at the 25t European Photovoltaic Solar
Energy Conference (EU PVSEC). DuPont Microcircuit Materials has developed a roadmap of
proposed technology options to help enable conversion efficiency beyond 20% by 2012. Material
and process technology improvements are made to the DuPont Solamet brand photovoltaic
metallization pastes. Innovative PV metallization materials and new cell structures can be combined
to maximize solar cell efficiency. DuPont recently introduced Solamet PV16x series front side

silver paste system, which increases efficiency by up to 0.4% [16].

1.2.2 Second generation solar cells
To address the problems of energy requirements and production costs of solar cells a switch from
“first generation’ to ‘second generation’ of thin-film cell technology has been done. By eliminating

the silicon wafer a major reduction in material costs have been possible in the thin-film technology.
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The second generation of solar cells, which has been under intense development for the 90s and
early 2000s, are low-cost but quite lower efficiency than Si solar cell. The cell design based on thin
film materials requires minimal absorber thickness and cheap manufacturing processes. The most
popular materials used for second generation solar cells are amorphous silicon, cadmium telluride
(CdTe), copper indium gallium selenide (CIGS), and micromorphous silicon. These types of solar
cells are able to be produced at low cost by depositing the active material on low cost substrates
such as glass, ceramics, metal foil, plastic etc. A trend towards shifting to second generation from
first generation is showing up but the commercialization of this technology has proven to be
difficult [17]. Fortunately with the development of new materials over the coming decades the
future of thin-film technology seems to be promising with higher efficiency.

A comparison between the record efficiency of first and second generation of solar cells is reported
in Figure 1.4. Recently, scientists (at the Centre for Solar Energy and Hydrogen Research, ZSW,
Germany) have achieved a new success increasing solar cells electricity yield. The Stuttgart
researchers produced thin-film solar cells with a top efficiency of 20.3% [18]. With this
performance, they exceed their own world record and minimize to only 0.1 percent the advance of
the MC solar cells still dominating the market. The new record-breaking solar cells from ZSW are

made of extremely thin layers of copper, indium, gallium, and selenide (CIGS).
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Figure 1.4: First and second generation solar sell efficiencies [16]
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1.2.3 Third generation solar cells

Third generation solar cells are mostly based on the multi junction cells (MJC). The MJC allows
absorption of a wider range of wavelengths in the solar spectrum by combining solar cells of
varying bandgap in a series (tandem) stack. Third generation solar cells can exceed the theoretical
solar conversion efficiency limit for a single energy threshold material. The threshold was
calculated in 1961 by Shockley and Queisser as 31% under 1 sun illumination. The theoretical

efficiency for four junctions is 71% [19].

The only high efficiency solar cell concept that has been shown experimentally to work, with a 3-
junction device is based on III-V semiconductor [20]. The typical structure for such cells is a multi-
layer epitaxial thin film stack grown on a germanium substrate with tunnel junctions in between to
match the currents between each band gap cells. At present these cells are expensive (>$7Wp'1) and
used in space applications, as well as terrestrial concentrator systems in solar power stations in

which small cell area is sufficient [19].

The third generation is also included non-semiconductor technologies (including polymer cells),
quantum dot, intermediate band solar cell [21], hot carrier solar cells, up conversion and down

conversion technology, and solar thermal technologies, such as thermophotonics [22].
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2.1 Limitations of first generation PV devices

There are three losses in a silicon solar cell. The first of these is thermalization, which occur when
an electron-hole pair with energy greater than the band gap of silicon (E=1.12 eV, A = 1100 nm) is
created and the excess energy is lost as heat because the electron (and hole) relax to the conduction
(and valance) band edges. The second loss mechanism is due to recombination which is an opposite
process to carrier generation. Recombination is most common at impurities or defects of the crystal
structure, or at the surface of the semiconductor where energy levels may be introduced inside the
energy gap. These levels act as trapping sites for the electrons to fall back into the valance band and
recombine with holes. Important sites of recombination are also ohmic metal contacts. The third
loss mechanism is transmission, which occurs because photons with energy less than the band gap

of silicon are not absorbed [23].

2.2 A few approaches for enhancement of solar cell efficiency

The limiting efficiency in silicon solar cell can be improved by metal nanoparticle (plasmonic
effect) [24], spectrum modification [25], carrier multiplication method [26]. The details of each

method are briefly discussed in the following sections.

2.2.1 Surface Plasmon effect

Light trapping is an attractive way for achieving higher efficiency in both bulk Si solar cell as well
as thin film solar cell. Plasmonics is a recent approach where both absorption and scattering by
metal nanoparticles (NPs) can be used to obtain light trapping in both thin film and bulk Si solar
cell.

Pioneering work in the area of plasmonic enhancement of light-sensitive devices was the done by
Stuart and Hall, who showed that an enhancement in the photocurrent of factor 18 could be
achieved for 165nm thick Silicon-on-Insulator (SOI) photo-detector at 800 nm using silver
nanoparticles on the surface of the device [24]. Subsequently Schaadt et al. deposited gold
nanoparticles on highly doped wafer based solar cells, obtaining enhancements of up to 80% at
wavelength around 500 nm [27]. Derkacs et al. [28] used Au nanoparticles on thin film amorphous
silicon solar cells to achieve an 8% relative increase in conversion efficiency. Recently, Pillai et al.
deposited silver particles on 1.25 pum thick SOI structured solar cells and planner wafer based cells,
and achieved relative photocurrent increases of 33% and 19 % respectively [24]. Pillai et al. [29]

have reported an overall electroluminescence enhancement of a factor of 7 for thin film SOI light
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emitting diodes. Surface plasmon resonance based antireflection coating on GaAs solar cells was

also tested and reduction of reflection in the UV region was observed [30].

2.2.1.1 Mechanism of light trapping inside the Si solar cell

In recent years, the electromagnetic properties of metal NPs have been renewed interest in the
photonic devices research and development. 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 build up of polarization charges on the particle surface. This
acts as restoring forces, allowing a resonance to occur at a particular frequency, which is termed as
Surface Plasmon Resonance Frequency (SRPF). Incident light in the region of the resonance
wavelength of the particles is strongly scattered or absorbed, depending on the size of the particles.
The extinction of the particles is defined as the sum of the scattering and absorption [31-34]. Two
main basic mechanisms have been proposed to explain photocurrent enhancement by metal
nanoparticles incorporated into or on the front surfaces of the solar cells: near field concentration of
light and light scattering method. When metal NPs are excited by an electromagnetic wave (both in
the visible and infrared regions), they exhibit collective oscillations of their conduction electrons.
These electrons give rise to an electric field on the NP surface and the amplitude of this field is
enhanced in the case of closely spaced NPs. This effect is known as near-field concentration of light
and the corresponding photocurrent enhancement is more pronounced when the metal NPs are
embedded inside the active layer of the device, as in the case of organic cells [34]. The near field
effect is not a relevant process to the standard p-n junction Si solar cell, in which junction typically

lies 0.2-1 pm below the surface.

A further mechanism which has been explored over the past few years is the light scattering by
metal NPs excited at their SPRF, known as Plasmonic Light Scattering (PLS) [32-36]. Incoming
light at SPRF will scatter or absorb depending upon the size of the particle and the refractive index
of the surrounding medium [35]. The scattering efficiency, or radiative efficiency, [36] is defined in
fact as Cy/( Csct+ Cap), where Cg, is the scattering cross-section and C,p, the absorption cross-section
of metal particles [24]. It is therefore apparent that the scattering efficiency is strongly dependent on
the particle size.

Furthermore, Kirkengen and Bergli [35] described above PLS and near field method in more
detailed way. The energy of localized surface plasmons on metal NPs can create electron-hole pairs
in silicon solar cells through two processes, which they called indirect absorption and direct

absorption.
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In indirect absorption, the energy of a Plasmon is emitted by radiative electromagnetic fields (light)
in directions along the semiconductor, increasing the effective optical path of the photons and thus
increasing the probability of optical absorption. This is also known as PLS method. A coupling

geometry is shown in Figure 2.1.
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Figure 2.1: Light coupling geometry into the near waveguide due to metal NPs [36, 37]

Light trapping must be viewed as the process of coupling the incident light into view discrete
waveguide modes of the structure [36-37]. In the above figure the metal NPs can be thought of as
microscopic antennas, collecting the incident radiation and then transferring the energy into the
nearby waveguide, where it is trapped in guided modes propagating in all directions parallel to the
waveguide surface. This can lead to longer optical path lengths within the waveguide, producing
enhanced absorption.

In the direct absorption the near field of the Plasmon excites electron-hole pairs into the
semiconductor, and the conservation momentum is preserved through a transfer of momentum to

the metal particle. The two mechanisms are depicted in Figure 2.2.
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Figure 2.2: How light can couple with active layer of solar devices [34]
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2.2.1.2 Effect of particle size and shape on the light trapping mechanism

Scattering and absorption depend on the size of the particles. Metallic particles that are much
smaller than the wavelength of light tend to absorb more and absorption dominates over scattering.
However, as the size of the particles increases, scattering process dominates and we take advantage
of this property for our application of light trapping. Beyond certain limits, however, increasing the
particle size leads to increased retardation effects and higher order multipole excitation modes,
which decrease the efficiency of the scattering process [29]. Increasing the particle size produces an
increase in the magnitude of photocurrent enhancement, even if the change in the particle size does
not change the surface plasmon resonance wavelength. Intuitively, this could be explained with
increasing the radiative efficiency and scattering cross sections, as particle size become larger [37].
Particle shape also plays an important role in the effect of metal NPs on a photovoltaic device.
Particle shapes such as disk that have a large fraction of their volume close to the semiconductor

lead to a very high fraction of light scattered into the substrate [38].

Theoretical predictions of the surface Plasmon resonance peak were made using Mie calculations.
Mie theory describes the scattering of light by particles. Particles are defined in a region with
refractive index (n,) that differs from the refractive index of its surroundings (npyeq) and n, mismatch
between refractive indexes of particle and medium. Mie classical solution is described in terms of

two parameters, n; and x:

n
Ty P

Mmad ,
Surface refractive index mismatch is expressed as a size parameter x:

2T Neg
A

_'x =
According to the Mie theory calculation, efficiency of scattering is expressed this way:
d: = @A |

Where, Qs is the scattering coefficient and A is the true geometrical cross-sectional area of the

spherical particle.

Scattering and extinction coefficients are expressed by:
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Where a, and b, are Mie coefficients, which may be complex. R is the diameter of the particles. The

expressions of these coefficients are discussed further in the literature [39].

In general, light absorption dominates in the extinction (extinction = absorption + scattering)
spectrum for particles relatively small radius, and light scattering becomes the dominant process for

larger particles [40].

2.2.2 Spectrum modification method

Spectrum modification is a well researched topic in physics and in chemistry and has been applied
to photonic devices [25]. Three losses in silicon solar cell can be reduced by spectrum conversion
from higher energy to lower energy and vice versa. There are two possibilities to use the high
energy part of the solar spectrum more efficiently: down-conversion, down shifting and

photoluminescence.

2.2.2.1 Down-conversion and down- shifting

Thermalization losses can be reduced by using down conversion and down shifting method. The
down-conversion of incident photons into two or more photons with lower energies can be
achieved, in principle, with every three-level system. The absorption of a high-energy photon leads
to an electronic transition from the lowest level to the highest excited level. A two-step
recombination of the electron to the lowest level via the intermediate level is accompanied by the
emission of two lower energy photons, if both steps are radiatively efficient. This is shown in
Figure 2.3. A schematic representation of proposed system of a solar cell in combination with a

down-converter is shown in Figure 2.4.
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Figure 2.3: Down-conversion mechanism [25]

In the down shifting process, a single high-energy photon is converted into a single lower-energy
photon. So the two techniques down conversion and down-shifting are distinguished by their
quantum efficiencies. For down-shifting, the quantum efficiency is always less than or equal to one,
whereas for down-conversion the quantum efficiency exceeds one (more than one photon is emitted
for each incoming photon) provided non-radiative losses can be prevented [25].

A luminescence converter that, in an ideal case, converts high-energy photons into two or more
lower energy photons is located on the front surface of a conventional single junction solar cell. The
luminescence converter is electronically isolated from the solar cell, i.e., the coupling between the
converter and the solar cell is purely radiative. The absorption of the two or more low-energy
photons emitted by the converter leads to the generation of electron—hole pairs (e-h pair) in the
solar cell, which means that more than one e — 4 pair is generated in the solar cell per incident high-

energy photon.

Incident light

Converter
Insulator
Solar cell
Reflector

Figure 2.4: Schematic diagram of the down-conversion system. The luminescence converter is
located on the front surface of a solar cell
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In order to avoid the absorption of the high-energy photons and the subsequent thermalization of e —
h pairs inside the solar cell, a bifacial solar cell is needed and additionally the solar cell material
must be transparent for high-energy photons in this geometry, a condition that rules out all
semiconductor materials used for solar cells. In a different geometry the luminescence converter
could also be located on the rear surface of the solar cell. An energy diagram for the down-
conversion system is shown in Figure 2.5. Sunlight is incident from the left side in that
representation, if the converter is located on the rear surface. If the luminescence converter is
located on the rear surface, photons with energies larger than twice the band gap shall be
transmitted by the solar cell and absorbed by the converter. This can be achieved by restricting the
widths of the bands of the solar cell material as shown in Figure 2.5. The incident sunlight comes
from the left, as shown. The down-converter consists of a material with a band gap E,, converter
that contains impurity levels (IL) with energy £, above the valence band edge. Radiative transitions
take place between the valence band and the conduction band (solid arrow) or between one of the
bands and the impurity level (dotted arrows). In an ideal case the IL lies in the center of the band
gap of the converter and both intermediate transition have energy thresholds for the absorption that
are equal to the band-gap energy of the solar cell, i.e., E1=E,=E, . In the geometry with the
converter on the rear surface the widths of the bands in the solar cell must be restricted to avoid the
absorption of the high-energy photons with hv>2E, , which shall be absorbed and down converted
in the luminescence converter [41]. Emission of photons with energies larger than the band gap of
the solar cell via the intermediate transitions inside the luminescence converter represents an energy
loss. Therefore, in an idealized case, the energy thresholds E; and E, for the two intermediate
transitions both equal the band-gap energy of the solar cell, i.e., £1=E>=E, . The intermediate level

thus lies in the middle of the band gap of the converter.
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Figure 2.5: Schematic energy diagram of a solar cell in combination with a down-converter, if the
converter is located on the rear surface of the solar cell [41]

In both geometries a reflector is located on the rear surface of the system. A theoretical model
described [41] that the limiting efficiency was found for the geometry with the converter located on
the rear surface. We only present the results of our experiments for the geometry with the converter
located on the front surface. In practice, much research on luminescence down conversion with
external quantum efficiency (EQE) of less than unity has been performed for shifting the shorter
wavelength to longer ones. The application of down shifting layers in photovoltaic module is as
luminescent solar concentrators [42-45].

Rare-earth doped luminescent materials are extensively used in the lighting industry [46]. The
motivation using for using rare earths is that this family elements luminescence over a wide range,
from the near- infrared, through the visible to the ultraviolet. An overview of available down
converters 1s indicated in the literature [25, 44]. Among them rare earth organic complexes
constituted by an excitation harvesting ligand attached to an emitting ion (Tb’", Eu’", Er’") have
been subject of much research since the first demonstrations of their reliability as active layer in
VIS and NIR organic light emitting diodes [47-48]. These molecular systems strongly absorbing in
the UV and possessing a consistent Stokes shift of their emission towards the region maximum
conversion efficiency of photovoltaic devices. In particular the main emission of Eu’* complexes at
614nm is really close to maximum efficiency of the crystalline silicon which lies at about 600 nm.
The use of Tb®" complexes is more appropriate in the case of amorphous silicon cells where the

maximum efficiency is about at 500 nm. Low temperature encapsulation of a solar cell with a
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coating doped with light harvesting complex is supposed to allow an improvement of quantum

efficiency of a commercial photovoltaic system without modification of the industrial process.

A quantum efficiency enhancement associated with the light harvesting and energy transfer
properties of the [Eu(phen),](NO;); complex (Europium (III)-bis- phenanthroline-tris-nitrate) was
demonstrated in mono-crystalline silicon solar cell [49]. PVA was used as polymeric matrix in this
case. They showed an overall increase of the delivered power 0.8-1% under AMO (space
applications) conditions. A more recent paper by Mclntosh et al. [50] deals instead with down-
shifting encapsulating layers consisting of PMMA (polymethylmethacrylate) doped with organic
dyes. Previously one our group [51] used a bilayer structure consisting of poly-vinylacetate (PVA)
doped with tris(dibenzoylemethane) (monophenanthroline) europium(Ill) and tris[3-
(trifluromethylhydroxymethilene)-d-camphorate] europium (III) on commercially available
crystalline silicon solar cells. It was observed a relative enhancement of 2.8% of the total delivered
power by the cells. Photoluminescence Excitation (PLE) investigations carried out on such organic
complexes showed concentrations quenching effects [49, 51]. Best results were obtained in cells
coated with lower concentrations (0.0015% wt) of organic complexes. Also reduction of peak
wattage (W) price (€/W,) was calculated for crystalline silicon photovoltaic modules. Industrial
photovoltaic module fabrication process is based on a copolymer of vinylacetate and ethylene
(EVA), whose optical properties are comparable with those of PVA. Therefore, EVA doped with
proper choice of organic complex is a good candidate of polymeric matrix on silicon cell in such
down- shifting process. It should be remarked that such a doping procedure of the encapsulating
matrix does not affect the industrial process leading to the fabrication of the standard commercial
PV module. In recent work [52], EVA doped with Eu(tfc);  (tris[3-
(trifluromethylhydroxymethilene)-d-camphorate] europium (III)) and 4,4'-bis(diethylamino)
benzophenone (or EABP) was deposited on silicon cells and obtained 3% relative enhancement of
the maximum delivered power in lab PV module. Such complex is able to absorb Ultra Violate
(UV) as well as visible light due to the presence of a new absorption band probably related to a

bathochromic shift of the first singlet—singlet transition of EABP occurring upon complexation.

2.2.2.2 UP-conversion

For a solar cell, photons with energy less than the band gap are not absorbed (all are transmitted).
Transmission losses can be reduced by using up conversion (combining low energy photons to one
high energy photon). This low energy part of the spectrum can be accessed by using up-conversion
process. The improved photovoltaic system involving an up-converter is shown schematically in

Figure 2.6. It is based on a conventional bifacial single-junction solar cell made of a material with
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band gap E,. The second main element of the system is the up-converter, which partially transforms
the sub-band-gap photons transmitted by the solar cell into high-energy photons. In our theoretical
treatment we assume that the up-converter is electronically isolated from the solar cell and located
behind it. A perfect reflector is located at the rear surface of the up-converter. The main
mechanisms by which incident photons can be transformed to photons with higher energies are

second harmonic generation, simultaneous two-photon absorption.

Incident light

Solar cell
Insulator
Converter
Reflector

Figure 2.6: Up-conversion system of solar cell

Up-conversion involves a sequential excitation of electrons into an excited state via a real, lower-
lying metastable excited state. The up-conversion processes are subdivided into three classes,
namely, sequential ground state absorption/excited state absorption (GSA/ESA), energy transfer up-
conversion, and photon avalanche [53]. In the literature [54], the up-conversion via GSA/ESA has
so far been discussed for resonant excitation with one or two different wavelengths only, due to the
fact that most of the research in this field is stimulated by commercial applications for short
wavelength solid-state lasers, e.g., in telecommunication or for data storage. The necessity to use
more than one wavelength is regarded as a disadvantage for these applications. However, the up-
conversion is interested for photovoltaic applications involve the sequential absorption. A schematic
energy-level diagram of such a broadband up-converter is shown in Figure 2.7. The up-converter
consists of a material with a band gap that ideally equals the band-gap energy of the solar cell £,
and contains intermediate levels (IL) with an energy E;, above the valence band edge (the terms
valence band and conduction band will be used for the lower and the upper electronic band,
respectively). The absorption of sub-band-gap photons in the up-converter leads to the generation of
electron-hole pairs i.e. of electrons in the conduction band and of holes in the valence band via two
sequential transitions from the valence band into the IL and from the IL into the conduction band.
These transitions are symbolized by dotted arrows in Figure 2.7. A fraction of the excess electron-

hole pairs are generated inside the up-converter recombines via radiative band-to-band transitions.
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A solid arrow, in Figure 2.7 indicates the emission of photons with energies above the band gap.
These up-converted photons can be absorbed by the solar cell, which leads to an additional

generation of electron-hole pairs [55].
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Figure 2.7: Energy levels in the up-converter [55]

One advantage of this system is that no additional recombination channel is introduced into the
active solar cell material, as the up-converter is electronically isolated from the solar cell.
Recombination of electrons and holes via the intermediate level is therefore possible only inside the
up-converter. Another advantage is that in this system the materials of the up-converter and of the
solar cell can be optimized independently. An optimized up-converter might be stacked behind any
existing bifacial solar cell, potentially increasing its efficiency. A disadvantage of the up-conversion
system is that, as the up-converter is electronically isolated; all e-4 pairs generated inside it will
eventually recombine. Promising initial experimental results on silicon solar cells in combination
with NaYF4:Er” up-converter (UC) which gave an EQE close to 1% at 1550 nm [55]. Significant
improvements in the up-conversion efficiency of UC that convert from the IR into the VIS spectral

range by co-activation with Yb, were discussed in the same literature.

2.2.3 Carrier multiplication method

A carrier multiplication (CM) process where an electron with sufficiently high kinetic energy can
generate one or more additional electron-hole pairs through a scattering process is known as impact
ionization. Impact ionization does not occur in conventional PV devices. Such type of process
occurs in semiconductor nanocrystals (NCs) less than 10 nm in size [56]. The unique optical
properties of quantum-confined semiconductor NCs, including atomic-like electronic structure and

size-dependent bandgap energies, make them interesting materials for potential application in
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optoelectronic devices such as solar cells. Figure 2.8 demonstrates a schematic diagram where
semiconductor NC can help to improve the solar cell efficiency. When an electron in a
semiconductor absorbs light with more energy than its band gap (E,), it is excited to a higher energy
level. Conventionally (top panel), any extra energy above E, is given off as waste heat (phonons),
and the result is still a single electron-hole pair. NCs (bottom panel) can demonstrate CM, in which,
if the energy is high enough (>2E,), it can be given to second electron instead, creating two
electron-hole pairs. This would result in twice the current per high-energy photon compared to a

bulk material at the same voltage [57].
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Figure 2.8: Carrier multiplication method occurs in semiconductor NC [57].
In addition, spatial confinement results in strong carrier-carrier interactions within NCs (an
electron-hole pair confined to a NC is typically referred to as an exciton). Observations of
photoluminescence (PL) blinking in single-NC measurements [57] were ascribed to the process of
Auger ionization [58-59] in which exciton-exciton annihilation (Auger recombination) ejects an
electron out of the NC core, resulting in a charged NC for which emission is quenched. The strong
Coulomb interactions correlate with the prominent role played by Auger recombination within NCs
occupied by more than one exciton. The PL blinking effect, together with the prospect of a phonon
bottleneck to slow carrier cooling, led Nozik to propose that the inverse of Auger recombination,
impact ionization, may occur with higher efficiency in semiconductor NCs [60]. Subsequent to
Nozik’s prediction of enhanced impact ionization in quantum-confined semiconductor NCs,
experimental measurements on colloidal solutions of PbSe, PbS, and PbTe NCs revealed evidence
of the single-photon generation of multiple excitons following pulsed excitation at high photon
energy and low intensity, as evidenced by the signature of Auger recombination within the exciton
population decay traces [61-63]. These measurements represented the first observations of multiple

exciton generation in NCs. Analysis of the data indicated that single photon generation of multiple
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excitons occurs on a very short time scale following photon absorption, with an efficiency that
increases with the energy of the photon. Because of the very high observed efficiency of multiple
exciton production, the process has been referred to as multiple exciton generation (MEG), or
carrier multiplication, to differentiate it from the impact ionization (I.I.) occurring in bulk
semiconductors. Subsequent measurements led to the report of as many as seven excitons per
photon for large PbSe NCs photoexcited at hv = 7.8F, for E, = 0.636 €V [64]. The effect of small-
band emission spectra of NCs on solar cell performance parameters was reported by W.G.J.H.M.
Van Sark et al [65] and they showed the potential benefits of NC use. Recently, a 6% relative
increase in conversion efficiency was reported for coating a multi-crystalline silicon solar cell with
a converter layer [66]. As NCs have much broader absorption bands than the species used in Ref.
[66], the deployment of NCs in planar converters could lead to relative efficiency increases of 20-
30%. Also, spectral down conversion employing NCs in a polymer matrix has been demonstrated in
a light emitting diode (LED), where a GaN LED was used as an excitation source (425 nm) for NCs
emitting at 590 nm [67]. Recently, Evren Mutlugun et al. [68] demonstrated semiconductor
nanocrystal based photovoltaic scintillators integrated on solar cells to enhance photovoltaic device
parameters including spectral responsivity, open circuit voltage, short circuit current, fill factor, and
solar conversion efficiency in the ultraviolet. Hybridizing (CdSe)ZnS core-shell quantum dots of
2.4 nm in diameter on multi-crystalline Si solar cells for the first time, they showed that the solar
conversion efficiency is enhanced 2 folds under white light illumination similar to the solar

spectrum. Such NC scintillators provide the ability to extend the photovoltaic activity towards UV.
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Chapter 3

Experimental Techniques
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3. Experimental techniques

The results described in this thesis have been obtained using different experimental techniques.

The details of these experimental techniques are expressed in this chapter.

3.1 Thermal evaporation

Resistive thermal evaporation is one of the most commonly used metal deposition techniques. It
consists of vaporizing a solid material (pure metal, eutectic or compound) by heating it to
sufficiently high temperatures and recondensing it onto a cooler substrate to form a thin film. As the
name implies, the heating is carried out by passing a large current through a filament container
(usually in the shape of a basket, boat or crucible) which has a finite electrical resistance. The
choice of this filament material is dictated by the evaporation temperature and its inertness to
alloying/chemical reaction with the evaporant. This technique is also known as "indirect" thermal
evaporation since a supporting material is used to hold the evaporant. Usually low pressures are
used, about 10 or 10 Torr, to avoid reaction between the vapor and atmosphere. At these low
pressures, the mean free path of vapor atoms is the same order as the vacuum chamber dimension,
so these particles travel in straight lines from the evaporation source towards the substrate. This
originates 'shadowing' phenomena with 3D objects, especially in those regions not directly
accessible from the evaporation source (crucible). Besides, in thermal evaporation techniques the
average energy of vapor atoms reaching the substrate surface is generally low (order of kT, i.e.
tenths of eV). This affects seriously the morphology of the films, often resulting in a porous and
little adherent material. Our laboratory system is based on resistance heating (Joule effect). A
schematic diagram of one such system is shown in Figure 3.1. These systems are fitted with an
acoustic crystal monitor which is connected to film thickness monitor for controlling the amount of

metal deposit. All filament boats used are of tungsten material.
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Figure 3.1: Schematic diagram of resistive thermal evaporation system used

3.2 UV-VIS measurement

Absorption as well as transmittance spectra were measured by JASCO UV-VIS spectrometer
[JASCO V570] in double beam configuration as shown in Figure 3.2 and Figure 3.3. For absorption
spectra measurements, the liquid or colloidal samples are put into a sample tube (called a
“cuvette”), while a proper holder was used for thin film sample. The resulting data was recorded
through interfaced PC with SPECTRA MANAGER software. Before measuring absorption
spectrum of liquid sample, the base line was corrected using the DI water which is used as a solvent
during the preparation of the colloidal sample while base line was corrected by properly cleaned
glass substrate in case of thin film samples. For transmittance measurement of thin film, a sample
deposited glass substrate is used in the place of sample position and another cleaned glass substrate

is used in the reference position of Figure 3.3.
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Figure 3.3: Scheme of UV-VIS spectrometer
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3.3 Reflectance measurement

Reflectance measurements were carried out in CARRY UV-VIS BIO Spectrophotometer within
300 nm to 900 nm in ‘“VW’ configuration. A dual "VW' configuration is shown Figure 3.4.

The setup is with one spherical mirror, and two toroidal mirrors per beam. The movable mounting
of the spherical mirrors allows them to be used for both calibration and sample measurement.
Hence, the same optical components are in the light path during both calibration and measurement.
When a sample is mounted, the only change in the system is due to the reflectivity of the sample,

and absolute value of the reflectance is obtained.

Figure 3.4: Optical diagram of the Cary ‘“VW’ configuration.

3.4 Scanning Electron Microscope and Transmission Electron Microscope

Metal NPs sizes and distribution on substrates were measured by Tescan VEGA TS5136XM

Scanning Electron Microscope (SEM) micrographs.

For SEM measurement we used Si substrate upon which the aqueous solutions were deposited by
dip coating followed by drying different medium (air and hot furnace). Detail of different drying

process is described in the following chapter 4. Energy Dispersive X-ray Spectroscopy or EDX can
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provide quantitative analysis of elemental composition. X-rays may also be used to form maps or

line profiles, showing the elemental distribution in a sample surface.

A high resolution transmission electron microscope (HRTEM; Model Tecnai S-twin) was used to

observe the morphology of the nanocrystals. The photograph of this instrument is shown in Figure

3.5.

Figure 3.5: Photograph of the TEM used in our experiments

Before starting the TEM measurements, the samples were diluted twenty times using ethanol and
finely dispersed in ethanol using a horn type ultrasonicator. Then four drops of the diluted solution
was placed on copper grids of 2.5 mm diameter using a micro tip. Finally the copper grids were left

to dry before transferring into the TEM sample chamber.

3.5 Spectral response system
The spectral response describes the sensitivity of the solar cells to optical radiation of different

wavelengths.
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All sections of the spectral response setup used in this work is depicted in Figure 3.6(a) and block
diagram of the complete setup is shown in Figure 3.6(b). The SR apparatus includes a 450 W
Xenon light source coupled with a double grating monochromator, whose slit width for these
measurements i1s 2 mm (corresponding to a bandpass around 4.2 nm). Light coming from the
monochromator through the optical fibre falls on the cell which is mounted on the sample holder.
The cells are illuminated by a monochromatic beam with a diameter around 3 mm. The
photogenerated current from the cell passes through an amplifier whose gain is set at 10* V/A and
the corresponding voltage produced at each wavelength of the monochromatic light is measured by
a Keithley 2400 sourcemeter monitored via PC. The SR measurements were taken from 300 nm to
1100 nm with a 2.5 nm wavelength increment. The EQE ( EQE being defined as the number of
charge carriers generated by the cell to the number of incident photons at each wavelength falling
on the cell ) spectrum is then calculated as the ratio between such SR data and the incident light
spectrum, obtained by a reference photodiode (Hamamatsu S1336BQ). For each sample, at least six

EQE measurements were performed by varying the spot position on the front surface of the cell.

The standard deviation of such measurements is 1.27% in the range between 300 and 450 nm and

4.94% between 450 and 1100 nm.

Figure 3.6(a): Different sections of spectral response setup
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Figure 3.6 (b): Block diagram of complete spectral response setup

3.6 I-V measurements of solar cells

[-V measurements were performed in Air Mass 1.5 conditions (simulating terrestrial applications)
by using Thermo Oriel Solar simulator with constant incident power density of 1 Sun (100
mW/cm?®) and a Keithley 2400 sourcemeter. The complete setup of solar simulator is used in this
work shown in Figure 3.7. Solar simulator produces a highly collimated, very uniform output beam
in various sizes from 2 x 2 to 10 x 10 inches. This system includes the light source, the
measurement electronics, computer, and software needed to measure solar cell I-V curves. Solar
simulator illuminates the test device and measures light and dark I-V characteristics by automatic
solar simulator shutter control. I-V measurements were done by using 4-wire configuration with test
device mounted in proper position under the light source. The back contact of the test device could
be fixed with base of solar simulator by creating the local vacuum zone under the device. The solar
simulator power density was monitored by a Si photodiode and maintained constant during all
measurements.

The system's computer gathers data, calculates solar cell parameters like open circuit voltage (V)
short circuit current (I), short circuit current density (Js.), maximum delivered power (Py.x) and
cell efficiency (1), generates printable test reports, and saves test data in text files. In our

experiments we are interested mainly about the parameters like n, Iy, and Pyax.
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Figure 3.7: Sun simulator set up

3.7 Photoluminescence measurement

Photoluminescence (PL) measurements were carried out in JASCO FP-6300 spectroflurometer
depicted in Figure 3.8. The PL measurements were carried out at room temperature. PL excitation
was performed by 150 watt Xenon lamp source. Spectral band width of the excitation and emission

monochromator was set 5 nm and wavelength scanning speed was set at100 nm/min.
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Figure 3.8: Typical diagram of PL measurement setup

49



50



Chapter 4

Light Scattering Effect by Metal Nanoparticles:
Experimental Results
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4.1 Introduction

In recent years, electromagnetic properties of metal NPs are increasing attention of scientists
because of their various potential applications in advanced optics, electronics, sensors and catalysis
etc [69]. There is currently a great deal of interest in surface plasmons on metal surfaces and metal
NPs, and the often surprising optical properties associated with them. The effect of Surface Plasmon
on Si solar cell has been already described briefly in the section (2.2.1) of chapter 2. The aim of this
chapter is to describe the various synthesis process of different metal NPs and then deposition
methods on substrates followed by different measurements on them. Finally, different photovoltaic
devices will be tested with the metal NPs synthesized with colloidal technique.

So selection of particular metal among the many is mandatory first.
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Figure 4.1: Radiative efficiency of different metal NPs [35]

It should also be remarked in Figure 4.1 that different metal NPs show different radiative or
scattering efficiency, and it has been shown [33] that silver particles have higher radiative
efficiency with respect to other metal NPs, such as gold and copper. Silver is therefore the best
choice among other metal NPs for the design of light trapping strategies aimed to increase the

conversion efficiency of PV devices.

There are varieties of methods for the preparation of metal NPs, such as physical deposition method
(vacuum evaporation and sputtering), electrochemical deposition, the Langmuir-Blodgett technique
and the layer by layer (LBL) assembly method. In addition, several methods for the fabrication of

patterned NP have been developed, such as lithography, microcontact printing.

So far the effect of surface plasmons on Si PV devices has been studied mostly on silver NPs

deposited by means of thermal evaporation technique [24, 32-34, 70], but the application of
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plasmonic coupling effects in large-area PV module production requires new inexpensive and
scalable techniques for fabricating metal NPs in a controlled way. To this purpose, colloidal
synthesis should be an attractive solution for producing metal NPs with the desired optical
properties. The colloidal approach presents in fact the advantage of being easily scalable for
relatively inexpensive large production [71], and can be introduced in the present Si PV device
production lines without strong modifications of the industrial process for the PV module
fabrication. Moreover, the synthesis of metal NPs via colloidal technique has been demonstrated to
be a very effective, reliable and versatile route for their production in a variety of compositions,
shapes and sizes [72].

In the present work we want to deposit the metal NPs on bulk silicon solar cells by colloidal
technique in order to enhance their photovoltaic conversion efficiency by means of their Plasmonic
Light Scattering. We tested for the first time the deposition by colloidal method of silver NPs on
multicrystalline silicon (mc-Si) solar cells to enhance their performances. In spite of the higher
scattering efficiency, the possible oxidation of silver NPs could affect their plasmonic properties.
Therefore, in order to obtain a further confirmation of the PLS effect due to colloidal gold NPs on

mc-Si have been also studied.

Before starting the colloidal deposition, we used to deposit silver and gold NPs by thermal
evaporation and sputtering respectively on glass substrate in order to do preliminary investigation of
plasmonic effect and make comparison with the literature data. In the second part, we will

concentrate on colloidal solution technique.

4.2 Experimental

In experimental section, different process for the preparation of different metal NPs followed by

their deposition methods on the substrates and solar cells will be discussed

4.2.1 Deposition of silver and gold films on glass substrate by thermal evaporation and sputtering

First we used evaporation technique to deposit silver and RF sputtering to deposit gold on glass
substrate. We followed the methodology reported in the reference [24]. We deposited various
thickness of silver on cleaned glass substrates by evaporation technique under high vacuum (2x107°
torr) condition. The thickness of silver film was about 3nm, 8nm and 10 nm respectively and then
the samples were annealed at 200°C within hot furnace in N, environment for 50 mins. We

followed the same procedure for depositing different thickness (3nm, 6nm and 10nm) gold on glass
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substrate by sputtering method for 15s, 30s and 45s respectively at deposition rate ~15 nm/min and

then samples were heat treated at 300°C for 2 hrs in N, ambient condition.

Then we measured the UV-VIS spectroscopy measurement both before and after annealed condition

and also performed SEM measurement to observe the surface morphology of the samples.
Colloidal method

In colloidal method, metal NPs can be synthesized by using different capping or stabilizing reagents
[73]. In this present work we first used micelle (which is formed by surfactant dissolve in different
solvent) for producing metal NPs. Also polymer was used as a stabilizer for the synthesis of metal

NPs.
4.2.2 Preparation of colloidal silver NPs using surfactant: Method A

A micelle is formed when a variety of surfactant molecules including soaps and detergents are
added to water. The molecule may be a fatty acid, a salt of a fatty acid (soap), phospholipids, or

other similar molecules. A typical micelle is shown in Figure 4.2.

The molecule must have a strongly polar "head" and a non-polar hydrocarbon chain "tail". When
this type of molecule is added to water, the non-polar tails of the molecules clump into the center of
a ball like structure called a micelle, because they are hydrophobic or "water hating" [74]. The polar
head of the molecule presents itself for interaction with the water molecules on the outside of the

micelle.

- (e
[Hydrophabic il

Figure 4.2: Structure of a general Micelle on aqueous solvent

The shape and size of a micelle is a function of the molecular geometry of its surfactant molecules
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and solution conditions such as surfactant concentration, temperature, pH and ionic strength. The
particles can be formed inside the micelle. So the particle size depends on the surfactant

concentration.

Silver nitrate (AgNOs3), sodium borohydride (NaBH4) and Sodium dodecyl sulfate (SDS) are
required for synthesis of the silver NP. Pure de-ionized (DI) water was used as a solvent during the

synthesis process. The chemical structure of SDS is shown in Figure 4.3.

Hydrophilic head
A ]
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Carbon-hydrogen chain

Figure 4.3: chemical structure of SDS [Dashed part of this structure is the hydrophilic head and
remaining part (carbon hydrogen) chain is the hydrophobic part. Both the hydrophilic and
hydrophobic part of the SDS structure forms the same shape as shown in Figure 4.2]

For colloidal synthesis of silver particle, we used different concentration of AgNO; solution and
solution of reducing agent NaBH; making constant of SDS concentration of 10°M. 25ml of
AgNOj; solution was added with 25ml of aqueous surfactant (SDS) medium in a chemical reactor
with rapid stirring on a hot water bath at temperature of 80°C. After 15 min NaBH4 solution was
added dropwise into the mixed solution under the same condition for another 10 min. After few
moments, it was observed that various colour of the resulting solution depending upon the
concentration of both AgNO;3; and NaBHj, solution and the solution was kept to cool down at room
temperature. During all the above courses, light was kept away from all the reactants. After
completion of the synthesis process, the resulting solutions were centrifuged (2500 r.p.m) followed
by washed in DI water. Thus freshly prepared colloidal silver NPs solution will be used for further

steps of experimental procedure.
4.2.2.1 Preparation of silver NPs coated substrates

Typical Layer by Layer (LBL) [69] process was carried out for the fabrication of Ag/PDDA film on

glass substrate. A cleaned substrate of glass and silicon slide was dipped only once into 1% of Poly
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Diallyl Dimethyl Ammonium chloride (PDDA) for 30 min. After being rinsed with water, both the
substrates were immersed for 15 min in colloidal solution and followed by drying in air. Optical
absorption spectroscopy was performed on both colloidal solutions as well as NPs coated glass

substrate whereas, for SEM analysis we used Si substrate with silver NPs.
4.2.2.2 Deposition process of the silver NPs (prepared with method A) on Si solar cells

Firstly, Si solar cells were masked in small portion in order to avoid contact related problems during
electrical measurements on the same cells. After that, Si solar cell was dipped into PDDA solution
for 30 min followed by drying in air. Then these PDDA coated cells were dipped into aqueous

colloidal solution followed by drying same in air.
4.2.3 Preparation of silver NPs using polymer as a stabilizer: Method B

A different preparation method of silver NPs via chemical reduction method, silver nitrate
(AgNOs), PolyDiallylDimethylAmmoniumchlorides (PDDA), and sodium borohydrade (NaBH4)
were used. Pure DI water was used as solvent during the whole preparation. Silver NPs were
prepared according to the following procedure: first of all, 10 ml of 0.0011 M AgNO; aqueous
solution and 50 ml of 11.1 wt% PDDA aqueous solution were mixed in a reactor. The reactor was
then placed in a cold water bath at 7°C in continuous stirring condition. After 10 minutes, 5 ml of
8x10™* M NaBH, were added dropwise (1 drop per second) to the solution maintaining the same
conditions. Faint yellow colour appeared within 1 minute. With the progress of the reaction time,
the colour of the solution changed from faint yellow to orange. After the addition of the whole
NaBHj, solution, the reaction process went on for further 10 minutes. Then the reaction vessel was

removed from the heating element and kept in stirring until cooling to room temperature.

4.2.4 Gold NPs synthesis by colloidal method

The chemicals required for the preparation of gold colloidal solution are instead gold chloride
(HAuCly) and trisodium citrate (C¢HsO7Nas). The whole synthesis was carried out in aqueous
medium. The gold colloid was prepared by using a chemical reduction method according to the
description of Lee et al. [75]. All solutions of reacting materials were prepared in DI water. The
reaction vessel was placed in hot water bath (temperature around 90°C), and 10 ml HAuCl, (0.001
M) mixed with 20 ml DI water were placed into the vessel and heated to boiling under magnetic
stirring condition. Then 10 ml of trisodium citrate (0.01 M) was added and vigorously mixed while
maintaining the same temperature and stirring condition. Mixture solution was heated until colour

change to red was evident. Then, as in the case of the silver NPs synthesis previously described, the
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reaction vessel was removed from the heating element and kept in stirring until cooling to room
temperature.

In synthesis procedure we reduced the amount of citrate solution maintaining the volume ratio
between HAuCly and citrate solution as (A) 3:1, (B) 5:1 and (C) 7.5:1

In our results and discussion section we will use different solution name as Solution A, Solution B
and Solution C according to the change of the volume ratio of salt and reducing reagent

respectively.

4.2.5 Deposition process of colloidal silver and gold NPs (prepared by Method B) on various

substrates

A properly cleaned glass slide was dipped into the resulting silver colloidal solution for 2 minutes
followed by hot furnace drying at 200°C under N, flowing for 15 minutes. The same procedure was
carried out for gold NPs. Absorption spectra were then performed on such samples by a dual beam

UV-VIS spectrophotometer (JASCO V570) over the wavelength range 300-1100 nm.

In order to measure the particle size and their distribution, a small portion of a Si wafer previously
etched with dilute hydrofluoric acid (HF) was dipped into the colloidal silver solution followed by
the above mentioned hot furnace drying and examined by a Tescan VEGA TS5136XM Scanning
Electron Microscope (SEM). A drop of colloidal gold solution was placed on etched Si slices for

the same kind of measurements.

The same dipping and drying procedure was carried out for the deposition of colloidal particles on
mc-Si solar cells both with (ARC cell) and without anti-reflection coating (NOARC cell). Before
the deposition, the cell metal grids were masked in order to avoid any contact related problems
during subsequent electrical characterization. After the contact masking removal, all the electrical
and optical characterizations on both ARC and NOARC cells were carried out before and after

metal NPs deposition.
4.2.6 Light irradiation for removal of Boron-Oxygen complexes from Si solar cells

It should also be remarked that, before any deposition and analysis, the mc-Si solar cells have been
irradiated with a 450 W lamp for 4 hours in order to obtain a constant concentration of Boron-
Oxygen (BO) complexes in the Si matrix. In fact, it is widely known in the literature [76-77] that
the high Oxygen content coming from the silica crucible together with the p-type Boron doping is
responsible both in crystalline and multicrystalline Si cells for the formation of BO complexes

under illumination. This effect gives rise to a decrease of the open circuit voltage value during I-V
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measurements under simulated solar conditions, therefore affecting the reliability of such electrical
characterization. Since the concentration of BO complexes reaches the maximum value after few
hours under illumination, the above mentioned irradiation treatment allows the determination of

reliable values of the solar cell performances.
4.3 Results and discussions

Before going into the plasmonic effect on solar cells, we tried to optimize the NP synthesis in
different approach (although, the main attention is on colloidal metal NPs) and studied the effect of

particle size on optical absorption or transmittance property.

4.3.1 Results on NPs (silver and gold) prepared by physical deposition (thermal evaporation and
RF sputtering) method
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Figure 4.4 Absorption spectra of silver particles grown with different silver thin film thickness. The
measurements were done after the heat treatment at 200°C in N, environment

The spectrum depicted in Figure 4.4 does not show the absorption peak in visible range. This might
be due to high mass thickness of the silver film and SEM picture (Figure 4.5) also shows that there
is no particle formation on the glass substrate. Probably the temperature used is not sufficient to
form the NP after thermal treatment or the film thickens was too high. But silver NPs formed by
film thickness of 3 nm (after heat treatment) has the prominent absorption peak at visible range
(Figure 4.6). Also the transmittance plot (Figure 4.7) of this particular sample shows same

agreement with that of literature [24]. The SEM picture of 3 nm thickness of silver after annealed
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condition is shown in Figure 4.8 and it confirms that particles are formed and homogeneously
distributed throughout the sample. The average particle size is about 15nm. In both Figure 4.6 and
Figure 4.7 silver NPs show the Surface Plasmon Resonance Frequency (SPRF) is around 450 nm
and also exhibits high transmittance above this wavelength. In Figure 4.9, gold particles show same
behavior of silver particles but resonance condition is around 580 nm in agreement with the result
of D.G.Hall et.al. [36]. But different gold thickness shows different results (Figure 4.9). The same
trend has been observed in the case of silver NPs. After heat treatment, the higher thickness of gold

sample looses their transmittance property.

SEM MAG: 100.00 kx DET: SE Detector S ——— —
HV: 10.0 kv DATE: 03/18/09 1 um Vega ©@Tescan
VAC: HiVac Device: TS5136XM Digital Microscopy Imaging

Figure 4.5: SEM image of silver film with thickness ~10 nm after heat treatment
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Figure 4.6: Absorption spectra of 3 nm thickness of silver film (before and after heat treatment)
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Figure 4.7: Transmittance spectra of 3 nm thickness of silver (after heat treatment)

Also SPRF peaks become broader with the increase of mass thickness. It can be explained by
considering that the heat treatment might be insufficient to convert higher mass thickness metal to
dispersed NPs (metal islands). UV-Vis results of both silver and gold NPs confirm that lower mass
thickness is the best way to obtain the desired NPs which are much responsible for plasmonic

effect.
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Figure 4.8 SEM image of silver NPs formed by film of 3 nm thickness
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Figure 4.9: Absorption spectra of gold particles with various mass thickness on glass substrates

4.3.2 Results on colloidal silver NPs prepared with Method A
4.3.2.1 UV-Vis study

The effect of different parameters on SPRF has been monitored by UV-Vis spectrum of silver NPs
solution synthesized using Sodium Dodecyl Sulfate (SDS) as a surfactant.

4.3.2.1.1 Change of AgNOj; concentration

Absorption spectra of different silver colloidal solutions obtained using different concentrations of
silver nitrate salts are shown in Figure 4.10. There is no such change of plasmon absorption peak
using same concentration of surfactant. The peak position of SRPF is around 414 nm for three
colloidal solutions. But maximum of plasmon absorption peak increases with the increase of
concentration of silver salt solution. With increasing the silver nitrate concentration, the intensity of
the maximum plasmon peak increased, indicating that higher concentrations of silver NPs were
formed. The particle sizes do not change with the using same concentration of SDS. The narrower
of absorption peak is treated to the better degree of dispersion of NPs in colloids. The broadening of
the absorption peak indicates the aggregation of silver NPs [78].
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Figure 4.10: Absorption spectra (water used as reference solution) of different colloidal solution

4.3.2.1.2 Effect of centrifugation

Figure 4.11 shows the effect of centrifugation on the absorption property of the colloidal solution.
After centrifugation, neither SRPF peak position nor the amplitude has changed. But the shape of

the curve has changed due to removal of some waste part of chemical species used during synthesis.
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Figure 4.11: Effect of centrifugation on absorption spectrum of colloidal silver NPs
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4.3.2.1.3 Effect of PDDA matrix
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Figure 4.12: Absorption spectra of silver NPs on both without and with PDDA deposited glass
substrate

Figure 4.12 indicates that the absorption spectra of silver particle deposited on with and without
PDDA coated glass substrate. From this figure it is attributed that silver particles deposited on
cleaned glass substrate show lower peak compared with peak obtained from silver particles on the
PDDA coated glass substrate. This indicates that better distribution and more number of silver NPs
on PDDA coated glass substrate. Higher absorption peak might be also minimization of interparticle
distance. Possible explanation should be some agglomeration of particles on PDDA surface. In
Figure 4.12 it is clearly visible that there is red shift of SRPF peak of about 22 nm (427 nm of black
line to 449 nm of red line). According to [70], the possible explanation could be due to the different
refractive index of underlying layer of NPs. In our case refractive index is different between clean
glass substrate and PDDA deposited glass substrate (1.5 for glass & 1.41 for PDDA). The red shift
of the SPREF is interesting for light trapping in Si solar cells.

4.3.2.1.4 Change in concentration of surfactant

Figure 4.13 shows UV-VIS absorption study of different colloidal silver NPs synthesized using
different SDS concentration. The graph was obtained from different colloidal particles on PDDA
coated glass substrate. Lower concentration of aqueous SDS solutions makes larger micelle core so

as to larger silver particle. So red shift of resonance peak is related with increasing the particle size.
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Figure 4.13: Absorption spectra of silver particle with variation of SDS concentration

Henceforth, the particle sizes can be tuned by varying the micelle concentration. But blue shift of
resonance peak of silver NPs synthesized using lowest SDS concentration could not clear.
However the NPs obtained from the optimum SDS concentration (5x10°M) will be used for further
experimental measurements. Because silver NPs synthesized using this SDS concentration (5x10°

*M) shows maximum redshift of the SPRF.

4.3.2.2 SEM analysis of silver NPs deposited on Si substrate

SEM MAG: 80.00 kx DET: SE Detector L L L
HV: 20.0 kv DATE: 06/29/09 2 um Vega ©Tescan
VAC: HiVac Device: TS5136XM Digital Microscopy Imaging

Figure 4.14: SEM picture of colloidal silver NPs (prepared with method A) on Si substrate

SEM image of silver NPs prepared with optimum SDS concentration is shown in Figure 4.14. The

particle sizes of the colloidal silver are almost same around 50 to 60 nm. Only few big particles are
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observed. This could be due to some agglomeration of few smaller particles on PDDA surface.

4.3.2.3 Spectral Response measurements of Si solar cells with and without silver NPs prepared
with method A
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Figure 4.15: spectral response measurements of Si solar cell coated with silver NPs (here freshly
prepared colloidal NPs solution was used. But solution was not washed with centrifugation process)

Figure 4.15 shows the spectral response of mc-Si solar cell with and without silver NPs coating. It
is clearly monitored that there is a strong decrease of spectral response throughout whole
wavelength region after coating of silver NPs. In this case we used the colloidal NPs without
centrifugation. There might be some waste chemical species which disturbs the light transmittance
to the active cell surface. The spectral response of the cell with aqueous NPs centrifuged one time is
depicted in Figure 4.16. It is attributed that there is some improvement of spectral response,

although overall decrease of spectral response is also observed in this case.

66



6.00E-01 -

— cell without coating
— cell with coating

5.00E-01 -

4.00E-01 A

3.00E-01 ~

Spectral response (A/W)

AgNO;: 10°M
2.00E-01 4

SDS:  5x10°M

1.00E-01 - NaBHj,: 10°m

0.00E+00 T T T T T T T "
3.50E+02 4.50E+02 5.50E+02 6.50E+02 7.50E+02 8.50E+02 9.50E+02 1.05E+03 1.15E+03
nm

Figure 4.16: spectral response measurements of Si solar cell coated with silver NPs (here NPs were
used after centrifugation of one time)
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Figure 4.17: spectral response measurements of Si solar cell coated with silver NPs (here NPs were
used after centrifugation of three times)
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Spectral response of the same cell using NPs centrifuged three times is reported in Figure 4.17.
There is only slight decrease of spectral response in SPRF and vicinity of SPRF where NPs absorb
light well. The SPRF (red profile which is corresponding to the NPs used on cell) of NPs is about
480 nm. The absorption of light by the NPs dominates on the scattering which is much expected in
our application. Also the size of the NPs is an important factor for PLS process. The particles sizes
are 50-60 nm obtained from the SEM image shown in Figure 4.14. The particle dimensions
obtained might be not sufficient to take part the PLS process. The typical sizes should be around

100 nm for best scattering efficiency by the silver metal NPs.

It is clear that the method used to prepare silver NPs is not effective for our aim. Thus we followed
another method for the preparation of colloidal solution. The details of new method are discussed in

the following sections.

4.3.3 Results on colloidal silver NPs prepared with Method B

As we did not observe any enhancement of spectral response of Si solar cells due to silver NPs
synthesized by means of above described process, we followed new preparation method using
polymer as a stabilizing agent for the synthesis of silver NPs. Polymer itself acts as an embedded
matrix as well as capping agent of NPs. Polymer capping could be also a way to avoid oxidation

problem of silver NP.
4.3.3.1 UV-VIS results of silver NPs embedded in polymer

The deep yellow color of the colloidal solutions is the preliminary indication for the formation of
silver NPs, respectively. The transmission spectra of silver particles deposited on glass substrates
followed by drying in hot furnace reported in Figure 4.18 provide further evidences of the formation
silver NPs [79] NPs. Plasmon resonance is observed with peak resonance wavelength of 418 nm for
silver particles. Substrate dried in hot furnace shows better transmittance than the substrate dried in
air. This can be explained by possible polymer shrinkage during thermal treatment which causes a

decrease of average spacing between silver particles.
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Figure 4.18: Transmittance profile of PDDA protected silver NPs dried in air and in hot furnace

4.3.3.2 SEM analysis of PDDA embedded colloidal silver NPs

(a) (b)

Figure 4.19 SEM image of silver particle dried in (a) air medium (b) hot furnace

SEM images of silver NPs on Si dried in different medium are shown in Figure 4.19 (a) and Figure
4.19 (b), respectively. It is apparent that silver NPs on the substrate surface are not homogenously
distributed and different particle sizes (70-140 nm) are observed. But substrate dried in hot furnace
shows some aggregation of particles. This is probably related to PDDA shrinkage with the
temperature. However the particle dimension is in the range suitable for reaching maximum

radiative efficiency [37].
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4.3.3.3 Spectral response of different Si solar cells with and without silver NPs prepared with
method B

Spectral responses in terms of EQE of the different Si solar cell coated with silver NPs are shown in
Figure 4.20. External Quantum Efficiency (EQE) measurements were carried out by the spectral
response (SR) technique described in section 3.5 of chapter. Figure 4.20a and Figure 4.20b show
EQE curves of both NOARC and ARC cell coated with silver NPs. An overall significant increase
in EQE throughout the visible to near-IR region is observed for both cells. From Figure 4.20 it
could be also observed that the enhancement is minimum around the resonance wavelength called
SPRF (418 nm shown in Figure 4.18), in good agreement with the literature [29]. At this
wavelength, absorption of light dominates over scattering and no enhancement is observed since
absorption cross-sections of metal NPs are larger than scattering cross-sections. At higher

wavelength this enhancement is significant due to dominance of scattering over absorption of light.
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Figure 4.20: Spectral response of (a) ARC (b) NOARC cell both without and with silver NPs
prepared by Method B (For each sample, at least ten EQE measurements were performed by
varying the spot position on the front surface of the cell. The standard deviation of such
measurements is 1.3% in the range between 300 and 450 nm and 5% between 450 and 1100 nm.)

Above the resonance wavelength [37], scattering efficiency of silver NPs reaches the maximum and
then shows an almost constant value as shown in Figure 4.20. From literature [24] survey we found
the enhancement of photocurrent of Si solar cell is possible due both light scattering and near field

enhancement by metal NPs. As Near field enhancement is possible for minimum interparticle
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separation [80] and SEM images [Figure 4.19(b)] showed that that silver NPs on the device surface
are not homogeneously distributed we can deduce that for silver NPs the enhancement can be

ascribed to light scattering of the NPs.

4.3.3.4 I-V results of different NOARC cells with and without silver NPs prepared with method B
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Figure 4.21: I-V measurement of NOARC cell before and after deposition of silver NPs prepared by
Method B

Figure 4.21 shows I-V curve measured under A.M. 1.5 irradiation on NOARC cells covered with
silver NPs. A clear increase of the short circuit current (I) is attributed in the presence of silver
NPs on NOARC cells. Table (4.2) shows different parameters of Si solar cell obtained from I-V
measurements. The parameters of Si solar cells were obtained before and after deposition of silver
NPs on the respective cells. The mean value and experimental errors of parameters obtained from

twenty [-V measurements of each cell are also included with this table.
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Table (4.2): Change in parameters obtained from I-V measurements of different cells with and

without silver NPs

Sample NOARC 1
Efficiency Relative Max delivered power Relative
Enhancement (Pray) Enhancement
(%) (%)
Without With silver Without With silver
silver NPs NPs silver NPs NPs
7+0.3 7.6+0.3
Mean 8.5 9.1 38 40.9
Sample NOARC 2
Efficiency Relative Max delivered power Relative
Enhancement (Pmax) Enhancement
(&) (%)
Without With silver Without With silver
silver NPs NPs silver NPs NPs
8.5+0.3 7.7+0.3
Mean 8.2 8.9 375 40.4
Sample ARC S2
Efficiency Relative Max delivered power Relative
Enhancement (Pray) Enhancement
(%) (%)
Without With silver Without With silver
silver NPs NPs silver NPs NPs
2.3+0.3 0.7+0.3
Mean 134 13.7 68.3 68.8
Sample ARC_S5
Efficiency Relative Max delivered power Relative
Enhancement (Pray) Enhancement
(%0) (%)
Without With silver Without With silver
silver NPs NPs silver NPs NPs
1.5+0.3 1.2+0.3
Mean 13.5 13.7 68 68.8
Sample ARC S14
Efficiency Relative Max delivered power Relative
Enhancement (Pray) Enhancement
(%) (%)
Without With silver Without With silver
silver NPs NPs silver NPs NPs
Mean 137 138 0.7+0.3 68.8 69.2 0.6+0.3

In agreement with EQE results, -V measurements under A.M.1.5 irradiation showed a strong
relative enhancement of overall efficiency (around 8.5%) for NOARC cells, while in ARC cells this
value is around 2.3%. This can be explained taking into account that in NOARC cells the silver
particles scatter light directly in proximity of Si resulting in more efficient light coupling into the
substrate. According to Ref. [38], the fraction of scattered light by the metal NPs into the substrate
varies for different particle shapes and efficient light coupling into the substrate is possible for

decreasing average separation between the particles and substrate. For NPs on Si without SiNy, the

72



energy from the excited resonance is directed preferentially towards the high refractive index
surface, which confines the light into the Si layer [81]. This increases the path length of light in Si
and hence the probability of absorption. The lower EQE enhancement in the ARC cell might also be
attributed to interference effect between light that is transmitted through anti-reflection coating

(SiNy) to the textured Si interface and light that is scattered by the NPs [70].

4.3.3.5 Reflectance measurement of bare Si substrate coated with and without silver NPs
prepared with method B

A clear experimental evidence of the effect of metal NPs on reflectance of bare Si substrate is
shown in Figure 4.22. The reflectance spectrum of bare Si without metal NPs is in agreement with
that reported in literature [82], while a strong reduction of reflectance in the whole wavelength
range after deposition of metal NPs on the properly cleaned silicon substrate was observed. The
reduction of reflectance is due to combination of forward scattering and absorption by metal NPs.
The large reduction of reflectance is observed in the region where metal NPs absorb the light very

well.
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Figure 4.22: Reflectance measurement of bare Si substrate with and without silver NPs
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4.3.4 Results on gold NPs prepared with colloidal solution method

4.3.4.1 Transmittance measurement of colloidal gold particle solution
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Figure 4.23: Transmittance profile of different gold NPs solution

Transmittance profile of different gold solutions is depicted as in Figure 4.23. The difference
between various solutions of gold NPs is described in the section 4.2.4. It is apparent that there is
no such change of transmittance behavior between gold particle solutions B and C. But there is
significant difference of transmittance profile between solution A with other solutions (solution B &
solution C). Also the red shift of Plasmon Resonance peak of solution A is ascribed. The peak
resonance wavelength of solution A is monitored at 532 nm whereas; the same 1s monitored at 521
nm for other two solutions. Surface Plasmon resonance wavelength is decreased of with reducing

the amount of citrate solution.
4.3.4.2 SEM analysis of colloidal gold particles deposited on Si substrate

Typical SEM images of the gold NPs prepared with different amount of trisodium citrate solution
are shown in Figure 4.24. Figure 4.24(a) shows that gold particles are homogeneously distributed
with particle diameter around 70 nm while in Figure 4.24(b) particles are smaller size (~ 47 nm)
with little agglomeration. Figure 4.24(a) corresponds to the gold NPs prepared with highest amount
(10 ml) of citrate solution while Figure 4.24(b) is related with the gold NPs synthesized with 6ml
citrate solution. However it is fact that particles sizes are of different dimension in the two figures.

From the two figures one can see that with increasing particle sizes with increasing the amount of
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the reducing reagent. Thus the amount of citrate solution determines the size of the NPs. The faster
the capping of the gold NPs by the citrate in hot aqueous solution is resulting smaller the NPs
shown in SEM images of Figure 4.24.

(a) (b)

SEM MAG: 200.00 kx DET: SE Detector IS T T Y T
HV: 20.0 kV DATE: 11/04/10 500 nm Vega ©Tescan
VAC: HivVac Name: 200kx SE 1 Digital Microscopy Imaging

Figure 4.24: SEM image of gold NPs of (a) solution A (b) solution B

4.3.4.3 Spectral response analysis of NOARC cells coated with and without gold NPs
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Figure 4.25 EQE curves of NOARC cells using gold NPs of (a) solution B
(b) solution A (For each sample, at least ten EQE measurements were performed by varying the
spot position on the front surface of the cell. The standard deviation of such measurements is 1.3%
in the range between 300 and 450 nm and 5% between 450 and 1100 nm.)

EQE measurements are depicted of different NOARC cells coated with gold NPs shown in Figure
4.25a and Figure 4.25b. In both the figures, there is also clear enhancement of EQE monitored
above the peak resonance wavelength (521 nm) of gold NPs. Below this resonance wavelength
practically no enhancement is observed due to the lower radiative efficiency by the gold NPs as per
Figure 4.1 shown in the introduction section. Lower radiative efficiency can be due to the fact of
lower scattering efficiency by the NPs in this region. The absorption by NPs dominates over
scattering in this region. There is a slight decrease of EQE around the resonance wavelength (from
509 nm to 675 nm) of NOARC (A). For better clarification we put the transmittance plot in the
inset of Figure 4.25. Dashed portion of the two figures shows the maximum absorption by the metal
NPs respectively. The decrease of the EQE (marked region of Figure 4.25) due to the metal NPs is

consistent with the dashed region of the transmittance profile [shown in the inset of Figure 4.25].

In Figure 4.26, there is a strong decrease of EQE observed in ARC cell coated with gold NPs. A
strong decrease of EQE, around the resonance wavelength of gold NP could be due to an
interference effect between light that is transmitted through anti-reflection coating (SiNy) to the
textured Si interface and light that is scattered by the NPs [70]. But it is known [37] that silver
particle has higher scattering efficiency than the gold particle. Hence, less light scattering (by the

gold NPs) is also lost due to interference effect. We observed a lower EQE enhancement of on
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ARC cell coated with silver NPs whereas a strong decrease of EQE observed in the ARC cell

coated with gold NPs. Gold NP has lower radiative efficiency than silver NPs, so there effects on

ARC cell are different. This the reason for the decrease of EQE in the visible region on ARC cells

due to gold NPs.
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Figure 4.26: EQE curve of ARC cell without and with gold NPs coating

4.3.4.4 I-V measurements on NOARC cell with and without gold NPs
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Figure 4.27: I-V measurements of NOARC cell coated with gold NPs

I-V measurements on NOARC cells coated with gold NPs (Figure 4.27) showing a relative I

enhancement around 6.1%, Table (4.3) demonstrates the enhancement of the important parameters

of different solar cells coated with gold NPs. Standard deviations along with the measurements

errors are also included with this table. From the same table it is observed maximum relative
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enhancement around 7.6% after one time deposition of colloidal gold solution on the NOARC cells.
It was also monitored of device performance with LBL deposition (more than one time deposition
on same cell) on NOARC cells. The enhancement of each step is shown in table [4.4(a)] and table
[4.4(b)]. The maximum enhancement is observed after two times deposition of gold NPs on
NOARC cell. It could be expected better surface coverage of NPs after multi-deposition of NPs on

the same cell.

Table (4.3): Change in parameters obtained from I-V measurements of different cells with and
without gold NPs

Sample NOARC 2
Efficiency Relative Max delivered power Relative
Enhancement (Pmax) Enhancement
(%) (%)
Without With gold Without With gold
gold NPs NPs gold NPs NPs
Mean 1.2+0.3 0.9+0.3
8.6 8.7 34.5 34.8
Sample NOARC A
Efficiency Relative Max delivered power Relative
Enhancement (Pray) Enhancement
(%) (%)
Without With gold Without With gold
gold NPs NPs gold NPs NPs
Mean 6.6:0.4 37.1 39.4 6.2+0.4
10.5 11.2
Sample NOARC B
Efficiency Relative Max delivered power Relative
Enhancement (Pray) Enhancement
(%) (%)
Without With gold Without With gold
gold NPs NPs gold NPs NPs
Mean 7.6+0.4 8.8+0.4
9.2 9.9 42.6 46.4
Table [4.4(A)]
Sample NOARC 5
Efficiency
Without With gold Relative With gold Relative With gold Relative
gold NPs NPs Enhancement NPs Enhancement NPs Enhancement
(1time) (%) (2 time) (%) (3 time) (%)
Mean
8.6 92 6.9+0.4 9.3 8.1+0.4 9.2 7.7+0.4
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Table [4.4(B)]

Sample NOARC 5
Maximum delivered power (Pp.,)
Without With gold Relative With gold Relative ‘With gold Relative
gold NPs NPs Enhancement NPs Enhancement NPs Enhancement
(1time) (%) (2 time) (%) (3 time) (%)
Mean
39.7 42.1 6+0.4 9.2 6.3£0.4 93 6.5£0.4

4.3.5 Impact of oxidation on the device performance

As we know silver is best choice in the PLS process among the other metal NPs due to its higher
scattering efficiency. It is well known that silver NPs oxidize readily when they come into contact
with air or moisture and that the oxidation process can affect the enhancement of PV properties.
The possible oxidation of silver NPs could affect the enhancement of PV properties. Since we have
no experimental evidences to support such hypothesis on the oxidation effect, hence we repeated
the same experiments with noble metal NPs like gold and compare it with silver NPs results
obtained. Therefore we synthesized gold NPs in colloidal method followed by deposition of such
colloidal NPs on both MC-Si cells. But it has been observed that EQE enhancement on Si cells due
to gold NPs is closed to the enhancement due to silver NPs, even if silver showed the best scattering
efficiency. So most probably some oxidation of silver NPs can affect on the EQE enhancement on

both Si cells coated with them.
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4.3.6 Investigation of light scattering effect due to metal NPs on CIGS thin film
solar cells

We observed that light scattering due to both metal NPs (silver and gold) works on Si solar cell very
well. Although, the effect of both NPs on the NOARC is better than ARC cells observed. Also
better device performance was ascribed due to silver metal NPs. Now we want to investigate the
effect of same NPs on the most popular thin film solar cells like CulnGaSe, (CIGS).

Before describing the experimental work related to the light scattering effect of metal NPs on CIGS

thin film solar cells, it should be convenient to discuss the fundamentals of the CIGS solar cells.

4.3.6.1 Principle of operation of CIGS solar cells

The basic component of CIGS solar cells is the Cu(In,Ga)Se, absorber layer, where the band gap
can be varied by varying the [Ga]/ [In] concentration ratio. The theoretical maximum efficiencies
for single junction cells can be achieved with band gaps between 1.1 and 1.5 eV for AM1.5 global
irradiation [83]. For thin film cells, polycrystalline, slightly Cu deficient, extrinsic p-type doping is
obtained. An n-type semiconductor film, called “buffer” layer on the top of the CIGS absorber is
required to establish an electric field at the p-n junction (depletion or space-charge region). When
electrons are photoexcited within the space charge region, they are transported to the n-side owing
to the electric field and thus generate an electric current. When photon absorption takes place in the
quasi-neutral region of the absorber, the photoexcited electrons diffuse and may arrive at the space
charge region at some stage, whereupon they are again swept across the p-n junction. Of course,
some of the photoexcited electrons will be lost for the current generation owing to recombination in
the space-charge or in the quasi neutral region, especially if the photoexcitation takes place far away
from the junction. Ideally buffer layer exhibits a much higher carrier density than the absorber, such
that most of the space charge region extends into the absorber and thus carrier collection is
improved. In addition, the band gap of the buffer layer should be wide, such that most of the
incoming radiation can be transmitted to the absorber. Owing to the exponential decrease in light
intensity caused by absorption, the incident photons are then absorbed predominantly in the front

part of the absorber, ideally within the depletion region.
The schematic representation of a CIGS solar cell structure is depicted in Figure 4.28. the CIGS

layer was grown by a hybrid-sputtering growth process. A detail about the growth process and cell

preparation was reported in [84]
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Figure 4.28: (a) Schematic representation of a CIGS solar cell structure (b) CIGS cells used in our
experiments

4.3.6.2 Deposition of colloidal NPs (both silver and gold) on CIGS solar cells

Before deposition of colloidal NPs, CIGS cells were masked very well in order to avoid contact
related problem during the electrical measurements. Colloidal NPs was deposited by putting a drop
of colloidal solution in small area of the cell (as shown in Figure 4.28(b)). The typical cell area is

1.7 cm®. The drying procedure of the NPs coated CIGS cells was followed same as described in the

case of Si solar cells.
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4.3.6.3 Spectral response of CIGS cells with and without NPs (both silver and gold)

The possible effect on the spectral response due to silver and gold NPs has been investigated on
CIGS cells. We have also further investigated of PLS on CIGS cells due to metal NPs. The spectral
response of CIGS cells are shown in the Figure 4.29 and Figure 4.30. A better spectral response can
be achieved due to PLS and that can be verified by the spectral response of CIGS coated with metal
NPs. The improvement of spectral response of CIGS cells are shown in the red line of both Figure

4.29 and Figure 4.30.
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Figure 4.29: Spectral response of CIGS cells coated without and with silver NPs (For each sample,
at least three EQE measurements were performed by varying the spot position on the front surface
of the cell. The measurements error is 1.51% in the range between 300 and 450 nm and 2.66%
between 450 and 1100 nm)

From the above figures (Figures 4.29 and Figure 4.30), it is clearly observed the enhancement of
EQE due to both silver and gold NPs. Also it is cleared that the enhancement due to silver NPs is

much better than that of gold NPs and in agreement with that obtained in Si solar cells.
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Figure 4.30 (a) & (b): EQE measurements of CIGS cells coated without and with gold NPs (For
each sample, at least three EQE measurements were performed by varying the spot position on the

front surface of the cell. The measurements error is 1.58% in the range between 300 and 450 nm
and 2.47% between 450 and 1100 nm)
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Chapter 5

Down-Shifting Effect by Semiconductor
Nanocrystals on Si solar cells
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5.1 Introduction

Colloidal semiconductor nanocrystals (NCs) or quantum dots (QDs) have attracted much attention
with their unique properties such as their size tunable emission, their continuous absorption in UV
region. The optical properties of NCs evolve dramatically with their size, an effect known as
quantum confinement. Figure 5.1 illustrates the effect of quantum confinement effect on electronic
states going from 3D bulk materials from 0D QDs. As the size of the QDs smaller than material’s
Bohr exciton radius, the continuous density of states in the bulk collapse into discrete electronic
states. QDs are considered “artificial atoms” for precisely this reason. After series of
approximations, the quantum dot problem can be reduced to “Particle-In-a-Box” model. From this
model, it is easy to deduce that the carriers are confined leading to the higher band gap energy and

correspondingly the blue shift of photoluminescence.
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Figure 5.1: Illustration of quantum confinement going from 3D bulk semiconductor to 2D quantum

wells to 1D quantum wires and finally to 0D quantum dots.

Such NCs have great interest in recent times because of their new and unusual structural, electronic
and optical properties. Size dependent luminescent semiconducting NCs (or nanophosphors) have
attracted much attention due to their practical applications: optical coatings, field effect transistors,
photoconductors, optical sensors, electroluminescent materials and other light emitting materials

[85-87]. NCs based on different metal chalcogenides such as ZnS, CdS, (CdSe)ZnS core shell
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structures and their doped system have shown interesting phenomenon such as size induced visible
light emission, photo-blinking effects, electroluminescence, and efficient low voltage cathode
luminescence. These properties have opened up number of new areas of applications for these
materials such as DNA markers, bio sensors, light emitting diodes, lasers. Among these new class
of luminescent materials, ZnS:Mn NCs have been extensively studied particularly for their radiative
lifetime shortening and enhanced emission efficiencies [88]. Furthermore ZnS is non toxic among
the other available NCs. Doping ion acts as recombination centers for the excited electron-hole
pairs and result in strong and characteristic luminescence. In doped NCs, the luminescence quantum
efficiency is expected to increase as a result of a greater overlap between the electron and the hole
of the host semiconductor material with the localized dopant levels. Another advantage is that the
band gap of the semiconductor NCs can be tuned easily with respect to the bulk band gap [89]. This
allows tuning of the excitation energy given to the host semiconductor to emit through the dopant
levels. Also, it is possible to change the dopant-emission wavelength by changing the size of the
NCs as discussed in the case of Zn;Eu,S [90]. The greater overlap between the host and dopant
wave functions in a NC compared to the bulk material leads to an enhancement in the luminescence
intensity due to an enhanced transfer between the host and dopant levels.

Synthesis of NCs can be possible by different methods such as physical methods and chemical
methods etc. Physical methods like molecular beam epitaxy, ionised cluster beam, liquid metal ion
source, consolidation, and sputtering are much sophisticated and costly. Chemical precipitation in
presence of capping agents, reaction in micro emulsion technique, sol gel reaction and
autocombustion are commonly used techniques for synthesis of NCs [91]. Also size and shape of
the NCs can be easily tuned in chemical methods with low cost compared to physical methods.

In this chapter we shall concentrate on the synthesis and characterization of Mn*" doped ZnS NCs
using chemical capping method. Also we want to investigate the effect doping concentration on the
band gap as well as on luminescence property. At last, we would like to illustrate the down shifting
concept due to Mn>* doped ZnS NCs on Si solar cell. In this concept, both emission wavelength and

maximum emission intensity of NCs will play an important role for the device performance

5.2 Experimental
In this section it will be illustrated the synthesis procedure of both undoped and doped ZnS NCs.
Furthermore, it will also be described the cleaning procedure of NCs followed by the deposition

procedure of NCs on Si solar cells.
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In the typical synthesis procedure [92] of ZnS NCs several steps was carried out in the whole

process. The conventional setup used for the synthesis of NCs is shown in Figure 5.2.

Syringe used for adding
chemicals during reaction

Chemical solutions
Magnetic stirrer
Magnet

Figure 5.2: Setup for the synthesis of NCs

Chemicals: Mercapto Ethanol (ME) [C,HsOSH], zinc chloride [ZnCl,], manganese chloride
[MnCl;], sodium sulphide [Na;S-9H,0] and dimethyl formamide (DMF), were supplied by Sigma-
Aldrich.

5.2.1 Preparation method of ZnS NCs

In the first step, 5 mM of ZnCl, was dissolved in 40 ml of DMF and continuously stirred with a
magnetic stirrer for 10 min. In the second step, 10 mM of ME in 5ml of DI water was added to the
previous mixture under stirring condition in air. This mixture was kept under same stirring
condition for another 10 min. In the third step, 4.2 mM of aqueous solution of Na,S (3.8 ml) was

slowly added drop wise into the above solution under stirring. Once added, the color of the above
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solution turned white immediately. Then, the reaction was carried out for 8 hours at room

temperature under same condition.

5.2.2 Preparation method of Mn doped ZnS NCs

In the typical procedure, 5 mM of ZnCl, in 56 ml of DMF and 2 mM of MnCl, in 5 ml of deionised
(DI) water (20.3MQ-cm) was continuously stirred for 10 min. In the second step, 10 mM of ME in
Sml of DI water was added to the previous mixture under stirring condition in air. In the third step,
4.2 mM of Na,S which was dissolved in 3.8 ml DI water, was slowly added drop wise into the
above solution under same condition. The molar ratio between the total amount of salt and sulphur
was controlled to be 10:4 and the weight ratio between DMF and water was maintained as 70:17.
Once added, the color of the above solution turned white immediately. Then, the reaction was
carried out for 8 hours at room temperature.

Finally ZnS and doped ZnS NCs were ultrasonicated for half an hour followed by centrifugation
with 10000 r.p.m. Then the resulting solutions were washed with several times with DI water. Then
the resulting solutions were diluted twenty times with DI water for further measurements. Powder

samples were thus prepared by drying in air after centrifugation of aqueous samples.

5.2.3 Deposition method of doped ZnS NCs on Si solar cells

We performed different deposition method of NCs on solar cell in order to investigate the down
shifting effect on the same cells. NCs are first deposited on different cells by putting some drops on
it and keep it some hours for drying in air medium. Spectral response and 1-V measurements were

done on such NCs coated cells.

5.2.4 Preparation method of NC doped polymer composite film

NCs-polymer composite film has been deposited to the cell surface to obtain better device
performance. To this purpose, 1.5% (wt) Poly-Methayl Methacrylate (PMMA) solutions were
prepared in toluene and 2mg of dried (powder) samples were dissolved into the resulting PMMA
solution under ultrasonication. We also prepared NCs doped Ethylene Vinyl Acetate (EVA)
composite in same way. Dichloromethane was used as the solvent for 1.5% (wt) of EVA dissolved.
Thin layer of polymer-NCs solutions were deposited on properly cleaned quartz substrates by a spin
coater with constant speed of 1000 r.p.m for 25 seconds. Then this substrate was put on the cell like
a sandwich structure as shown in Figure 5.3. The reason to use this configuration was to analyse the

results of the same cell without and with NCs in polymeric matrix.
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Figure 5.3: NCs- PMMA composite film on Si solar cell

Spectral response measurements as well as [-V measurements were done on this sandwiched

structure before and after deposition of NCs.

5.3 Results and discussion

5.3.1 UV-VIS absorption analysis of both pure and Mn doped ZnS NCs
We measured UV-Vis absorption spectrum of pure ZnS and Zn;«MnS NCs see in Figure 5.4.
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Figure 5.4: UV-Vis absorption spectra (carried out on solution) of pure and doped ZnS NCs with
different Mn concentration

An intense peak is noticed at 305 nm for ZnS whereas; this value moves from 307 to 310 nm for
Zn; Mn,S depending upon the doping concentration, while absorption characteristic peak of ZnS
bulk material appears at 340 nm [92]. The blue shift of the absorption peak of the NCs from that of
bulk is due to the quantum confinement effect of the small sized NCs. The band gap of NCs were
estimated NCs through absorption spectrum of it. Direct band gap of the samples is evaluated by
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plotting (ahv) % against hv [93] shown in Figure 5.5. The detail of the band gap estimation of these
NCs is described in [93]. The obtained band gap of the samples is blue shifted in compared to the
band gap (3.67 eV) of bulk ZnS due to their quantum confinement effect [8]. The band gap energy
of the ZnS and Zn; Mn,S NCs is found (A) 3.74 eV (B) 3.69 eV (Mn: 4%) (C) 3.7 eV (Mn: 10%)
& (D) 3.76 eV (Mn: 14%) respectively. For our explanation we will use the name of the samples

(A), (B), (C), & (D) respectively accordingly as mentioned in above.
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Figure 5.5: The plots of (ahv)® versus hv for the pure ZnS and the Mn-doped ZnS NCs

The mean value of the band gap estimated from each fitting as function of concentration of Mn is
shown in Figure 5.6. The standard deviation was calculated 0.4 to 0.7% for each fitting for the band
gap measurement. In this figure, it is shown that at lower percent of doping of ZnS shows lower

band gap compared to pure ZnS NCs but its band gap value increases with doping concentration.
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Figure 5.6: The variation of mean band gap as a function of Mn concentration.
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It has been reported [94] in the case of ZnO that upon Mn doping in ZnO the band gap reduces for
the lower concentration of doping and for higher concentration of doping band gap increases, which
is similar to our results. For higher concentration of Mn band gap may increase on the basis of
virtual crystal approximation [94] because of the formation of MnS. Consequently the decrease of
band gap at lower concentration due to the Mn doping has been ascribed due to the exchange

interaction between transition metal ions (Mn) and the s and p electron of the host band [95].

5.3.2 TEM and EDX analysis of both pure and Mn doped ZnS NCs
The particle sizes and chemical analysis of both pure and doped NCs were done by TEM followed
by EDX measurements. In the following figures, TEM images of different NCs are reported.

Figure 5.7: TEM image of pure ZnS NCs

TEM image of of pure ZnS NCs is shown in the Figure 5.7. The NCs are not clearly observed in
this image. This sample is not a good quality for TEM observation because of some other chemical
elements might be present in the sample due to improper cleaning of this NC sample after synthesis.

For better clarification the NCs are encircled and in these spots the EDX analysis was done.
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Figure 5.8: TEM image of 4% Mn doped ZnS NCs

The TEM image of 4% Mn doped ZnS NCs is demonstrated in Figure 5.8. It is observed that the
NCs are agglomerated and clearly seen the lattice spacing of 0.45nm. But it is impossible to
determine the size of the NCs. Figure 5.9 exhibits the TEM analysis of ZnS NCs doped with 10%
Mn. Here it is also observed the NCs are agglomerated and HRTEM image of this type of NCs is
shown in the inset of Figure 5.9. The lattice fringes are observed in the inset image. The sizes of
the NCs are 4nm +0.5 nm. In Figure 5.10, same consideration is appropriate for ZnS NCs doped
with 14% Mn.
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Figure 5.10: TEM image of 14% Mn doped ZnS NCs
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Figure 5.11: SAED pattern of doped ZnS NCs

The Selected Area Electron Diffraction (SAED) pattern was measured for the sample C as shown in
Figure 5.11. The brighter three rings corresponding to the electron diffraction from the three planes
(111),(220), and (311) as mentioned in the literature [96]

The EDX measurements of the four types of NC are shown the following figures (from Figure
5.12(a) to Figure 5.12(d). It can be observed that for all types of NC there is an excess of sulphur
present in the NC’s surfaces. The excess sulphur comes from organic encapsulate which surrounded

the NCs prepared in the above mentioned synthesis process.
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Figure 5.12(a): EDX analysis of pure ZnS
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Figure 5.12-b: EDX analysis of Zn(Mn:4%)S
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Figure 5.12-c: EDX analysis of Zn(Mn:10%)S
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Figure 5.12-d: EDX analysis of Zn(Mn:14%)S

The proposed [92] mechanism of Mercapto Ethanol capped ZnS NC is depicted in Figure 5.13. In

all EDX analysis shown above, there is no peak due to Mn observed and it is probably due to the
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out of detection limit (1%) of EDX. Also it can be noticed in all elemental analysis that Mn content
is less than 1% for all the doped samples. In synthesis process, we used more than 1% Mn for all the
samples. But it is observed that Mn is less than 1%. This can be explained by considering the
difficulties of substitution of Mn”" into the interstitial sites of ZnS. Since ionic radius of Mn*" is

10% larger than that of Zn>" [85].

Ho\S
ZnCl, + MnCl, +Na,S + HSCH,CH,0H == @-s.h,..c,H
s
HO™

Figure 5.13: Chemical reaction of Mn doped ZnS NCs formation

The large oxygen peak could be possible of ME capped ZnS NCs and these excess oxygen comes
from ME as shown in Figure 5.13. Higher amount of oxygen can also be attributed due to

adsorption on the NCs prepared in air medium.

5.3.3 Photoluminescence analysis of both pure and Mn doped ZnS NCs

(a) Photoluminescence of pure ZnS

The room temperature PL spectra of the ZnS and Mn doped ZnS NCs are depicted in the following
section. Figure 5.14 shows the typical PL emission spectra of pure ZnS NCs. The spectrum was
recorded at the excitation wavelength of 320 nm with an emission in the range of 350-620 nm. For
all the samples, the blue emission ranging from 400 -500 nm can be ascribed to defects states of
ZnS NCs. The asymmetric curve implies superposition of multiple emission bands. Gaussian curve
fitting applied to de-convolute the emission band suggests the presence of three emission bands
with peak positions at 402, 431 and 464 nm of pure ZnS NCs shown in the inset of Figure 5.14. In
undoped NCs, the possible emission centers are related to either surface/lattice defects or native
impurities [97]. With low concentration of sulphide ions during precipitation, ZnS formed will have
larger number of sulphur vacancies (Vs) which can act as doubly ionized donor centres. Possibly,
Vs acts as common electron trap below the conduction band (CB) edge and the hole traps such as
cation vacancies (Vz,), surface states (SS), impurity centers [97] (e.g. Zn), etc., are different for
different emissions as schematically shown in inset of Figure 5.14. The e-h recombination at the

acceptor centers leads to Vg-related multiple emissions in ZnS NCs [98].
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Figure 5.14: Photoluminescence of pure ZnS
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(b) Photoluminescence of Mn doped ZnS NCs (or Role of Mn on the emission property)
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Figure 5.15: PL spectra under the 320 nm
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Figure 5.16: Emission intensity as a function of Mn concentration

The emission spectra of doped ZnS NCs with different doping concentration are demonstrated in
Figure 5.15. The yellow orange emission, centered 592 nm can be observed in Figure 5.15 which is
associated with the 4T1-6A1 transition within 3d shell of Mn?>". The yellow orange emission can be
due to efficient energy transfer from the ZnS host to Mn®" ions facilitated by the mixed electronic
states. When Mn”" ions are incorporated into ZnS$ lattice and substitute for the cation sites, there is a
mixing between the s-p electrons of the host ZnS and the d electrons of Mn®" occurs resulting the
transition between *T,-°A; [85]. The maximum peak intensity of the blue and orange band
emissions is plotted as a function of the manganese amount shown in Figure 5.16. The sample
without Mn>" shows only blue photoluminescence. As soon as Mn®" is incorporated into the ZnS
NCs, the intensity of the blue emission decreases and the Mn®" emission comes up, since the energy
transfer between ZnS host and Mn®" impurity is very efficient. At lower concentration of Mn*", the
blue emission peak dominates over the orange emission peak and it gradually decreases with the
increase of Mn”" concentration. The luminescence intensity of the orange band increases with Mn**
concentration and then decreases. The slight decrease of orange emission peak may be caused by
the Mn-Mn interaction [85]. The maximum of intensity value is reached at about 10%
Mn? optimum ratio between the number of the emission centers and the quenching ones. The blue
band intensity decreases continuously with the increase of Mn>" amount, due to the decrease of the
numbers of self activated centers related with the lattice defects of the zinc. Also there is blue shift
of the blue emission peak attributed with the increase of Mn concentration. The energy level of

doped ZnS is shown in Figure 5.17.
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Figure 5.17: Schematic for the decay of electrons via different channels in Mn doped ZnS NCs

Based on the PL analysis, ZnS NCs with 10% Mn doped shows maximum orange emission
intensity compare with that of other NCs. Hence we choose these types of NCs for further

investigation on the Si solar cells.

5.3.4 Spectral response analysis of NCs coated Si solar cell

The operation [68] of NCs on the Si solar cell is following. Firstly, the incident UV photons are
strongly absorbed by the NCs, generating electron-hole pairs in the NCs. These photogenerated
carriers then relax to lower energy states (e.g. through photon interactions) and recombine
radiatively at lower photon energy with high quantum efficiency. Most of these photons are then
emitted at longer wavelengths (by the NCs) where Si is most efficient to absorb these emitted
photons those are not absorb by the NCs themselves and thus arrive at the front surface of Si solar
cell platform. As a result, these photons are then strongly absorbed by the Si solar cell to contribute
to the solar energy conversion. Therefore, the deposited NCs on the Si solar cell allows the incident
UV photons effectively to be converted to visible photons (down shifting of energy) to generate

electrical energy at the Si solar cell where UV photons were unused.

In the measurement of device performance, the enhancement of photocurrent arises due to the
absorption and emission properties of the doped NCs. The incident UV light which cannot be used
for wavelengths bellow 350 nm directly by the Si solar cell, is converted to the visible light ( at the
emission wavelength of the NCs around 592 nm), which is much useful for the Si solar cell. We
consider the enhancement of solar cell performance is due to only the emission of ZnS due to Mn

doping.

In our experiments we used few drops of the aqueous solution of NCs on cells. Before using the

NCs on the device surface we diluted the freshly prepared NCs solution by water maintained the
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concentration of 10% (by volume). So after drying air it is expected few spots with high density of
NCs on the cell’s surface. The spectral response curve of Mn doped ZnS NCs coated Si solar cell is
shown in Figure 5.18. From this diagram it is clearly observed that there is a slight decrease of EQE
bellow 350 nm and a strong decrease of EQE throughout the visible to IR region. Loss of EQE
bellow 350 nm is regarding the luminescence quenching effect due to high concentration of NCs on
the cell surface. This quenching effect can arise due to the interaction of organic ligand (mercapto
ethanol which is surrounded on the NCs as shown in Figure 5.13) and NCs. In literature [51], there
is same kind of decrease of EQE observed in UV region due to concentration quenching effects of
Eu’" complexes used in same type of solar cells. Also decrease of EQE in visible to IR region could
be due to transmission losses by the ME capped NCs and the transmission losses is expected due to
the spots with high density of NCs. Further investigations of EQE of the cell with decreasing the

concentration of NCs are needed.
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Figure 5.18: Spectral response of cell uncoated and coated with concentrated NCs. We measured
the ten spectral responses on different positions on whole cell surface before and after deposition of
NCs.

The spectral response curve of cell with lower concentration (half of the initial concentration i.e.
5%) of NCs is depicted in Figure 5.19-a. It is ascribed that there is increase of EQE in below 350nm
which is our region of interest. There is also additional improvement of EQE in the red region
shown in Figure 5.19-a. Maximum relative enhancement of EQE is plotted in Figure 5.19-b. The
maximum enhancement ascribed bellow 400 nm where the maximum of UV light absorption by

NCs is observed and these NCs emit yellow orange light at 592 where Si solar cell has better
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spectral response. Also some cell shows a small EQE enhancement also in IR region depicted in
Figure 5.20. This could be due to the experimental error in this region. Lowering the concentration
of NCs might be acting as an additional antireflection coating on standard Si solar cell. This might
be due to increased surface roughness of cell surface after integrating doped ZnS NCs [99].
Therefore, enhancement of EQE in both UV and longer wavelength (close to the band gap of Si)
region attributes better light trapping into Si cell possible by doped ZnS NCs.
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Figure 5.19: (a) spectral response of cell coated with lower concentration of NCs (b) enhancement
of EQE of the same cell (For each sample, at least ten EQE measurements were performed by
varying the spot position on the front surface of the cell. The value of the measurement error is
1.25% in the range between 300 and 450nm and this value is lower than the maximum enhancement
obtained in this region.)
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Figure 5.20: Enhancement of EQE in both UV and near IR region due to lower concentration of
NCs
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5.3.5 I-V measurements of NCs coated Si solar cell
The I-V measurement of different cells is shown in Table 5.1 bellow. Maximum relative
enhancement of P, is 1.2%. Different cells show different results. It might be due to problem of

controlling the NCs distribution on cell surfaces by putting some drops of aqueous solution.

Table 5.1: I-V measurements of different cells coated with Zn(Mn:10%)S NCs

Sample M24
Relative Max delivered power Relative
Efficiency Enhancement (Piay) Enhancement
(%) (%)
Without With NCs Without With NCs
NCs NCs
Mean 13 13.2 1.5+0.3 1175 118.8 1.2+0.3
Sample M38
Relative Max delivered power Relative
Efficiency Enhancement (Pray) Enhancement
(%) (%)
Without With NCs Without With NCs
NCs NCs
Mean 0.60.3
12.6 12.7 0.8+0.3 113.6 114.2

After some preliminary investigation, it is clearly attributed that there is enhancement even if small
(from both spectral response and I-V measurements) of solar cell performance due to the Mn doped
ZnS NCs on top of the Si solar cell. It is better implication to obtain better performance of Si solar
cell coated with NCs doped inside the polymeric matrix. Also it is expected of homogeneous
distribution of NCs in polymeric matrix. For these purpose the chosen materials were indeed many,
with the most frequent categories being polymers are PMMA, or Poly-Vinyl Acetate (PVA) and
copolymers like EVA [51, 100]. We have used polymer PMMA and copolymer EVA which are
mostly use for the realization of Si solar cell module. But EVA is mostly used for commercial Si
solar cell module fabrication [51]. Henceforth Si solar cell coated with EVA doped NCs could be an

additional benefits for commercial application.

Before starting any experimental measurements on Si solar cell with NCs-polymer film, we tested
the spectral response measurements on the Si solar cell coated with pure PMMA film prepared by

spin coating.
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5.3.6 Spectral response analysis of Si solar cell with pure PMMA film on top

Spectral response were done on PMMA coated Si solar cell in order to analyse the clear effect of it.

We tested various thickness of PMMA on the cell.

Spectral response of PMMA coated Si solar cell is shown in Figure 5.21. It ascribed that there is
large enhancement EQE between 300 nm to 550 nm whereas there is slight decrease of EQE

between 550 to 900 nm.
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Figure 5.21: (a) Spectral response of PMMA (one layer) coated laboratory based standard Si solar
cell (b) Relative enhancement of EQE of same cell coated with PMMA

Transmittance of plots of different layers of PMMA on quartz substrate is shown in Figure 5.22.
From the transmittance plot it is clear that there is increase of transmittance (decrease of
reflectance) on the cell surface due to 1 layer PMMA coating. Also multilayer deposition (same
concentration of PMMA and same r.p.m used for spin coating) was tested on the same sample in
order to investigate the thickness effect. In Figure 5.22, it is confirmed that transmittance reaches
maximum with increasing thickness of PMMA layer. In our experiment two layer of PMMA shows
maximum transmittance (minimum reflectance).  Also relative enhancement of EQE reaches

maximum due to two layer PMMA coating as shown in Figure 5.23.
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Figure 5.22: Transmittance plot of multilayer PMMA on quartz substrate

From the transmittance measurement of Figure 5.22, there is no indication about the variation of
transmittance (variation of reflectance) in different wavelength. But Figure 5.21 shows some
decrease of EQE from 550 nm to 900 nm. It could be due to inhomogeneous thickness of PMMA

film on the cell surface.
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Figure 5.23: Relative enhancement of EQE with increasing number of PMMA layer
5.3.7 Spectral response of Si solar cell with NCs doped PMMA and EVA film on top
Before experimental observation on the effect of NCs, spectral response of same Si solar cell with

top of quartz substrate coated both with pure PMMA and EVA was studied (structure is the same as
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depicted in Figure 5.3). It should be remarked that the concentration of both PMMA and EVA was

used as 1.5% (wt). The spectral response of these two is shown in Figure 5.24 and Figure 5.25.
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Figure 5.24: Spectral response of NCs doped and undoped PMMA film on Si solar cell (inset Figure
shown for clear observation)

There is increase of EQE in UV region (inset of Figure 5.24) as well as decrease of EQE in visible
to IR region observed is due to pure PMMA on Si solar cells. Further investigation of PMMA on Si
solar cell will be described later. But NCs doped PMMA film on Si solar cell shows some decrease
of EQE bellow 350 nm as shown in Figure 5.24. However there is no change of EQE at visible
region of the same cell coated with NCs doped PMMA. Also slight decrease of EQE in UV region
is observed due to EVA on cell surface (as inset Figure 5.25). This decrease bellow 350 nm is
associated with the UV light absorption by the EVA film. Furthermore a strong decrease of EQE is
observed below 350 nm for NCs doped EVA film on the cell as depicted in Figure 5.25. The
decrease of EQE due to NCs doped both with PMMA and EVA is observed. The concentration of
powder NCs used in both PMMA and EVA solution is 0.26% (mg/ml). It is expected that, there is
some agglomeration of NCs in powder from. The decrease of EQE in UV region might be due to
agglomerated NCs which can act as luminescence quencher on the cell surface. During preparation
of NCs- polymer solution, it was observed that there is a dissipation of NCs in solvent. That’s why
it is difficult to suspend all the NCs homogeneously both in PMMA and EVA. For better
suspension of NCs in solvent for some time, it is required of high ultrasonication. That’s why few

NCs could be expected on substrate.
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Figure 5.25: Spectral response of NCs doped EVA film on Si solar cell

The key point for preparing high performance NCs-polymer hybrids is how to produce good PL
materials, along with excellent transparency (transmittance~100%). So, direct polymerization of
aqueous NCs via free radical polymerization [8] could be better way to enhance optical

performance of NCs.
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Chapter 6

Conclusion, Critical Issues and Future Work
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Two light harvesting methods have been studied in the thesis. A summary of the results of each

method are described separately in the following.
Surface Plasmon technique

Before starting discussion of critical points it should be clear the various parameters that can affect
the light harvesting method by surface plasmon technique. These are (i) choice of metal NPs (ii)
sizes and shapes of NPs (iii) distribution of NPs on substrate (iv) position of metal NPs with respect
to the active device surface (v) oxidation of metal NPs. Two main basic mechanisms have been
proposed to explain photocurrent enhancement by metal particles incorporated into or on solar cell:
near field concentration and light scattering. We are mostly concentrated on light scattering effect

due to the size of the particles prepared by the reported synthesis procedure.

The effect of PLS due to metal NPs (both silver and gold) on both Si and CIGS thin film solar cell
has been studied. PLS related to such colloidal synthesized NPs has been studied as a result
improving the efficiency of mc-Si solar cells both with (ARC) and without ARC (NOARC). Since
silver is the best choice for light scattering among other metal NPs, we tried different process for
silver NPs synthesis. We controlled the particle size using surfactant and also distribution of the
particle on the substrate. First of all, silver NPs synthesized using SDS surfactant did not induce a
spectral response enhancement on Si solar cell. The best results were obtained instead for silver NPs
coated embedded in PDDA. However, it was difficult to control the particle size in PDDA and the
distribution of particles on substrate by dip coating or putting some drops on the substrates. The
effect of PLS ( due to silver NPs) on SR has been reported, showing EQE enhancements both in
visible to near-infrared range and confirming that light can couple more efficiently into NOARC
cell than ARC cell. The same EQE enhancement due to both NPs was observed also in the case of
CIGS cells, the results being consistent with those obtained for Si cells. Although we know silver is
best choice in the PLS process among the other metal NPs due to its higher scattering efficiency, the
possible oxidation of silver NPs could affect the enhancement of PV properties. Since we have no
experimental evidences to support such hypothesis on the oxidation effect, we repeated the same
experiments with noble metal NPs like gold and compared them with silver NPs results obtained.
Therefore we synthesized gold NPs by colloidal method followed by the deposition of such
colloidal NPs on both MC-Si cells and CIGS cells. EQE enhancement observed on both Si and
CIGS cells due to gold NPs is close to the enhancement due to silver NPs, even if silver showed the
best scattering efficiency. So most probably some oxidation of silver NPs occurs and thus limiting

the EQE enhancement on both Si & CIGS cells coated with them. It should therefore be concluded
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that EQE enhancement can be further improved by the silver NPs prepared in inert atmosphere and

possibly submitted to encapsulation.

All that considered, the possible ways for further enhancements of device performance due to
colloidal metal NPs are still open. Firstly, varying the size and shapes of NPs using another
surfactant might be a way to investigate the better device performance. It will be a superior
implication to design a solar cell module fabricated with a thin polymeric matrix doped with such
NPs. Also it is expected of homogeneous distribution of NPs inside the polymeric matrix. For these
purpose the chosen materials were indeed many, with the most frequent categories being polymers
are PMMA, or Poly-Vinyl Acetate (PVA) and copolymers like EVA which is mostly used for
commercial Si solar cell module fabrication. Therefore Si solar cell coated with EVA doped NPs
could be an additional benefits for commercial application. It should be a critical issue to find a
proper solvent system for synthesis of NPs also to dissolve the NPs inside the polymeric matrix.
Also concentration of NPs inside the polymeric film might play an important role for light
scattering. Future works will also be devoted to the application of such procedure to silicon based

thin film solar cells.
Down- shifting by semiconductor NCs

We have studied the down shifting concept by the NCs on Si solar cell. There are many highly
luminescent NCs commercially available. Many of them are CdSe, CdSe-ZnS core shell which are
toxic and hazardous. So it will be more safety to find a nontoxic material which can be easily

handled. That’s why we used ZnS NCs as a non toxic material.

We reported first time demonstration of Mn doped ZnS NCs integrated on Si solar cells for the
enhancement of photovoltaic parameters including EQE, solar conversion efficiency and maximum
delivered power. For this we successfully synthesized ME (organic ligand) capped ZnS NCs with
various doping concentration of Mn. We also observed the band gap variation of NCs and
enhancement of PL intensity with optimum doping concentration of Mn. We investigated the
concentration (NCs) dependent improvement of EQE in UV region where Si cells has poor spectral
response. Higher concentration of NCs shows a luminescence quenching effect on Si solar cell. So
there is a decrease of EQE in same UV region observed. To obtain the superior device performance
it is mandatory to obtain high quality NCs with high intense visible emission (preferentially red
wavelength region), optically highly transmittance and homogeneous distribution on the device
surface. The NCs were deposited by putting some drops on the cells; therefore it is difficult to

maintain homogeneous distribution of the NCs on Si solar cells. Since ME capped NCs are not fully
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dispersed in the aqueous solvent, it is also required high ultrasonication to obtain highly dispersion
of NCs into the solvent. There is another critical issue that presently we don’t have any information
about the removal of capping ligand. We also tried to fabricate NCs (powder) doped polymer layer
on the cells. But we faced the same problem with dispersion of the NCs in different organic solvent
those were used for the preparation polymer-NCs composite. Therefore it was difficult to obtain a
high quality NCs-polymer film on the substrates. NCs concentration (inside polymeric film)

dependent SR improvement in UV region needs to be further investigation.

Henceforth it will be the best way to functionalize the aqueous ZnS NCs and fabrication NCs-
polymer nanocomposite hybrids via free radical polymerization in situ. In this case, there should not
problem with dispersion of NCs in the solvent. Also synthesis of these NCs with different capping
ligand will be another opportunity to obtain further high quality NCs. Finally it should be better to
find an estimation of the cost for the c-Si solar cell module encapsulation with EVA doped layer for

commercial purpose.

We believe that, also in this case the enhancement can be further improved by homogeneous
distribution of NCs on the device surface. So this approach seems very promising for first

generation photovoltaic devices will be devoted in future work.
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