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ABSTRACT

This research focuses on the fabrication and characterization of silicon (Si)
and silver (Ag) nanoclusters that might be used for solar cell applications. Silicon
and silver nanoclusters have been synthesized by means of inert gas condensation
method and dc magnetron sputtering source inside an ultra-high vacuum system.
The nanocluster source produces ionized nanoclusters that enable the study of the
nanocluster size distribution using a quadrupole mass filter (QMF). We have
found that nanocluster size distribution can be tuned by various source parameters,
such as the sputtering discharge power (P), argon inert gas tlow rate (fy,), and

aggregation length (L).

Transmission electron microscopy (TEM) have been done to evaluate the
size distribution of Si and Ag nanoclusters and to confirm the measurements
performed using the quadrupole mass filter results. The Si nanocluster size
distributions were controlled to change in the range of 3.33 £ 0.27 to 7.36 £ 0.52
nm by controlling the source conditions. On the other hand, A g nanoclusters with
average size in the range of 3.65 £ 0.05nm to 8.25 £ 0.15 nm were synthesized by
altering the source conditions. This work illustrates the ability of controlling the Si
and Ag nanoclusters’ size by proper optimization of the operation conditions. By
controlling the Si and Ag nanoclusters size, one can alter their surface properties
to suit our needs to enhance the solar cell efficiency. The current work also
discusses the nanocluster formation mechanisms. Herein, Ag nanoclusters were
deposited on commercial polycrystalline solar cells. Short circuit current (Isc),
open circuit voltage (Vc), till factor (FF), and efficiency (n) were obtained under
light source with an intensity of 30 mW/cm®. A 22.7% enhancement in solar cell

efficiency could be measured after deposition of Ag nanoclusters which



demonstrates that Ag nanoclusters generated in this work are useful to enhance
solar cell efticiency. The research has underlined promising results and many

other ideas that can be implemented in the tuture tor solar cell applications.
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CHAPTER ONE: AN OVERVIEW

1.1 What is nanotechnology?

The term nanotechnology was first used in 1974 by Norio Taniguchi
(University of Tokyo) to refer the ability to design, characterize, produce
and build materials precisely at nanometer scale that can be used to make
complete, high performance products [1-2].Nanotechnology is thus defined
as a generic term for applications that work with matter at nanometer
scale dimensions. At this size scale, the material's physical, chemical and
biological properties are different from what they were in their bulk form.
Nano-scale materials exhibit unique and superior properties that are not
found in bulk materials. Their uniqueness arises from two main reasons.
First, the quantum confinement effects of their electrons [3]. Second, as
particles get smaller; their surface area to volume ratio increase
dramatically such that the nano-scale materials have higher surface to
volume ratios compared to the same amount of bulk material. What is so
interesting about increase surface area to volume ratio is that, reactions
take place at the surface of a chemical or material; the greater the surface
for the same wvolume, the greater the reactivity. Therefore, as a
nanocluster getting smaller, the percentage of atoms on the surface of a
nanocluster is getting higher compared to bulk material implying more
atoms exposed to the reaction which will affect their strength or electrical
properties [4]. Thus, in some cases materials that are inert in their larger

form are reactive when produced in their nanoscale form.



A main objective of researchers in nanotechnology is to study
variation in nanoclusters' properties as their sizes increase from atoms or
molecules in order to understand the evolution of the physical and
chemical properties with the growth of the materials due to the quantum
confinement effect and compare those properties with the corresponding
bulk properties. By harnessing these new properties, researchers have
found that they can develop materials, devices and systems that are
superior to be used for many applications today. Hence, size control of the
material is the essence of nanotechnology. In addition, nano-scale
materials exhibit superior thermal stability, mechanical strength, catalytic
activity, electrical conductivity, magnetic and optical properties. Therefore,
nanotechnology penetrates all areas of physical, chemical and biological
sciences and applications as well as other interdisciplinary fields. This
made nano-scale materials the subject of active research for various
applications such as solar cells [5], optoelectronic device[6], catalysis[7],

carrier systems for drug delivery [8], cancer treatment [9] ...etc.

1.2 How small is the nano?

The prefix of “nano” was driven from the Greek word for “dwarf". A
nanometer is a one millionth of a millimeter, or to put it comparatively, is
the characteristic scale of molecules (groups of atoms bound covalently
together). Each atom is of the order of 1A in size (0.1 nm): hence a nano-
object may contain tens to millions of atoms to achieve the nano- size [4].

To get a feel of the smallness of the nanometer, we note that 1nm about

2



1/80,000 of the diameter of a human hair. To get a perspective of the scale

of a nanometer, Fig. 1 shows a sequence of images of objects of different

sizes.

Nanoscale reference

Molecular Nanostructure Microscopic Macroscopic
HO Diameter of Dameter of Diameter of Drameter of Size of Height of
moicculo  carbon nanotube hepatitis C virus rod bload c¢l human har common fty 4-year-old child
ﬁ 'a;
104 107 104 10"’ 1
B + + + + + > + + + + +

Motors

Fig. 1. Sequence of images showing the various levels of scale [10].

1.3 What is happening in the Nano-scale?

1.3.1 Quantum confinement effect

Approaching the nano-size range of a material size will reduce the
effective dimensionality of the region that constrains the electron’s wave
function, from a 3D bulk solid, to a 2D quantum well, to a 1D quantum
wire, and finally to a 0D quantum dot (nanocluster), as illustrated in Fig.

2.Therefroe, the electron density will change accordingly.



Bulk Nano-Well Nano-Wire Nano-cluster

/7”,([‘) /’:n(l‘:) /’m(E) pn/)(E)

g U g L g L E

Fig. 2. Classification of materials according to their dimensions and
electron density states.

Quantum size effect is one of the most observed direct effects when
approaching the nano-scale range of the material size, due to the
confinement of the electrons affecting the optical, electrical and magnetic
behavior of materials [3, 4). By quantum mechanics, any object that is
confined within a boundary has specific allowed energy levels and other
forbidden ones. In bulk materials, the presence of many atoms causes
splitting of the electronic energy levels, giving continuous energy bands
separated by a forbidden band. The lower-energy band, mostly filled
band, is called the valence band and the next higher available energy
band, mostly empty band, is called the conduction band. The difference in
energy between the valence band and the conduction band is called an
energy gap and it is fixed for a given material. No free electron present in
the forbidden energy gap. Figure 3 illustrates the energy band diagram for
different types of material [11]. The figure shows that the energy bands of
conductors overlap, whereas the conduction band and valence bands are
separated by a relatively narrow energy gap for semiconductors and

relatively wider energy gap for insulators.



Energy Energy Energy
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Conductionband ‘f‘
—y— Ty Energy gap
Conductionband Energy gap v
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Valen nd Valence Band ] Valence Band
0 0 0
(@) Conductor (b) Semiconductor (c) Insulator

Fig. 3. Energy bands for (a) conductors, (b) semiconductors, and (c)
Insulators. (Adapted from reference [11])

In semiconducting materials, valence electrons can absorb some sort
of stimulus such as light or thermal excitation and getting excited across
the energy gap, gaining enough energy to jump cross the energy gap and
move into the conduction band, leaving a positive (hole) behind at the

valence band as illustrated in Fig. 4 [11].

Conduction
band (=
y Y o)
\ ——— hole
Valence — T
band =/ i () i

electrons

o) (¢

@

Fig. 4 Electron excitation from the valence band to conduction band [11].




The interaction between an electron in the conduction band and a
hole in the valence band leads to a bound state called exciton which is due
to Coulomb interaction between charge carriers. The average distance
between the electron and corresponding hole is called Bohr radius of the
exciton. In a bulk semiconductor, excitons are only confined to the large
volume of the semiconductor itself which is much larger than the exciton
Bohr radius, so the minimum allowed energy level of the exciton is very
small and the energy levels are close together; this helps making
continuous energy bands. However, this effect develop when the material
dimensions shrink and approach the de Broglie wavelength of the electron
in a quantum well structure and when the radius of a semiconductor
sphere is smaller than the bulk Bohr radius of the exciton, in a
nanoclusters. This introduce dramatic changes in the energy bands, as the
continuous density of states in bulk is replaced with a set of discrete
energy levels that are directly related to their size. In nanoclusters,
relatively few atoms are present which cuts down the splitting, and the
excitons are confined to a much smaller space, of the order of the
material's exciton Bohr radius. This leads to discrete, quantized, energy
levels such that constitute an intermediate state of matter between atoms

and bulk materials.

Due to the confinement effect, electrical and optical properties of
nanoclusters depend on their size such that small change to the size and
composition of nanoclusters allow the energy levels, and the band gap, to
be manipulated to specific energies which may lead to changing
nanoclusters’ electrical and optical sharply. In other word, changing their

6



size or composition allow scientists to tune their optical properties such
that they can fluoresce different colors using a single light source. This
effect was first observed in 1926 for CdS colloids [12]. Scientists have
studied nanostructures extensively in the past two decades in order to
understand the quantum size effect for various semiconducting and metal
nanoclusters. The ability of controlling the band gap of nanoclusters allows
the construction of high efficiency solar cells by utilizing much more of the

sun'’s spectrum than before.

Nanoclusters are nearly zero-dimensional where in such system the
excitons are confined in all three directions (the motion of electrons is
restricted), which can be modeled using a particle in a box. The electron
and the hole can be seen as hydrogen in the Bohr model with the
hydrogen nucleus replaced by the hole of positive charge and negative

electron mass.

Due to the confinement effect the energy gap increases compared
to bulk material. Taking both electrons and holes into account the increase
in gap energy is given by

A = E(E)Z nw? {1-1)
9 2u \a

Where ;14 ==+ % is the reduced mass.

me My
The above equation implies that as the size of the nanocluster
decreases, the band gap between the filled valence band levels and the

empty conduction band levels increases. Hence, by changing the size of



the nanocluster, the confinement of the energy of the exciton can be

controlled.

1.3.2 Surface area to volume ratio

The surface area to volume ratio in a nanocluster has a significant
effect on the nanoclusters chemical properties. Nanoclusters have
relatively larger surface area to volume when compared to its equivalent
bulk material. For example, the surface area to volume ratio of a sphere is
3/r, where r is the radius of the sphere. As the radius of a sphere
decreases its surface area to volume ratio increases and vice versa. For
example, if a cube is divided into smaller piece, the surface area to volume
of each smaller cube increases. For a block of material with 1m each side,
as shown in Fig. 5, the surface area of this block is 6 m? and the volume is

1m°.

Area= 6x1m2 =6m?2 Area= 6x(1/2m)?2 x8=12m?

Fig. 5. Schematics drawing showing that the total surface area increases
as one cut the block into smaller pieces, but the total volume remains
constant.



Thus, the surface area to volume ratio for the block is 6. If one cut
the block into 8 pieces that are one-half of a meter per side, the surface
area to volume ratio will be doubled. Hence, nanoclusters have a much
greater surface area per unit volume compared with the equivalent larger
particles. Consequently, nanoclusters are more chemically reactive than
the same amount of bulk material. More surface area means more places
for light and chemicals to bind or react with a nanocluster. The large
surface area to volume ratio of nanoclusters opens many possibilities for

creating new materials that are highly reactive for different applications.

1.4 The work objectives

The objectives of this project are the fabrication of silicon (Si) and
silver (Ag) nanoclusters by means of inert gas condensation method and
to control and optimize the nanocluster size and the number of produced
nanoclusters by studying the influence of experimental parameters. Silicon
and silver nanoclusters will be synthesis using a dc magnetron sputtering
source and inert gas condensation inside an ultra-high vacuum system.
The nanoclusters' size distribution will be investigated using a quadrupole
mass filter. The dependence of nanoclusters' size distribution on various
source parameters, such as the sputtering discharge power, aggregation
length, and inert gas flow rate will be examined. The morphology and
structure of the produced nanoclusters will be investigated by transmission

electron microscopy (TEM).Additionally, the produced Ag nanoclusters will

9



be deposited on a commercial solar cell and its electrical characteristics

will be investigated.



Chapter Two: Literature Review

2.1 Introduction

In the recent years, there has been a growing interest in the
fabrication and characterization of nanoclusters and rigorous effort has
been directed towards utilizing them for industrial applications.
Nanoclusters exhibit different properties (mechanical, optical, electrical,
magnetic, chemical and electronic) which are not found in their
corresponding bulk systems, which make them suitable for new

applications.

Nanoclusters can be used for biosensors, nanofabricated medical
devices [14] and even in immobilize proteins [15] due to their enhanced
properties and size which is in the size range of important biological
molecules such as DNA and proteins, etc. Also, nanoclusters are mainly
used in semiconductor industry by controlling their size to enhance the
efficiency of photovoltaic materials, and to fabricate microelectronic

devices such as memories, processers and transistors [16].

Nanoclusters are divided into several categories depending on the
type of these nanoclusters such as metallic, non-metallic, semiconductor
and organic nanoclusters, which have immense surface area to volume
ratio and quantum-size effect. Metal and semiconductor nanoclusters
possess unique optical properties and are promising candidates for variety

of applications in nanotechnology (3, 17].



2.2 Why silicon and silver nanoclusters?

Special attention has been paid on the synthesis of silicon
nanoclusters due to their broad range of emerging and exciting
applications in advance technologies such as computer chips, high-density
information storage and photovoltaic cells [18]. Silicon is the principal
component of most semiconducting devices and has a wide scope of
applications because it remains a semiconductor at higher temperatures
which is different than the germanium semiconductor, in addition to its low
cost [19, 20]. Therefore, the synthesis of semiconducting nanoclusters
such Si has significant implications for the fabrication of devices such as
nanocluster based photovoltaic and light emitting devices [21].
Researchers reported that utilization of silicon nanoclusters into a silicon
solar cell can increase the power efficiency, reduce heat generated and
extend the cell's life time [18]. Without silicon nanoclusters, normal solar
cells typically function in the visible light spectrum only. Whereas,
ultraviolet light is either filtered out or absorbed by silicon and causes heat
damage instead of the desired electrical current. Thus, fabrication a solar
cell from silicon nanoclusters of the desired size may enhance the
efficiency of the solar cell, by providing the ability to utilize ultraviolet light.
At the nanoscale the indirect nature of Si energy gap is replaced by a
strong direct energy gap [18]. By using Si nanoclusters in solar cells, the
recombination of excitons is decreasing as a result of the strong
confinement of conduction electrons. Thin-film of Si solar cells exhibit

significantly low cost for producing photovoltaics. Light trapping is



particularly critical in such thin-film crystalline silicon solar cells in order to

increase light absorption and hence cell efficiency.

On the other hand, silver nanoclusters have unique novel optical,
thermal and electrical properties that can be used in numerous
applications that take advantage of their unique properties that range from
photovoltaics to biological and chemical sensors due to their high electrical
conductivity, stability and low sintering temperatures.

Silver nanoclusters show beautiful novel colors, can be found in stained
glass windows, received considerable attention from researchers. Silver
nanoclusters are remarkably efficient at scattering and absorbing light and
have a color that depends on the size and shape of the nanoclusters,
interparticle interactions, dielectric properties, and local environment of the
nanocluster [18]. Taking the above advantages of silver nanoclusters,
plasmonic excitation using silver nanoclusters is developed to enhance the
light absorption inside the photovoltaic material, thus solar cell efficiency. A
plasmon can be due to the strong interaction of the silver nanoclusters with
light [22]). Conduction electrons on the metal surface undergo a collective
oscillation when excited by light at particular wavelengths. This electron
oscillation around the particle surface causes a charge separation with
respect to the ionic lattice, forming a dipole oscillation along the direction

of the electric field of the light as illustrated in Fig. 6 [23, 24].



Fig. 6. Schematic illustration of surface plasmon resonance in plasmonic
nanoclusters [25].

The movement of these electrons acts as a restoring force, allowing
resonance to take place at a specific frequency, which is called the dipole
surface plasmon resonance frequency (w) [23 - 26]. This interaction is
termed as surface plasmon resonance (SPR). SPR induces a strong
absorption of the incident light depending on the nanocluster size. Mie's
theory have described the extinction of light (the sum of absorption and
scattering) of spherical particles of different sizes which known as the
surface plasmon band (SPB) by solving Maxwell equations [27]. In order to
understand this, one needs to evaluate all mentioned parameters and
especially the dielectric properties. According to Mie's theory the particle
and the surrounding medium are homogeneous, hence can be describe by
bulk dielectric functions [27]. The scattering and absorption cross sections

of a spherical nanocluster in vacuum are given as the following [28]

Cabs = 5 Im [4mR3 2] (2-1)

Coca = i(z—")4 |4nR3E (2-2)

6m \ A £+2
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where, A is the wavelength of the incident light, R is the nanocluster's
radius and ¢ is the permittivity of the metal [29]. Equations (2-1) and (2-2)
indicate that as the size of the nanocluster decrease the scattering of the
incident light decrease and the absorption of the light increase up to
maximum at a specific frequency termed as resonance frequency (w)
where ¢ = —2. Moreover, for a spherical nanocluster in vacuum the

scattering efficiency is given by

Qsca = - (2'3)

CscatCabs

As a result of the excitations of surface plasmons at that frequency,

the light interact with the nanocluster cross-sectional area because the
polarizability (4mR3 g) of the nanocluster becomes very high in this

frequency range [30]. Extinction is dominated by absorption in metal
nanoclusters due to the tendency of these nanoclusters to absorb more as
their size get smaller than the wavelength of light and scatter more as their
size get lager. For Ag nanoclusters with size less than 10nm the dominant
process is the absorption which will increase the hole — electron pair
photogeneration [31]. In addition, SPB of Ag nanoclusters is strong and a
broad band was observed in absorption spectrum in the UV-visible
spectrum [27]. Thus, silver nanoclusters can improve the light absorption
in the visible range. Incident light that is in the region of the resonance
frequency of the silver nanoclusters is strongly scattered or absorbed,
depending on several parameters such as the diameter of the
nanocluster, nanocluster shape and environmental forms [25, 32].
Therefore, a thin layer of silver nanoclusters on top of a thin-film solar cell
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can improve its light absorption by reducing the reflection at the top

surface of a solar cell from the entire light absorbing spectra [22, 30].

2.3 Studies on the fabrication of silicon and silver nanoclusters

Currently, semiconducting nanoclusters have great potential for the
next generation of photovoltaic applications due to their low cost and easy
fabrication, which make them suitable for large-scale manufacturing [33].
Many different approaches have been proposed in exploring the nano-
scale level of silicon and its application in the field of photovoltaic solar
cells by investigating their size distributions and their size dependent
properties [34 - 36]. By controlling the size of Si nanoclusters, researchers
can alter their surface properties to suit their needs and to enhance the
solar cell efficiency. Thus, many efforts have been directed to the

fabrication of Si and Ag nanoclusters.

Spencer et al. [37] synthesized silicon nanoclusters at atmospheric
pressure by ion-beam sputtering followed by short-period annealing of
silicon-on-insulator substrates to temperatures ranging between 600 and
900 °C in argon. Additionally, two different thin film layers were deposited:
thin 6 nm layer samples were annealed for 30 s, and thick 15 nm layer
samples were annealed for 60 s. Through imaging both sets of samples by
an atomic force microscopy (AFM),, nanoclusters were observed to form at
all the anneal temperatures. It was found that the average nanocluster size

increased with increasing both anneal temperature and duration.



Silicon nanoclusters were produced by CO,-laser-induced
decomposition of silane in a flow reactor and early extraction of the
reaction products into high vacuum by Huisken et al. [38]. Time of flight
(TOF) mass spectrometer, SEM, AFM, Raman and photoluminescence
(PL) spectroscopy have been used to characterize the nanoclusters in the
gas phase or deposited as isolated nanoclusters and thin films on various

substrates.

Si nanoclusters were also deposited using multi-hollow plasma
chemical vapor deposition (CVD) was reported by Shinya el al. [39]. The
produced films have a wide optical band gap of 1.75 eV and a large
absorption coefficient. Their results indicated that nano-crystalline Si films

are promising materials for solar cells.

The research group of Munir Nayfeh at University of lllinois [18]
deposited Si nanoclusters in the range of 1 — 3 nm directly onto
polycrystalline Si solar cell by dispensing particles from a volatile solution
over the cell. Consequently, the solar cells light absorption has been
enhanced by 60 % in the ultraviolet range, heat generation has been
reduced and the time life of the solar cell has been extended. When the
silicon nanocluster size was increased to 2.85 nm, the light absorption of
the solar cell was improved by 10% in the visible light spectrum. The
enhancement is due to the direct band edge absorption of Si nanoclusters.
Nayfeh and co-authors [18], dispersed silicon nanoclusters of desired

sizes dissolved in alcohol onto the of the solar cell surface and then, after
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the evaporation of alcohol, a thin film of nanoclusters was spotted on top

of the solar cell surface.

Silver nanoclusters production by irradiating Ag target with a 532-
nm laser beam in pure water has been reported by Pyatenko et al. [40].
They were able to synthesize very small spherical nanoclusters with a
mean size of 2 — 5 nm by working with high laser power, small spot sizes
and controlled ablation time. The influence of those factors were studied,
also the possible mechanisms of nanocluster formation are discussed.

Silver nanoclusters were synthesized by means of inert gas
condensation and co-condensation techniques by Baker et al. [41].
Evaporation of a metal into an inert atmosphere with the subsequent
cooling for the nucleation and growth of the nanoclusters is the basis of
those techniques. Additionally, the antibacterial efficiency of the
nanoclusters was investigated by introducing the nanoclusters into a
media containing Escherichia coli.

Pillai, et al [30] have investigated the suitability of localized surface
plasmons on Ag nanoclusters generated by thermal evaporation of Ag
followed by annealing for the sake of enhancing the absorbance of thin-
film and wafer-based solar cells. They found that the surface plasmons
could increase the spectral response of solar cells over almost of the
entire solar spectrum. It was observed that at wavelengths close to the
band gap of Si, a significant enhancement of the absorption occurs. Also,
it was reported a 7-fold enhancement for wafer-based cells at A = 1200 nm
up to 16-fold enhancement at A = 1050 nm for 1.25 pm thin silicon on
insulator (SOI) cells. In addition, 33% increase of the total current of the
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device when averaged over the AM1.5 global radiation for Ag nanocluster
layer of thickness about 12 nm and 16% increase for clusters sizes of 16
nm Ag thickness were observed. They also reported a close to 12-fold
enhancement in the electroluminescence from ultrathin SOI light-emitting
diodes and investigated the effect of varying the Ag nanocluster size on
that enhancement. It was found that smaller metal nanoclusters provide
maximum overall enhancement in the visible as well as the near-infrared
for solar cell applications.

Ag nanoclusters with 5 nm diameter have been used to increase
photocurrent response in tandem organic solar cells [42]. Ag nanoclusters
were deposited at a rate of 0.5 A/s to a thickness of 1 nm and the
absorption spectra were measured on quartz substrates using a UV visible
spectrometer. The enhancement of an incident optical field reaches into an
organic dielectric for distances of up to 10 nm from the Ag nanocluster
layer. Rand et al. [42] investigate the role that nanocluster spacing, shape,
and an embedding dielectric medium with a complex dielectric constant
play in determining plasmon enhancement. A dramatic increase in the
efficiency of tandem organic solar cells due to the 1 nm Ag nanocluster

layer was reported.

Beck et al. [22], deposited Ag films with a thickness of 14 nm by
thermal evaporation at a background pressure of less than 3 Torr and
annealed at 260 °C for 30 minutes on different substrates. Upon heating
the thin Ag films break up under surface tension to form isolated

nanoclusters; the size, density and shape were found to be dependent on
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the substrate due to the variation in surface conditions between sample
types. They have demonstrated an effective method of enhancing light
trapping in solar cells with thin absorber layers by tuning localized surface
plasmons in arrays of Ag nanoclusters. By redshifting the surface plasmon
resonances by up to 200 nm through the modification of the local dielectric
environment of the nanoclusters, an increase in the optical absorption in
an underlying Si wafer 5-fold at A =1100 nm and enhancement in the
external quantum efficiency of thin Si solar cells by a factor of 2.3 at this
wavelength were observed. Ultimately, they designed Ag nanoclusters to
target specific wavelength regions where light trapping is need.

In addition, Sirbu and his group [43] deposited Ag nanoclusters
electrochemically on the surface of the GaP substrate. Formation of Ag
nanoclusters with mean size of 30 - 40 nm was controlled by 2 minutes
electrochemical deposition followed by thermal processing at 400 °C for 1
hour. Additionally, they have studied the Ag nanoclusters’ surface plasmon
resonance. It was observed that the plasmon resonance frequency of
metallic nanoclusters is highly sensitive to the refractive index of the
medium they are incorporated into. Moreover, it was shown that porous
templates provide wide possibilities for the control of surface plasmon
resonance frequency of metallic nanoclusters, since the effective refractive
index of the template can be varied from the value of the bulk material
refractive index to values around one or even lower than one by changing
the porosity and morphology.

Moreover, Srivastava et al. [44] have developed a relatively simple

and fast process for nano-texturing of p-Si surface using Ag-catalyzed wet
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chemical etching in aqueous HF and hydrogen peroxide (H; O,) solution at
room temperature to minimize the reflection losses of the solar cell.
Reflectivity less than 4% can be reported in the usable spectral range for
silicon solar cells. Larger than 20% improvement in the short circuit current
density and 1.25% efficiency has been achieved in the nano-textured-
silicon solar cells compared to the planar cell due to the increased in the
surface to volume ratio of the nano-textured surface compared to the

planar cell.

2.4 Inert gas condensation technique

As explained in the previous section, there are different techniques
for the synthesis of Si and Ag nanoclusters. Nanocluster synthesis by
physical vapor deposition (PVD) is one of these techniques and was first
introduced by Granqvist and Burman [45]. PVD processes used to
describe any of a diversity of techniques to deposit thin solid films of by the
condensation of a vaporized atoms or clusters of the solid material onto
various surfaces and substrates. PVD comprises a wide range of vapor
phase methods such as themmal evaporation, electron beam (e-beam) and
sputtering. However, thermal evaporation has a known limitation to be
used for metals and intermetallic compounds. This limitation was
overcome later by Hahn and Averback [46] by substituting the thermal
evaporation source with a sputtering source, thus enabling the synthesis of

nanoclusters. However, the size of these nanoclusters depended on the



pressure of inert gas in the operating chamber such that a small change in

the pressure would change the nanocluster size.

The nanoclusters presented in this work were fabricated using
magnetron sputtering process combined with inert gas condensation. The
sputtering process was first report by in 1852 Grove [47] and since then it
has been used in different fields. Atomic vapor produced by magnetron
sputtering results from the ejection of the metal atoms from the target
surface due to momentum transfer associated with surface bombardment
by energetic ions. A strong negative field is applied to the target to attract
positive ions. The sputtered atoms flow across the vacuum chamber to
where they deposited [48]. The advantages of this technique are: 1)
thickness uniformity over large area, 2) good control of film thickness, 3)
cleaning of the target surface prior the deposition process, and 4)
deposited material maintains the stoichiometry of target composition.

Inert gas condensation (IGC) is a process in which atomic vapor
condenses inside a chamber (source chamber) using an inert gas such as
helium or argon at low partial pressure (in the current study we used
argon). Upon contact, the inert gas condenses atomic vapor, carries the
condensed particles outside the source chamber due to the pressure
difference, deposits them on a substrate, and produces uniformly
deposited nanoclusters. The vapor of the metal atoms loses its kinetic
energy due to interatomic collision with inert gas atoms and condenses to
form nanoclusters. Inert gas condensation can be used to synthesis

nanoclusters of almost any material that can be sputtered by a magnetron
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gun or vaporized by thermal evaporation. Figure 7 shows a schematic
illustration of nucleation and growth of nanoclusters by inert gas

condensation technique.

Sample target

O O OO O O OOO
@

: o
Substrate

Fig. 7. A schematic illustration of inert gas condensation, with the
sputtered atoms (gray color) colliding with inert gas atoms (blue color) to
form nanoclusters.

In addition, the mean size of nanoclusters inside the source
chamber is determined by the choice of synthesis parameters such as the

flow rate of argon inert gas (fa), the length in which the nanoclusters

aggregate (L) and sputtering discharge power (P) [49].

2.5 Studies on nanoclusters synthesized using IGC technique

Among the different techniques for nanocluster production, inert gas
condensation is a favorable technique due to the high level of control on
the size and properties of nanoclusters, and the wide range of materials

that can produced using this technique. Efforts have been made to

23



optimize the process conditions to produce nanoclusters with specific
properties for various applications.

Nanoclusters of silver with size range of 3 nm up to 60 nm
were prepared using magnetron sputtering by by Chandra et al. [50]. The
effect of changing the substrate temperature from 70 °C to 300 °C on silver
nanoclusters produced by magnetron sputtering for heterogeneous
catalysis applications has been studied. The substrate temperature
determines whether the material is formed as a nanocluster thin film or as
loosely aggregated nanoclusters. Characterization of different growth
patterns and particle morphologies of silver nanoclusters has been carried
out by atomic force microscopy and transmission electron microscopy.

Raffia et al. [51] have synthesized Ag nanoclusters by an IGC
method using helium inert gas in the source chamber. Nucleation, growth
mechanism and the kinetics of nanocluster synthesis in vapor phase were
studied. They found that the evaporation temperature and inert gas
pressure have a great influence on nanocluster crystallinity, morphology,
and size distribution. Nanoclusters were synthesized using evaporation
temperatures of 1123, 1273, and 1423 K; and at helium pressures of 0.5,
1, 5, 50, and 100 Torr. X-ray diffraction (XRD) and TEM were used to
characterize the synthesized Ag nanoclusters. The nanocluster size
ranged from 9 to 32 nm, depending on the growth conditions.

In addition, Pérez et al. [52] have fabricated gold/palladium
nanoclusters by IGC using a sputtering source with nozzles of sizes 1, 3,
and 5 nm on size, depending on the choice of the synthesis conditions.

The structure and size of the Au/Pd nanoclusters were determined by



mass spectroscopy, and confirmed by AFM and TEM measurements. In
addition, the chemical composition was analyzed by X-ray microanalysis.

Banerjee, Krishna and Das [35] at Nevada Nanotechnology Center
synthesized copper (Cu) and silicon nanoclusters by a sputtering and inert
gas condensation type growth technique. They found that the size
distributions of the nanoclusters follow a normal distribution. And the
variation of nanocluster size is dependent on several parameters, such as
the length in which the nanoclusters aggregate, the flow rate of the
aggregation gas and the pressure of the aggregation region. They have
observed a variation in the average nanocluster size with the variation of
the inert gas (argon) flow rates. They concluded that proper adjustment of
operation conditions could lead to desired nanocluster size distributions.

Miguel et. al. [53] silver nanoclusters were synthesized using the
inert gas aggregation technique with different average sizes: 1.3 + 0.2, 1.7
+ 03,25 +£ 04, 37 +£04 45+ 09, and 55 £ 0.3 nm. Also, they
concluded that it is possible to produce silver nanoclusters with
icosahedral shape, hence, controlling not only the size but also the shape.
Consequence, they suggested the possibility of changing the properties for
the icosahedral shape as a function of size.

Ayesh et al. [34] have synthesized palladium (Pd) nanoclusters
using a dc magnetron sputtering source of mean size between 2 to 10 nm.
Ayesh'’s main objective was to investigate the variation in Pd nanoclusters’
properties as their sizes increase in order to understand the evolution of
the physical and chemical properties with the growth from atoms to bulk.

They investigated the dependence of Pd nanoclusters’ size distribution on
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different source factors, such as the sputtering discharge power, inert gas
flow rate (far), and aggregation region length (L). It was found that the inert
gas flow rate and aggregation length have the major effect on determining
the nanocluster size. In addition, it was observed that increasing L leads to
a formation of large nanoclusters due to the increase in the nucleation time
(time nanocluster needed to grow).On the other hand, the nanocluster
peak diameter variation with fa reveals two nucleation mechanisms:
nucleation of new small nanoclusters which leads to a decrease in the
nanocluster size with far; and nucleation of large nanoclusters where the
nanocluster size increases as far increases.

The mechanism of nanoclusters formation has been analyzed by
Knauer, Hihara, Ayesh, and Banerjee [18, 34, 35, 54, 55] groups research
on experimental results and theoretical principles of two-body and three-
body collisions. A theoretical model for the formation of metal and
semiconductor nanoclusters by homogeneous nucleation and collision
growth in the vapor phase was introduced by Knauer [54]). Knauer's model
describes nanocluster nucleation and growth by growing embryos initiated
via three-body collision in the growth region into large nanoclusters by a
two-body collision. Therefore, when stable embryos are made by atomic
collisions, they grow up to larger nanoclusters. Presence of nucleation
centers such as argon atoms is a crucial factor to form nanoclusters by
removing the excess kinetic energy between the sputtered atoms through
three-body collision. The model was used to explain the growth of nickel,

copper, silicon, and palladium nanoclusters produced using magnetron



sputtering sources [18, 34, 35, 54, 55]. Using the conservation of

momentum principle, the nanocluster growth rate can be expressed as:

a8 v. b alr. +r,) 0o, B (2-4)

dt LidE

Where i is the number of atoms per nanocluster, z is the nanocluster

traveling length, u. is the vapor velocity, 7.and r, are the radii of

nanocluster and atom respectively, n is the vapor density(n = ka] , Uy i
B

the mean velocity with the reduced mass of the i-sized nanocluster, and
due to the high latent heat of condensation of metals many atoms must be
condensed and evaporated again before a new atom can be retained by

cluster then, s is introduced as the growth-retarding effect [54). Equation

(2-4) can be expressed in term of Mach number (M)

M =u:(M] - (2-5)

n

Where T is the temperature in Kelvin, k, is Boltzmann constant, m, is the

mass of the vaporized atom, and y is the ratio of specific heat of a gas at a
constant pressure to heat at a constant volume.

and the following approximations are also made,

3\
ro+r.=r, =(—) i'"a, (2-7)

Where a,is the interatomic distance (GU = Zru). Hence, integrating Eq. (2-

4) gives
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Where i, is the size of a critical embryo and along the free jet n and M

vary according to the following approximations
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Where d is the nozzle diameter, L corresponds to z in Eq. (2-8) and

n = ka where p is the source pressure.

a

Evaluating of Eq. (2-8) gives

AN 1 3
i=fre +(—J (— acn,B,| —+0.1d || (2-11)
3 27T)’ 1\10

In summary, different approaches have been proposed in exploring the
nanoscale level of silver and silicon materials and their applications in the field of
photovoltaic solar cells by investigating their size dependent properties. By
controlling the size of Ag and Si nanoclusters, researchers could alter their

properties to suit their needs and to enhance the solar cell efticiency.



CHAPTER THREE: EXPERIMENTAL PROCEDURE

3.1Materials

Silicon targets with 99.999% purity in addition to silver targets with
99.99% purity were used as the sources of Si and Ag nanoclusters. Argon
gas with 99.999% purity at different flow rates (fa)) was used to generate

the plasma and to aggregate Si and Ag nanoclusters from their targets.

3.2 Apparatus

A nanocluster source (NanoGen50) from Mantis Deposition Ltd.
(Oxfordshire, UK) was used to generate Si and Ag nanoclusters inside an
ultrahigh vacuum (UHV) compatible system. The UHV system including
the NanoGen50 source are shown in Fig. 8. Two turbo pumps with a
backing pump were used to evacuate the main and source chambers to a
base pressure of 10® mbar, as shown in Fig. 9. Argon inert gas at a
different flow rates in the range of 10 - 90 SCCM was introduced inside the
NanoGen50 using a mass flow controller (MFC) from MKS Instruments to
generate the plasma and to aggregate Si and Ag nanoclusters from their
targets which were fixed on a magnetron sputter head individually. Note
that SCCM denotes to standard cubic centimeter per minute. The dc
magnetron type discharge was used to generate Si and Ag nanoclusters
with a discharge power up to 65 W. The magnetron gun and walls of
source chamber were water-cooled. MesoQ quadrupole mass filter (QMF)
was used in line with the NanoGen50 to analyze the nanocluster size and

filter them.



Fig. 8. UHV system for nanocluster production.

The major part in the UHV deposition system is the nanocluster
source where the target is fixed on a magnetron sputter head, then
nanoclusters are generated inside the source chamber and drifted to the
main deposition chamber to be deposit onto a suitable substrate. The
nanocluster source consists of: 1) a dc magnetron sputtering head
combined with a linear motion drive as the one shown in Fig. 10, enabling
the aggregation length L (L is the distance from the sputtering target
surface to the source exit nozzle) to be adjusted up to 100 mm inside the
aggregation region; 2) two nozzles with diameters of 5 and 6 mm in order
at the exit of the source chamber (inset of Fig. 9); 3) a water cooling

systems for the sputter head and source jacket and 4) a turbo pump with
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dry backing pump [34 - 35], see Fig. 9. The main deposition chamber has
a spherical construction with all ports axes passing through the centre-
point. The chamber has internal welds and is polished to minimize

outgassing. A schematic diagram of the system is shown in Fig. 9.

Water in and Out

Vapor Generation £ xparesion regon
Aggragation region

Fig. 9. Schematic illustration of the UHV system and NanoGen50
nanocluster source [34, 56].
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Fig. 10. Linear motion drive used to control the aggregation length.

Atoms sputtered from a target at room temperature by bombarding
its surface with energetic ions. The magnetron gun used in the source
provides wide range of nanocluster size range, which varies from fraction
of a nanometer to few tens of nanometers [35]. Figure 11 shows the
magnetron sputter gun with Ag target. The sputtered atoms or clusters
travel through the source chamber in a reduced ambient pressure and get
cooled down by argon gas, where these atoms/clusters nucleate to form a

distribution of nanoclusters of various sizes depending on the residence
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time within the aggregation region which can be varied by changing the

aggregation length using the linear motion drive [30, 43].

Fig. 11. The magnetron sputter gun with Ag target.

A directed nanocluster beam is formed once the nanoclusters leave
the 6 mm nozzle. The generated nanoclusters can be deposited on a
substrate fixed on a sample holder that is mounted on a vertical linear
motion drive. A quartz crystal monitor (QCM) and a controller module SQM
160 from INFICON, shown in Fig. 12 (a) and (b), were used to measure
the nanoclusters deposition rate. To check the deposition rate, the
sputtering crystal sensor is fixed on a linear motion drive to enable its
transportation in front of the exit nozzle, and then pull it back away from
the beam path as shown in Fig. 9. Without venting the system, the position
of the linear motion drive holding the magnetron gun, sample holder and

QCM can be controlled.
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Fig. 12. High accuracy Quartz crystal (a) sensor and (b) monitor records
10 readings per second [57].

A quadrupole mass filter comprising of four identical cylindrical
metal rods set parallel to each other, schematically illustrated in Fig. 13
(a), was used to measure the nanocluster size distribution after they are
generated inside the source chamber. Each opposing rod pair is
connected together electrically to potentials equal in magnitude but
opposite in sign of [U+V cos(wt)] and -[U+V cos(wt)], where U is a direct
current (dc) voltage and Vcost is a radio frequency (RF) voltage. The ratio
U/V indicates the resolution of the quadrupole mass filter and was fixed in
each size distribution scan, and the mass distribution was scanned by
continuously varying the applied frequency, . The resolution of the
quadrupole mass filter is adjusted for a mass scan by setting the U/V ratio
up to 0.168 allowing precise particle size to be achieved. An experimental

configuration of a quadrupole mass filter is shown in Fig. 13(b). The ion
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flux of the particular mass/size is measured with a grid located at the exit

of the mass filter and the ion current is measured with a picoammeter. By

maintaining U/V ratio constant, a spectrum of constant mass resolution

M/AM is achieved [58].

(b)
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Fig. 13. (a) Schematic illustration [56] and (b) experimental configuration of

a quadrupole mass filter.
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3.3 Nanoclusters fabrication

Fabrication of silicon and silver nanoclusters using the dc plasma
magnetron sputtering consists of the following steps: 1) evacuating the
main and source chambers, 2) introducing argon inert gas inside the
source chamber as the medium in which plasma is initiated and sustained
when applying a negative potential to the target, 3) the potential difference
between the biased target and the body of the source chamber
accelerates argon ions to bombard the target and physically sputter atoms
and small clusters from the target by transferring momentum to them and
4) the sputtered atoms and clusters pass through the discharge region and
aggregate there where they lose their kinetic energy. The pressure
difference between the source chamber and the main chamber
accelerates the generated nanoclusters to the quadrupole mass filter to be
mass scanned and then penetrate to the main chamber where they
eventually get deposited on a substrate.

After a visible glow discharge is maintained inside the source
chamber, the nanocluster deposition rate is monitored on the QCM
controller, thus nanoclusters can be deposited on the substrate. The
experimental steps of synthesis of films of silicon and silver nanoclusters
involve the following steps:

1) Glass substrates were first sequentially cleaned using acetone and
ethanol, then rinsed with de-ionized water, dried using nitrogen gas and
finally fixed on the substrate holder, as shown in Fig. 14. The substrate

holder was then fixed on the substrate table inside the main chamber.
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2) The target was placed on the magnetron sputter head, and the source
chamber and the system were sealed.

3) The two chambers were then evacuated to a pressure better than 1x10°
® mbar.

4) Argon inert gas valve was opened to the NanoGenS50. (Efforts have
been made to keep the system as clean as possible to avoid any
contamination of the chamber and samples).

5) The QCM was moved to a position facing the source nozzle (to 20 mm)
to be ready to measure the deposition rate.

6) Using control software of the UHV system (Virtual Rack), we set the
discharge electrical current, adjust Ar flow rate and control the sputter
head position to achieve desired deposition rate. Also the discharge
voltage is monitored to calculate the sputtering discharge power.

7) Once a desirable deposition rate is achieved, the QCM was moved
back away from the nanoclusters beam before starting nanocluster
deposition.

8) The substrate shutter was opened to start deposition and count the
deposition time. The shutter position is in front of the substrate allows pre-
sputtering of the target to remove any oxides on the target surface prior to
deposition. For fabrication of silicon nanoclusters, RF sputtering was used
to remove the oxide from the silicon target surface for a 15 minute before

applying the dc sputtering.

LY



3.4 Characterization methods

The size distributions of silicon and silver nanoclusters were
typically measured by analytical techniques such as quadrupole mass filter
(QMF), transmission electron microscopy (TEM)

TEM studies were conducted using a Philips CM10 TEM
microscope. In order to determine the size of individual Si and Ag
nanoclusters, TEM images of Si and Ag nanoclusters directly deposited on
carbon-coated copper TEM grid at ambient temperature were used and

kept in the evacuated system up to the test day, as shown in Fig. 14.

Fig.14. Substrate holder that include TEM grids. The dimeter of the
substrate holder is 5 cm.

The MesoQ quadrupole mass filter was used in line with the

NanoGenS0 source to filter and study the nanocluster size distribution.
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First of all, one must select the target material. After that, adjust the
resolution of the QMF by setting U/V ratio. Next a mass scan can be
performed; then the data can be saved by setting and enabling scan log

file.

3.5 Analysis methodology
3.5.1 Origin software

The format of the size distribution log files from MesoQ software's
was changed to be used in origin software. Using origin software, both the
average size of nanoclusters and area under the size distribution curves
(the area under a size distribution curve her represents the number of
nanoclusters) were measured by cutting the reference and setting start
and end points for each size distribution. The average nanocluster size
and standard deviation were measured for each size distribution to study
the dependence of nanoclusters' average size on various source
parameters, such as: sputtering discharge power, aggregation length, and
inert gas flow rate. In addition, the number of nanoclusters was measured
for size distributions produced using various source parameters (sputtering
discharge power, aggregation length, and inert gas rate) by integrating the

area under each size distribution curve.

3.5.2 TEM images
The confirmation of size distribution for silicon and silver
nanoclusters measured by the quadrupole mass filter was performed by

transmission electron microscope. A relative nanoclusters size was
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measured using TEM images by measuring the diameter by a ruler and
converting the result to its real size (the scale used here depends on the

magnification of the TEM image).

40



CHAPTER FOUR: RESULTS AND DISCUSSION
4.1 Results
The U/V ratio effect on the size distribution of Ag nanoclusters
synthesised using a discharge power of 21.3 W, fs, = 60 SCCM, and L =
70 mm is shown in Fig. 15. The figure illustrates that as the U/V ratio
increases from 0.1 to 0.16 the nanocluster intensity signal decreases, and

the size distribution shows various structures.
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Fig. 15. U/V ratio effect on the nanocluster size distribution for Ag
nanoclusters.
Nevertheless, the size distributions stays within the range of 3.3—
8.1 nm as the U/V ratio changes. Also the average nanocluster size
remain constant at 5.4 nm. This confirms that the performance of the

current mass filter is decent.
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The decrease of the intensity of the size distrbution by increasing
the U/V ratio indicates the formation of narrow size range of nanoclusters.
U/V ratio of 0.12 generates a reasonably strong signal while maintaining
the distribution structures; hence it is used for the rest of this work.

Nanocluster size distribution varies with the variation of various
parameters, such as the flow rate of inert gas, the length in which the
nanoclusters aggregate, and sputtering discharge power. Therefore, it is

the objective of this work to analyze and understand this variation.

4.1.1 Silicon nanocluster results

Figure 16 shows a TEM image with high magnification of Si
nanoclusters generated using a sputtering discharge power P = 21.2 W, fa,
= 90 SCCM, chamber pressure of 2.08 x 10> mbar and L = 80 mm. Si
nanocluster average size was measured from the TEM image and
compared with the QMF result as illustrated in Fig. 17 . The figure reveals
reasonable agreement between size distributions measured using QMF

and TEM images. This confirms the decent performance of the mass filter.

42



Fig. 16. TEM image of Si nanoclusters (P =21.2 W, fAr =90 SCCM and L
=80 mm).
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Fig. 17. Comparison of size distribution of Si nanoclusters
(P=21.2W, fAr=90 SCCM and L = 80 mm) measured using the QMF
(solid line) with that measured using TEM (histogram) for nanoclusters

deposited under the same conditions.
Figure 18 shows size distribution curves of Si nanoclusters
generated using a 64.4 W sputtering discharge power, Ar flow rate of 30

SCCM and chamber pressure of 6.25 x 107 mbar for different aggregation

lengths.
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Fig. 18. The dependence of the size distribution of Si nanoclusters on the
aggregation length L in the range of 30 mm up to 90 mm.

The produced nanoclusters exhibit the same average nanocluster
size of 4nm with increasing the aggregation and maintaining the same
nanocluster yield. Figures 19 (a) and (b) show the dependence of Si
nanoclusters’ average size and yield on the aggregation length for different
Ar flow rates. The results are generated using a 28.9 W discharge power
and pressure in the range of 6.2 x 10™ —1.12 x 10™ mbar. Each error bar
in the figures is the standard deviation of the size distribution curve. The
small standard deviation indicates that narrow size distributions of
nanoclusters are formed. Figure 19 (a) shows that the nanocluster
average diameter is approximately constant within the error bars in the
range of 3.5nm to 5.3 nm. The weak dependence of the average size on L

could be a result of inefficient cooling of the Ar inert gas.
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Fig. 19. The dependence of Si nanocluster (a) average size, and (b) area
under the size distribution curves on the aggregation length for Ar flow
rates between 30 and SOSCCM.

On the other hand, Fig. 19 (b) shows that increasing the

aggregation length decreases the area under each size distribution curve
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which is indicating a decrease of the nanocluster yield for Ar flow rates in
the range of 30 up to 50 SCCM. As L increases, the density of the
sputtered material decreases which decreases the probability of three-
body and two-body collisions, thus decreasing the nanocluster yield.
Figures 20 (a) and (b) illustrate the dependence of Si nanoclusters’
average size and yield on Ar flow rate for an aggregation length of 90 mm.
The nanocluster average size and yield in the figure were taken from size
distribution curves similar to those in Fig. 18. The results were generated
using a 28.9 W discharge power and pressure in the range of 6.2 x 107 -
2.05 x 1073 mbar. Figure 20(a) shows that the nanocluster size increases

with increasing fa,.
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Fig. 20. The dependence of Si nanocluster’s (a) average size and (b) area
of the nanocluster size distribution curve on Ar flow rate for aggregation
length of 90 mm.

Furthermore, Fig. 20 (b) shows that by increasing Ar flow rate, the
area under the size distribution curve decreases until f4,= 70 SCCM which
is indicating a decrease of nanocluster yield. However, the nanocluster

yield increases beyond 70 SCCM. The largest nanocluster yield was for fa,

= 30 SCCM due to the small average diameter.

4.1.2 Silver nanocluster results

A TEM image of the produced Ag nanoclusters for f4, = 60 SCCM,
pressure of 1.37 x 10 mbar, P = 21.45 W and L = 70 mm is shown in Fig.
21. From the TEM image, the average size was measured and it is shown

in Fig. 22 (the histogram).
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Fig. 21. A TEM image of Ag nanoclusters deposited using fAr = 60 SCCM
and L =70 mm.

Figure 22 shows a comparison of the size distribution of Ag
nanoclusters synthesized with fa, = 60 SCCM and L = 70 mm measured
using the QMF and the size distribution measured using the TEM images.
The size distributions measured using both the TEM micrograph and QMF

are in good agreement, confirming the optimum operation of the mass
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filter. Figure 22 demonstrates a narrow dispersion in nanocluster size with

a central value in 5.5 nm.

Number of nanoclusters

3.0 5.0 7.0 9.0 1.0 13.0
Diameter (nm)

Fig. 22. Comparison of size distribution of Ag nanoclusters (fAr = 60
SCCM and L = 70 mm) measured using the QMF (solid line) with that
measured using TEM (histogram) for nanoclusters deposited under the
same conditions.
Nanoclusters of different sizes were produced as shown in Fig. 23.
The figure illustrates the effect of the dc sputtering discharge power on the
size distribution of the produced silver nanoclusters for fa- = 30 SCCM and
L = 60 mm. It is observed that the produced nanoclusters exhibit a shift of
the average nanocluster size distribution toward smaller sizes with
increasing sputtering discharge power; and a variation of the nanocluster
yield (area under curve of each size distribution), first increases with an

increase in the sputtering discharge power to then decreases for higher

sputtering discharge power up to 64.4 W.
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Fig. 23. The dependence of the size distribution on dc sputtering discharge
power.

The dc sputtering discharge power is a major factor affecting
nanocluster formation. Nanoclusters cannot be detected unless sufficient
discharge power is applied to provide enough self-bias on the target as
long as the plasma is stable [48, 59-60]. Increasing the discharge power
usually increases the energy of Ar ions and thus the amount of ejected Ag
atoms increases. However, at high discharge power the plasma becomes
unstable which decrease the amount of sputtered atoms. Silver
nanoclusters could be detected within a discharge power range between
29.6 to 64.4 W with stable plasma. Figure 23 illustrates that as the
discharge power increases from 29.6 to 55.5 W the number of detected
nanoclusters increases. Further increase in the discharge power

decreases the number of detected nanoclusters.
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The effect of the sputtering discharge power on the nanocluster
average size and nanocluster yield is shown in Figs. 24 (a) , (b) for fa =
30 and 50 SCCM, and L = 60 and 70 mm. The figure reveals that
increasing the discharge power shifts the average size toward smaller
nanoclusters for fa, = 30SCCM. However, for far = 50 SCCM it's completely

the opposite.
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Fig. 24. The dependence of Ag nanoclusters’ (a) average diameter and (b)
yield on sputtering discharge power.

On the other hand, Fig. 24 (b) illustrates the dependence of the
area under Ag's size distribution curves on sputtering discharge power for
L= 60 and 70 mm and fa-= 30 and 50 SCCM. The figure reveals that the
sputtering discharge power does not have noticeable effect on Ag
nanoclusters yield for the same conditions. For L = 60 mm with different
flow rates (fa- = 30, 50 SCCM) the area under the size distribution curve
remains low and constant, which can be understood as: by increasing fa,
more material have been sputtered, then nanoclusters will grow to large
nanoclusters with maintaining the same nanoclusters yield. On the other
hand, for L = 70 mm, increasing fa, will decrease the nanoclusters yield to

less than the half due to the increase in the average size.
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Fig. 25. The dependence of the Ag nanocluster size distribution on Ar flow
rate for P =21.5W and L = 50 mm.

Figure 25 shows size distribution curves generated using a 21.5 W
sputtering discharge power, aggregation length of 50 mm and pressure in
the range of 6.2 x 10™* = 2.03 x 107 mbar for different Ar flow rates. The
produced nanoclusters exhibit a shift of the average nanocluster size
toward larger sizes with increasing Ar flow rate, and an increase in the
area under the nanocluster size distribution curves followed by a
decrease. Figures 26 (a) and (b) show the dependence of silver
nanoclusters’ average size and yield on Ar flow rate for aggregation
lengths in the range of 30 to 90 mm. The results are generated using a
21.5 W discharge power and pressure in the range of 6.2 x G 8%
107 mbar. The nanocluster average sizes in Fig. 26(a) were taken from

size distribution curves similar to those in Fig. 25. Figure 26(a) shows that
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for L between 40 and 70 mm the nanocluster size initially increases with fj,
to a maximum value and then decreases before it stabilizes and becomes
almost constant. However, for L = 80 — 90 mm, the nanocluster size, in
general, decreases with increasing Ar flow rate. The number of size
distribution curves (and data points of average size and yield in Fig. 26)

produced were limited to the ability of producing nanoclusters at particular

conditions.
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Fig. 26. The dependence of Ag nanoclusters’ (a) average size and (b)
yield on Ar flow rate for P = 21.5 W and L between 30 and 90mm.

On the other hand, Fig. 26 (b) shows that, in general, increasing Ar
flow rate will maintain the area under size distribution curves constant (for
each L) which is indicating a constant nanocluster yield. The maximum
nanocluster yield occurs for L = 60 mm, and the lowest yield is for L = 40
mm (at minimum L).

Figure 27 shows size distribution curves generated using a 21.5 W
sputtering discharge power, Ar flow rate of 70 SCCM and pressure of 1.56

x 107> mbar for different aggregation lengths.
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Fig. 27. The dependence of Ag nanocluster size distribution on the
aggregation length L at P = 21.5W and fa, = 70 SCCM.

The produced nanoclusters exhibit a shift of the average
nanocluster size toward larger sizes with increasing the aggregation length
and an increase in the nanoclusters yield with L up to 60 mm followed by a
sharp decrease.

Figures 28(a) and (b) show the dependence of silver nanoclusters’
average size and yield on the aggregation length for different Ar flow rates.
The results are generated using a 21.5 W discharge power and pressure
in the range of 6.2 x 107 — 1.8 x 107 mbar. Figure 28(a) shows that for fa,
between 40 and 60 SCCM the nanocluster average size increases from
4nm to 8.5 nm. However, for far = 70 — 90 SCCM the nanocluster size, in

general, stays constant with increasing Ar flow rate.
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Fig. 28. The dependence of Ag nanoclusters’ (a) average size and (b)
yield on the aggregation length for Ar flow rates between 30 and 90
SCCM.
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On the other hand, Fig. 28 (b) shows that the yield increases with L to a
maximum at L = 60 mm, and then decreases. The maximum nanocluster yield was
obtained for f;, = 30 SCCM, while the lowest nanocluster yield was for f,, = 70

SCCM at L = 80 mm.

4.2 Discussion

On changing the source parameters, the size distribution of produced
nanoclusters can be varied, hence, the nanocluster source can be
calibrated for optimum performance and for selecting the desirable
nanocluster size. Furthermore, understanding the formation mechanisms
of the produced nanoclusters can be realized from the dependence of the
nanocluster size on source parameters. Therefore, a size distribution
curve was produced for each value of these parameters for this sake. The
observed trends for Si and Ag nanoclusters’ size with changing source
conditions can be discussed in terms of nanocluster growth phenomenon
which may involves either or both of the following mechanisms:

(1) embryo nucleation and nanocluster growth via three-body collision

(2) growth to large nanoclusters via two-body collision

As the sputtered material is swept through the aggregation region by
argon inert gas, these nanoclusters nucleate to form a distribution of
nanoclusters of various sizes which occurs initially through the nucleation
of nanocluster ‘embryos’ due to cooling of the sputtered atoms by Ar. The
nucleation of these small embryos is followed by the growth of the
embryos into larger nanoclusters. The embryo formation is initiated

through three-body collision such that an Ar atom colliding with two
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sputtered atoms and eliminating their excess kinetic energy. The
nanocluster embryos are then nucleate to produce large nanoclusters via
two-body collision mechanism which may take place through nanocluster
growth by means of nanocluster-nanocluster collision and nanocluster
growth via atomic condensation (atom-nanocluster) [60 - 61]). The
nanoclusters may also grow via three-body. Consequently, the type of
collision mechanism involved in nanocluster production can be used to
explain the variation of the average size of the nanocluster as a function of
far [60].

Due to the high sputter rate and great ionization, larger
nanoclusters are formed as fa, increases through two-body collision
mechanism. However, when fa. reach some value the nanocluster within
the aggregation region will be drifted through the aggregation region more
rapidly this will reduce the nanocluster nucleation and growth time, hence,
two-body collision probability of the nanoclusters also decreases, and the
average nanocluster size decreases [60 - 61). The probability of the three-
body collision increases as the density of the atomic vapor, and nucleation
and growth time in the aggregation region increases. Therefore, when the
three-body collision mechanism is dominant, as fa increases the
nucleation and growth time of the nanocluster decreases, hence, the
nanocluster average size decreases due to the high drift velocity of the
nanoclusters within the aggregation region [58, 60- 61]. On the other hand,
when the two-body collision mechanism is dominant, as far increases the

mean-free-path decreases, hence, the probability of the nanocluster—
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nanocluster and atom-nanocluster collisions increases, and the

nanocluster average size increases [55, 61].

4.2.1 Silicon results’ discussion

The increase in nanocluster size with increasing fa, (Fig. 19(a)) can
be assigned to the dominance of the two-body collision mechanism [34].
As fa increases, the mean-free-path of Si atoms/clusters increases,
hence, the probabilty of the nanocluster-nanocluster and atom-
nanocluster collisions increases, and the nanocluster average size
increases [60). Furthermore, Fig. 19 (b) shows that by increasing the Ar
flow rate, the nanoclusters yield decreases and reach a minimum at fa, =70
SCCM due to consuming the nanoclusters to produce larger nanoclusters.
This argument is with excellent agreement with the result of Fig. 19 (a),
where the increase in D with fa is mainly due to two-body collision
mechanism [35]. However, the nanocluster yield increase beyond 70
SCCM. We observed that plasma becomes less stable at high Ar flow
rates, which might be related to the decrease in nanocluster yield at high

far values.

4.2.2 Silver results’ discussion

Figure 26(a) reveals that at low fs the average size of the Ag
nanoclusters increases with increasing fa, for L between 40 and 70 mm
due to the small mean-free-path, where Ag nanoclusters embryos grow to
produce large nanoclusters via atomic condensation and nanocluster-

nanocluster collision which indicates the dominance of the two-body
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collision mechanism [60]. On the other hand, for higher fs, the average
size of Ag nanoclusters decreases with increasing fa, which can be
assigned to the dominance of three-body collision mechanism. This is a
direct result of reducing the nucleation and growth time in the aggregation
region due to a higher drift velocity of Ag nanoclusters within the growth
region. The nucleation and growth time within the aggregation region can
be increased by increasing the length of the aggregation region. Figure
28(a) shows that increasing the aggregation length generally increases the
average size of nanoclusters. The direct increase in the Ag nanocluster
average size with L, observed in Fig. 28(a) for fa, =40 and 50 SCCM, is
due to long nucleation time within the aggregation region. For Ag
nanoclusters with fa, greater than 50 SCCM the initial increase in the
nanocluster average size can be referred to the increase in the nucleation
time. At L greater than 60 mm the nanocluster density reduces with their
growth and it takes longer time for three-body collisions which atones the
effect of the nucleation time. Therefore, the diameter remains
approximately constant.

Nanocluster yield is given by the area under the size distribution.
Figures 24(b), 26 (b) and 28(b) show the dependence of the area under
each size distribution curve on: P (Fig. 24(b)), far (Fig. 26(b)) and L (Fig.
28(b)). It is observed that increasing Ar flow rate will maintain the area
under each size distribution curve constant which is indicating a constant
nanocluster yield as shown in Fig. 26(b) for each L. The small number of
measured nanoclusters observed at low L could be the result of low

nanocluster yield of Ag at the lowest possible L. For L between 40 and 60
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mm a direct increase in the nanocluster yield was observed. The increase
in the nanocluster yield with L is due to the long nucleation and growth
time, which supports both nanocluster growth and yield. For L greater than
60 mm a drop in nanocluster yield is observed compared to small L
values. This is a direct result of increasing L such that it will promote the
nucleation and growth of nanoclusters by increasing the residence time
within the aggregation region [34]. L = 60 mm has the largest measured
nanocluster yield which is a result of the intermediate aggregation length

which will prevent the growth to larger nanoclusters.

Figure 28(b) shows that increasing the aggregation length will
increase area under each size distribution curve up to L=60 However, for
fa- = 30 to 50 SCCM, the nanocluster yield decreases with increasing L as
a result of increasing the average diameter which is mainly due to the
dominance of the two-body collision mechanism [60]. The maximum
nanocluster yield occurs for fa4- = 50 SCCM. The smallest nanocluster yield
was for fa- = 80 and 90 SCCM and could be the result of consuming the
nanoclusters to produce larger nanoclusters which can be assigned to the

dominance of three-body collision mechanism.

It was found that increasing the sputtering discharge power does
not have considerable effect on Ag nanoclusters yield for L= 60 and 70
mm and fa-= 30 and 50 SCCM as shown in Fig. 24(b). The figure reveals
that for L = 60 mm with different flow rates (fa- = 30 and 50 SCCM) the
area under the size distribution curve remains constant. This can be

assigned to the dominance of two-body collision mechanism due to the
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high sputter rate and great ionization, larger nanoclusters are produced as
far increases (i.e increasing far more material have been sputtered, then
nanoclusters will grow to large nanoclusters while maintaining the same

nanoclusters yield).

In conclusion, it has been demonstrated that IGC technique allows
effective production of small nanoclusters with average size varies with the
variation of source parameters, such as the length in which the nanoclusters
aggregate zone (L), flow rate of inert gas (f;,), and sputtering discharge power (P).
We found that f;, and L have the greatest intfluence on changing the nanocluster
size. It was observed that the average size of Ag nanocluster initially increases
with increasing Ar tlow rate for small f4, due to the decrease in the mean free path
which promotes the two-body collision mechanism. For large f4,, as fy increases
smaller Ag nanoclusters are produced due to reducing of the nucleation and
growth time. Ag nanoclusters with diameters in the range of 3.60 — 8.26 + 0.15
nm were synthesized by controlling the source conditions. It was found that as L
increases, larger nanoclusters were detected as a result of the increase in the

nucleation time.
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CHAPTER FIVE: EFFICIENCY ENHANCEMENT OF
POLYCRYSTALLINE SI SOLAR CELL USING AG NANOCLUSTERS

5.1 Introduction

As a solar cell is under illumination it absorbs incident sunlight
(photons) which transfer the energy to the electrons and excite them. The
solar cell can be considered as a semiconductor diode operating in the
reverse bias mod e when exposed to light such that the penetration of light
into the p-n junction leading to the separation of the electrons from their
corresponding holes, and can thus be fed to an external circuit creating a
photocurrent [62]. Figure 29 shows a simple equivalent circuit model for

conventional p—n junction solar cells.

| Variable
ol resistor

‘ Solar
PN cel

Fig. 29. A simple equivalent circuit model for conventional p—n junction
solar cells [Adapted from reference [63]].

For quantifying solar cell performance, understanding and modeling
of solar cell is necessary and some standard measurements must be
considered [63 - 64]. Figure 30 illustrates typical I-V characteristic curve
which measures the current which can be drawn out of the cell as a
function of applied voltage to the cell. The results in Fig. 30 were
generated in our lab for a commercial polycrystalline Si solar cell.
Additionally, the rectifying behavior of the current is observed as a diode
can be observed in Fig. 30 as well [11]. There are several solar cell

characteristics that can be taken from the |-V characteristic curve, but the
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most important characteristics describing the performance of a solar cell
are:

1) Short-circuit current (Isc) which represents the maximum current that
may be drawn from the solar cell when the voltage across the solar cell is
zero. This can be determined by the generation rate and collection
probability. For a solar cell with a top area of 1 x 1 cm?, the current
measured is equivalent to the values of current density (Jsc) [64].

2) Open-circuit voltage (Voc) which is the maximum voltage available from
a solar cell when the current through the cell is zero which is a property of
solar cell material.

3) Fill factor (FF) which is a parameter in the range of O - 1 and it is given
by the quotient of maximum power (rectangle in Fig. 30), and can be

determined as the product of Is¢ and V¢ (circles) [65):

FF = lmaxvmax (5_1)
IscVoc

Graphically, FF is the area of the rectangle fitted by the maximum power
point on the |-V curve and usually used to compare the performance of
one solar cell to another.

4) Efficiency (n) which is defined as the ratio of energy output from the

solar cell to input energy from the sunlight [66], and given as:

. IscVocFF

n (5-2)

Pinput
Those characteristic are illustrated in Fig. 30 [64]. Therefore, to maximize
the solar cell efficiency, large short circuit current and open circuit voltage

should be generated, and the fill factor must be maximized as well.
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Fig. 30. |-V characteristics describing the performance of a solar cell. The
results were generated in our lab for a commercial polycrystalline Si solar
cell.

5.2 Experimental procedure

Commercial polycrystalline Si solar cell with an active area of 1 cm
x 1cm was tested under illumination from an artificial light source with an
intensity of 30 mW/cm?. The |-V characteristics were measured using a
Keithley 236 source measuring unit controlled by a computer. |-V
measurements for the (as bought) solar cell were performed. Fill factor,
Isc, Voc and the efficiency of the solar cell were estimated as described
above. Next, 1 nm thick Ag nanocluster film was deposited on top of the
same solar cell. Ag nanoclusters were fabricated as discussed above with

far =50 SCCM, L = 70 mm and P = 46.8 W. The average nanocluster size
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was 6.75 nm. Figure 31 shows an AFM image of the deposited nanoclusters. The
image shows that the deposited nanoclusters exhibit random distribution and
coverage of less than a monolayer. |-V measurements were repeated for the

solar cell with Ag nanocluster film.

400

8.0

300

nm
nm

200

100

nm

Figure 31: AFM image of the Ag nanoclusters deposited on a commercial Si solar

cell using f4, = 50 SCCM, L =70 mm and P =46.8 W.

5.3 Results
The electrical characteristics of polycrystalline Si solar cell before
and after the deposition of Ag nanoclusters in dark and under illumination

are summarized in Table 1 and Fig. 32.
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Table 1. Electrical characteristics of polycrystalline Si solar cell before and
after the deposition of Ag nanoclusters.

Betore deposition of Ag

nanoclusters

After deposition of Ag

nanoclusters

li"(‘ (m/CIn:) 7774 8904
FF 63.1% 65.4%
n 7.96% 9.76%
R
- —— Dark current |
L —@— Solar cell under llumination |
—&—Solar cell + 1 nm Ag nanoclusters under illumination
10f !
£ | ?
: O ._.__._.—-—l—i—l—l—l--H—I~I—l-—l o
= i |
O 3 )
t: . oo x 3
D eeg o 2-gelling,at <
QO -10F P & S = S 2. 1
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'20 - | " A e 2 i 2 2 i < 1 =5
-0.5 0.0 0.5
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Fig. 32. |-V characteristic of crystalline Si solar cell in dark, and under
illumination before and after deposition of 1nm thick Ag nanocluster film.

A 14.5 % increase in the short-circuit current is observed. The

short-circuit current results of the generation and collection of light-

generated carriers. Additionally, 3.28 % increase in the open-circuit

voltage (Voc) is detected. Therefore, a 22.7 % increase in the solar cell
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efficiency enhancement can be calculated after deposition of Ag
nanoclusters.

The enhancement in solar cell efficiency is attributed to the
improvement of light absorption in solar cell due to enhancement of light
trapping because of the Ag nanoclusters on the solar cell surface [30].
Herein, Scattering and absorption of light depend on the size of
nanoclusters on solar cell's surface. Ag nanoclusters that are much
smaller than the wavelength of light tends to absorb more hence extinction
is dominated by absorption in the Ag nanoclusters [30]. In addition, the
immense surface to volume ratio provid better light-trapping mechanisms
that do not increase recombination of electron-hole los in solar cells to
extract the full potential of the cells [30].

The above experiment demonstrates that the nanoclusters

generated in this work are useful to enhance solar cell efficiency.
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CHAPTER SIX: CONCLUSION AND FUTURE DIRECTIONS

6.1 Conclusion

This thesis has been concerned with the study of the syntheses of
silicon (Si) and silver (Ag) nanoclusters by means of inert gas
condensation and dc magnetron sputtering. The main reason for focusing
on silicon and silver nanoclusters is the possibility of using them for solar
cell applications. It has been demonstrated that this technique allows
effective production of small and narrow size range of nanoclusters with
average size varies with the variation of different parameters, such as the
length in which the nanoclusters aggregate (L), the flow rate of inert gas
(far) (in our case argon inert gas was used), and the sputtering discharge
power (P). Si nanoclusters were produced with mean size in the range of
3.33 £ 0.27 am to 7.36 = 0.52 nm by controlling the source conditions as
witnessed by TEM images. A quadrupole mass filter was used to filter and
study the nanocluster size distribution. We found that f4, and L have the
greatest influence on changing the nanocluster size. In general, f4, has the
greatest effect on Si nanoclusters average size. On the other hand, it was
observed that the average size of Ag nanocluster initially increases with
increasing Ar flow rate for small aggregation lengths due to the small
mean free path such that nanoclusters embryos grow to produce large
nanoclusters via two-body collision mechanism. For larger fa, as fa
increased smaller Ag nanoclusters were produced due to the reducing of
the nucleation and growth time (the time spent by nanoclusters within the

aggregation region) via three-body collision mechanism. Ag nanoclusters
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with diameters of 3.65 £ 0.05nm to 8.25 + 0.15 nmm were synthesized by
controlling the source conditions. In addition, it was found that as L
increases, larger nanoclusters were detected as a result of the increase in
the nucleation time. SEM was used to confirm the presence of Ag
nanoclusters and their average size. TEM images were used to evaluate
sizes of silicon and silver nanoclusters produced, and to confirm the
reliability of the quadrupole mass filter. This work illustrates production of
Si and Ag nanoclusters by a physical method, and the ability of controlling

their size by proper optimization of the operation conditions.

Ag nanoclusters were deposited on commercial polycrystalline solar
cells and the |-V characteristics (short circuit current, open circuit voltage,
fill factor, and efficiency) were examined under light source with an
intensity of 30 mW/cm?. A 22.7% increase in the solar cell efficiency
enhancement could be calculated after deposition of Ag nanoclusters
which demonstrates that the nanoclusters generated in this work are

useful to enhance solar cell efficiency.

6.2 Future Directions

Tunability of nanocluster size distribution is a very important factor in
the development of solar cell and optoelectronic devices. The synthesis of
silicon and silver nanoclusters is still an ongoing research field. Using the
inert gas condensation technique to synthesis nanoclusters provides
inspired growing research interest because of its variability and flexibility in
materials synthesis. Also, due to the wide available nanoclusters size

range. Inert gas flow rate, aggregation length, and sputtering discharge
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power play crucial roles in predicting the nanocluster size. Obtaining a

better understanding of the effect of these parameters on nanocluster size

would further improve the mathematical models, thus enabling better

control on nanocluster size. There are also many future directions which

can be applied in the near future, especially, production of the field of

nanocluster materials is a hot new research area. The following is a brief

list of directions in which researchers can peruse:

1- Studying the effects of temperature on nanocluster size as well as the
morphology and size distributions.

2- Fabricating solar cells using the produced Si and Ag nanoclusters with
different sizes using this research results.

3- Studying the enhancement of the Ag surface plasmon on solar cells.

4- Studying the effect of the nanocluster shape on enhancing the

efficiency of the solar cells.

Ultimately, the results produced and the knowledge gained has
enhanced our understanding of the production of nano-scale materials.
The obtained data will improve current state of the art knowledge of the
behavior of silicon and silver nanoclusters. The results and discussions
made in this study will help answering essential questions about

controlling of Si and Ag nanoclusters size.
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