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Introduction

State of the art

In the quest for new renewable sources of energy, the focus of research today is on
cost-effective photovoltaic technologies with higher levels of efficiency. The second
generation thin film solar cells were promising compared to the first generation
of bulk solar cells in reducing the manufacturing costs. But, the efficiencies are
lower since the thin films in general cannot absorb efficiently the solar spectrum
without light trapping mechanisms. The combination of the third generation solar
cell concepts and the second generation thin film materials has been identified as
a solution to economically meet the global energy needs. The major targets of the

third generation photovoltaics (PV) are:

e to reduce the cost from 1$/watt of second generation PV to 0.50-0.20 $/watt

by increasing the efficiency and lowering the material need.

e to overcome the power loss mechanisms in single bandgap solar cells using
approaches that effectively absorb photons below and above the bandgap of

the solar cell material.

Tandem cell is one of the third generation concepts that enables to absorb a wide
range of solar spectrum by stacking individual cells with different bandgaps. The
wide availability of the non-toxic Si, and its compatibility with the already existing
technologies make “All-Si tandem cell” an attractive approach. Silicon, being an
indirect semiconductor is not an ideal material in reducing the cost of solar cells
because it requires about 125 micron thickness to absorb 90% of solar radiation,
while in a direct bandgap material such as GaAs about 1 micron is sufficient. The
discovery of quantum confinement effect in Si nanostructures resolves this problem
arising from conventional c-Si solar cells, and therefore can be efficiently incorporated
in a tandem cell. The bandgap engineering is achieved by stacking quantum wells
(QW) or quantum dots (QD) of Si with dielectric barriers which are also based on
Si-compounds such as SiOq, SizgNy4 or SiC. With increasing QD density, the effective



bandgap increases. Consequently, the absorption and emission properties are also
enhanced which are promising for photovoltaic as well as photonic applications.
The main challenge lies in optimizing the dielectric barrier thickness to provide
confinement for the formation of QDs as well as carrier transport.

Prior to integration of these materials in a tandem cell device, preliminary inves-
tigations of the Si QW or QD in each of these dielectric matrices become a necessary
part of research. In this context, this thesis aims at studying Si QW or QD in SiO,
and SizN, matrices in monolayered [Si-rich SiOy (SRSO) and Si-rich SisNy (SRSN)]
and multilayered [SRSO/SiO5 and SRSO/SRSN] configurations.

Major objectives of this thesis

For Si-based thin films to be incorporated in a third generation solar cell device,
this thesis focuses on four major issues which are:

Material growth technique: Among the various methods available for the
fabrication of Si nanostructures, we use the sputtering technique for thin film growth
in our laboratory. Increasing the density of Si-QDs is one of the most effective way
to enhance the optical and electrical properties required for a solar cell device that
takes advantage of Si QDs. Therefore, the first major objective of this thesis is to
increase the Si excess incorporation in the material during the growth process that
would form Si-QDs upon suitable high temperature annealing.

Thermal budget: Decreasing the thermal budget (either the temperature or
time of annealing) required for the formation of Si-QDs would be attractive. There-
fore, the second major objective of this work is to explore ways of favoring the
formation of Si-QQDs even in the as-grown state, and also to analyse various temper-
ature/time of annealing towards possible lowering of the thermal budget.

Material properties: Photoluminescence (PL) measurements are indicative
of the possibility to create excitons in the material that facilitate absorption and
electrical transport in a future PV device. Achieving significant emission is a chal-
lenge, and understanding the origin of these emission becomes the next important
challenge. Therefore, the third major objective of this work is to obtain size con-
trolled Si-QDs, analyse the structural properties of the material and to understand
the influence of the materials microstructure on optical properties.

Optical and geometrical effects on emission: Besides the inherent material
properties depending on the Si-QD density, various other factors such as the angle of
incidence of the incident light, its profile inside the thin film structure with regard to
thickness and refractive indices of the material etc., may affect the optical properties.

These effects have to be considered with a special attention during device fabrication,



as the thickness of the film, the pattern thickness, electronic density and incident
light profile influences the emission intensity. Therefore, the fourth major objective
of this work is to analyse the emission behaviour of the thin films, contributed by

factors other than Si-QDs using simulations.

Sketch of this thesis

This thesis work is separated into five chapters.

Chapter 1 details the global energy needs, the various solar cell concepts - their
advantages and limitations, and the Si-based strategies. This Chapter outlines the
current research status on Si nanostructures for photovoltaics and highlights the
important results that serve as a platform for further research.

Chapter 2 elaborates the principle, details of the equipments used and the work-
ing of various experimental techniques employed in our laboratory for the growth
and characterization of the thin films.

Chapter 3 focusses on understanding the temperature dependent sputtering
mechanism and optimizing the deposition parameters of Si-rich Silicon Oxide (SRSO)
materials. The structural and optical properties of SRSO monolayers and SRSO /SiOs
multilayers are investigated. The role of SiO, sublayer as a diffusion barrier in mul-
tilayers is analysed.

Chapter 4 focusses on optimizing the deposition parameters of silicon nitride
materials that are nitrogen rich, stochiometric or silicon rich. Monolayers of sil-
icon nitride and SRSO/SRSN multilayers are analyzed for structural and optical
properties. Special emphasis is laid on understanding the emission behaviour of the
material.

Chapter 5 deals with understanding the influence of optical and geometrical

effects on the experimentally obtained photoluminescence using theoretical models.






Chapter 1

Role of Silicon in Photovoltaics

1.1 Energy needs in the global scenario

The growth of industrialization and sophistications in the human life-style have
enormously increased the global energy demands. The fossil fuels such as coal, oil
and natural gas have been the major source of electricity from the last two centuries,
owing to its affordability. Though 85% of today’s energy needs are satisfied by
burning fossil fuels, it is accompanied with two major environmental footprints: 1)
Depletion of natural resources, and 2) CO, emission of about 26.7 billion tons into
the atmosphere each year [Internet 01]. As a result of COq emission, there is an
increase in the global mean surface temperature and the sea level. According to
a report on climate changes [IPCC 07|, it is estimated that the temperature has
increased by 1.8-4.0°C in the 20th century, due to global warming. Though the
production and consumption of renewable energies like solar, wind, ocean, biomass,
geothermal resources, and biofuels have increased over the years, it accounts to only
15% of the global energy consumption as per 2007 statistics (Fig. 1.1). Hence, the
world faces an urge towards maximum utilization of renewable resources to meet the
global energy needs. The enormous quantity of non-polluting energy from the Sun
has gained attention as one of the major alternative energy source leading towards a
sustainable development. Despite being an abundant source of energy, only 0.015%
of world’s electricity comes from the solar energy [Crabtree 07] due to the lack of
efficient technology to harness and store the solar radiation.

In general, solar energy can be harnessed and utilized for energy generation by
two different approaches [Internet 02]:

1. Solar Thermal Approach, which deals with the direct usage of Sun’s radiation
as heat such as in passive water heaters.

2. Solar Photovoltaic (PV) Approach, which deals with the usage of semicon-
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Figure 1.1: World energy consumption-2007 Statistics [Internet 03].

ductors to convert light into electric energy. Solar PV can be effectively used to
power isolated homes in remote places.
The sustainability and availability of the solar energy serves as a motivation to

achieve cost-effective PV devices with high efficiency, by developing novel materials.

1.2 Solar Photovoltaics

1.2.1 A brief history of PV cells

The solar photovoltaic approach generates power using solar panels, which are
made up of a large number of solar cells. It works on the principle discovered by
Edmond Becquerel in 1839 known as the photovoltaic effect, which is the production
of current in a material on illumination. A century later, Russel Ohl discovered the
presence of a p-n junction in Silicon, by observing that one area of the material of-
fered more resistance to current flow than the other, when heated or illuminated. He
reasoned this junction formation to be a contribution from segregation of impurity
in recrystallized silicon (Si) melts during the growth of monocrystalline Si rods. This
discovery of p-n junction resulted in the first PV devices in 1941 [Ohl 41a, Ohl 41b].
In 1952, conversion efficiency of about 1% was achieved by controlling the location of
junction formation, which was a major problem in the earlier devices [Kingsbury 52].
In 1954, the first modern solar cell developed at the Bell laboratories using the sil-
icon p-n junction, increased the efficiency to 6% which is the first milestone in the
PV research industry [Chapin 54|. The wide usage of PV cells for space applications
resulted in modifications of the device structures by placing contact grids on the top
surface and this resulted in a further increase of efficiency to 14% [Mandelkorn 62].

Eversince, a lot of materials have been investigated for PV applications and presently



mono-, poly- and amorphous silicon, cadmium telluride, and copper indium gallium

selenide/sulfide (CIGS) have become the most used materials.

1.2.2 Three Generations of PV cells

The major challenges faced by the PV industry are the high costs of production
for a relatively low efficiency'. To overcome this challenge, PV cells are categorized
into three generations on their genealogical basis, and all three are being currently
investigated towards profitable development. Figure 1.2 shows a consolidated rep-
resentation of the conversion efficiencies and cost of the three generations of PV

cells.

Tinted areas:
67 - 87% representing thermadynamic limit
31 - 41% representing single bandgap limit

US$0.10W  USS0.20/W Us$0.50wW

80 ! - Thermodynamic

lirmit

-4 US51.000W

Efficiency, %

Single bandgap
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| US$3.50W

o 100 200 300 400 GO0

Cost, US$/m*

Figure 1.2: Consolidated representation of conversion efficiencies and cost of the three
generations of PV cells [Conibeer 07].

The first generation PV cells are largely based on mono- or polycrystalline Si
and has the major share of over 85% commercial production. Laboratory efficiencies
of 23-24.7% |Green 93, Green 0la| and commercial module efficiencies lying between
14-19% |Parida 11| have been reported from these cells. The main drawback of first
generation cells arises from the indirect bandgap nature of Si which necessitates a
thick active layer which is at least 50 pm thick for efficient absorption [Chopra 04].
In general, about 300-500 pm thick layer is used for a solar cell, which accounts to
about 28% of the module cost. The sophisticated procedures for high temperature
processing to obtain highly purified electronic grade silicon for a device, combined
with the need for large material area has made these solar cells expensive with about

US$ 3.50/W.

The second generation PV cells aim at reducing the production costs by

'Efficiency = Maximum electrical power/ Incident optical power
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alternate fabrication techniques and by reducing the material requirements. This is
achieved by depositing thin films (1-2 pm thick) of the semiconductor PV material
on glass, silicon or ceramic substrates. Though the costs are reduced to reach US$
1/W, the efficiencies are lower than the first generation solar cells. Cell efficiencies of
12-20%, prototype module efficiencies of 7-13% and production module efficiencies of
9% have been reported from these cells [Internet 04]. The most successful materials
used in second generation solar cells are cadmium telluride (CdTe), copper indium
gallium selenide (CIGS), amorphous silicon and micromorph silicon (combination of

crystalline and amorphous Si).

The third generation PV cells aim at enhancing the performance of the
second generation thin film technology in terms of efficiency (targeting 30-60%) while
maintaining a low production cost (targeting < US$ 0.20/W). It aims at producing
future large scale affordable devices using different approaches like tandem cells
[Marti 96, Green 06|, multiple exciton generation [Nozik 01], hot carrier solar cells
[Ross 82| etc. A more detailed discussion on the third generation PV will be dealt

in the forthcoming sections.

1.3 Silicon in photovoltaic industry

Traditionally, inorganic semiconductors are used as PV materials. A typical solar
cell contains one or more light-absorbing semiconductor layers that form a charge-
separating junction (Fig. 1.3). This can be either a homojunction as in Silicon or a
heterojunction with other materials. An ideal solar cell material must be a readily
available, non-toxic, direct band-gap material with bandgaps between 1-1.7 €V in
addition to its high photovoltaic efficiency and long term stability [Goetberger 02].
Besides, the solar cell material must also possess high absorption coefficients of 10*-
10° em ™! in the wavelengths between 350 - 1000 nm (1.24-3.54 €V), a high quantum
yield? for the excited carriers, a long diffusion length and a low recombination ve-
locity [Poortmans 06]. The economical and ecological aspects such as the abundant
availability in earth’s crust with low toxicity make Si to be the most important
choice as a PV material. The compatibility of Si materials with the already existing
CMOS microelectronic technology, their maturity in the industry, simple well estab-
lished processing techniques and mechanical strength become an added advantage

for their usage in the PV industries.

2Quantum yield = Number of photons emitted/Number of photons absorbed
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Figure 1.3: A typical solar cell architecture |[Internet 05].

1.3.1 Crystalline Silicon- Advantages and Drawbacks

Crystalline Silicon (c¢-Si) is a mature candidate in the PV technology owing to its
long usage, high efficiencies and excellent stability. Hence, the production of solar
cells was and is still largely based on c-Si, which is also called as the solar grade Si.
In a classical p-n type solar cell, the incident photons (hv) create the photocarriers

(electron-hole pairs) in each zone 1, 2 and 3 represented in figure 1.4.

Depletion region

Ohmic contact (—1—\ Ohmic contact
=

my

hV—J\/\/VV\/\N\NVW-*i €—> :
VVVVY

Zone 3

Figure 1.4: Schematic representation of photocurrent mechanism in a p-n junction.

The n-region are rich in electrons and the minority photocarriers (holes) diffuse to
the depletion region where they are subjected to the electric field. They then diffuse
to zone 1, where the holes are a majority and this would constitute the photocurrent
arising from the diffusion of holes. Similarly, the minority carriers (electrons) in

p-region contribute to photocurrent due to the electron diffusion. Besides these,



in the depletion zone the photocarriers dissociate due to an internal electric field
and are sent to n-region or p-region accordingly contributing to a directly generated
photocurrent. Thus the photocurrent of a solar cell is a sum of the three components:
photocurrent due to diffusion of holes, photocurrent due to the diffusion of electrons
and directly generated photocurrent in the depletion region. Thus it can be seen
that the diffusion of the minority carriers plays a vital role in the photocurrent of the
device. In c¢-Si wafers, the minority carrier diffusion lengths, Lg¢; are sufficiently
high to transport the minority carriers by diffusion to the junction. But, ¢-Si being
an indirect semiconductor requires 100 pm thick layer to absorb 90% of light whereas
lum of GaAs is sufficient to achieve the same level of absorption being a direct
semiconductor.

Conventionally the band structure of a semiconductor is represented by the E-k
diagram (Fig. 1.5), where E is the energy of an electron or a hole at the band
edge with wave vector k in the first Brillouin zone. The difference between the
highest point in the valence band and the lowest point in the conduction band gives
the bandgap (E,) of the material. When these two points do not lie at the same
position of k as in the case of Si, the semiconductor is said to possess an indirect

bandgap.

Electron

Figure 1.5: Energy vs. momentum (E-k diagram) of Direct and Indirect bandgap semi-
COHduCtOI“S [Coﬂa 05] ILLUSTRATION: JOHN MACNEILL.

Bulk c-Si is an indirect bandgap semiconductor (£, = 1.1 eV), and hence the
recombination of electron in the conduction band with the hole in the valence band
requires the participation of a third particle, which is the phonon (lattice vibrations)

with a wavevector equal to the initial conduction band state. The probability of
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occurance of this three body event is lower than a direct electron-hole recombination
in direct bandgap material. The total conservation of energy and momentum of
phonon and exciton, leads to the low absorption and emission behaviors in indirect
semiconductor materials. This explains the requirement of a thick ¢-Si as the active
layer for efficient absorption as compared to direct bandgap materials. Therefore,
reducing the material thickness by exploring the possibilities to tailor its bandgap,
would be a possible solution to lower the production costs which is the goal of a

second generation PV cell.

1.3.2 Amorphous Silicon - Advantages and Drawbacks

Amorphous Si (a-Si) was identified as a material relevant for solar cells as early
as 1969 [Chittick 69| and a systematic study was reported by 1972 [Spear 72|. By
1976, the first solar cell based on a-Si was reported by Carlson [Carlson 76]. In
its native form, a-Si is not a material suitable for PV due to the disorder in the
material with a high density of dangling bonds (>10 cm™2), unless passivated
with hydrogen. It was shown that in a-Si with 5-20 at% hydrogen, the dangling
bond density reduces to 10'5-10'6 ¢cm™ [Street 78, Chopra 04]. Among the various
reasons for broadening of bandtails in a-Si, the short range order in the material
and /or defects can be considered important. The bandtails and the dangling bonds
causes relaxation in the transition rules such that it behaves as a direct bandgap
semiconductor with a bandgap about 1.7 eV [Wronski 02, Pieters 08|.

Even after hydrogen incorporation, a-Si:H still possesses neutral silicon dangling
bonds. Their associated electronic levels in the bandgap act as deep traps and
recombination centers which are observed in photoluminescence [Street 78], optical
absorption [Jackson 82] or transient photoconductivity [Street 82| and follow various
recombination dynamics as illustrated (Fig. 1.6).

Depending on the alloying process, the bandgap of a-Si can also be tailored
between 1.4 eV and 1.8 eV, which seems promising towards reducing the material
requirements. On the other hand, the light induced degradation, popularly known as
the Staebler Wronski effect (SWE) challenged a-Si:H supremacy despite its attractive
features, over ¢-Si [Staebler 77|. The new additional recombination centers and the
dangling bonds that appear on illumination affect the electronic characteristics such
as the lifetime of carriers. Though the SWE decreases the efficiency of a-Si based
solar cells upon illumination, this process of defect formation is reversible when a-Si
sample is annealed above 150°C and the cell’s efficiency stabilizes at a value below
the initial efficiency [Staebler 80]. But, even without the SWE, the initial efficiency
of a-Si:H is lower (9-15%) than c¢-Si (14-23%).

11
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Figure 1.6: Electronic levels of a-Si:H and an illustration of few possible recombination
paths [Miroslav , Boehme 10].

Amorphous-Si materials have low carrier mobilities (u) and short carrier lifetimes
(1) thereby making the Lg;ss very small (0.1-0.2 ym in a-Si vs. ~ 100 pm in c-Si)
[Hegedus 97, Balber 98|. Therefore, a-Si based solar cells always use p-i-n structure
in contrast to the classical p-n diode structure used in c¢-Si solar cells. The width
of the depletion region is increased by placing an intrinsic layer (i) between the p
and n regions in order to prevent recombination of free carriers within the cell. The
electric field in the i layer increases depending upon the voltage bias across the device
and increases the generated photocurrent. The high field in the intrinsic region also
sweeps the diffused photocarriers to the contacts before they recombine. Thus, the
photocurrent in a-Si p-i-n structures are largely dependent on field assisted drift
rather than the minority carrier diffusion processes. The main advantage of a-Si
as compared to c-Si lies in the incorporation of thin film technology to a-Si, due
to better absorption arising from bandgap modifications that leads to potentially
cheaper production. But, the low efficiencies and poor electrical transport of a-Si

solar cells comes as their major limitation.

1.3.3 Alternate configurations of c-Si and a-Si for solar cells

In order to increase the efficiency of a-Si based thin film solar cells, various
configurations of a-Si have been investigated. The usage of a-Si in a multijunction
solar cell/tandem cell has been the most popular choice over the years. Different
junction devices with appropriately graded bandgap can be placed in a stack to form

a multijunction device. The top junction absorbs the higher energy photons and
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transmits the lower energy photons to be absorbed by the bottom junction. In the
1980s, remarkable advancements have been made in studying amorphous Si based
structures like silicon carbide, silicon nitride etc. It was seen that the multijunction
tandem structures of a-Si such as a-silicon carbide/a-Si heterojunctions, a-Si/poly-
Si and amorphous Si/germanium alloys [Folsch 95, Guha 02] could reduce the light
induced degradation [Guha 99| and improve the efficiency of the solar cells. Up to
three junctions have been in production for a-Si:H [Yang 94].

Another promising configuration is based on microcrystalline silicon (uc-Si). The
possibility of producing uc-Si was discovered as early as 1968 [Veprek 68]. But it
was only in 1990s, that the hydrogenated microcrystalline Si (uc-Si:H) was pioneered
as a new thin film material for PV by Institute of Microtechnology, University of
Neuchatel, and 7% efficiency was achieved [Meier 94b|. Despite similar deposition
conditions and hydrogen incorporations as in a-Si, microcrystalline-Si materials ex-
hibit properties similar to those of ¢-Si and are immune to the light induced degra-
dation (SWE). The bandgap E, of uc-Si is similar to ¢-Si, which necessitates a
thick active layer when compared to a-Si:H. These observations led to the discovery
of hybrid cells also called as micromorph tandem, which is the combination of a
microcrystalline bottom cell with a-Si top cell [Meier 94a).

About the same time, when research on pc-Si:H was initiated, Sanyo introduced
the first HIT (Heterojunction with Intrinsic Thin layer) solar cells using a-Si and
¢-Si. HIT solar cells improve the boundary characteristics and reduce the power
generation losses by forming impurity-free i-type amorphous silicon layers between
the crystalline base and p- and n-type amorphous silicon layers. Conversion efficien-
cies above 20% have been reported from HIT solar cells, which are modified from

their crystalline counter part (Fig. 1.7) [Taguchi 00].
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Figure 1.7: Sanyo’s transition from traditional solar cell to HIT solar cell [Internet 06].

The present silicon solar cell design has evolved significantly from the simple

single junction device, by incorporating passivation of the surfaces, light trapping
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and sophisticated anti-reflection coatings in addition to its tandem or micromorph
configurations. This helps in efficient light absorption in all the wavelength range
(energy range) accessible to silicon and ensure that each absorbed photon leads to
a carrier quantum yield equal to 1 |Ginley 08]. The present thin film based PV
technology is focussed towards exploring silicon nanostructures that offer promising

solutions to overcome the drawbacks of bulk ¢-Si and a-Si.

1.4 Advent of quantum effects in silicon nanostruc-

tures

The major obstacle to the performance, efficiency and cost of Si-based solar
cells, as can be observed from the discussions in the previous sections, is the indirect
bandgap nature of bulk Si. Over 90% of the solar radiations that reaches the earth’s
atmosphere contain photons with energies ranging from 0.5-3.5 eV and only those
photons which have energies equal to/higher than the bandgap of a semiconductor
are absorbed (Fig. 1.8a). The fundamental losses of the incident solar spectrum in
a solar cell are represented in figure 1.8b. Photons with energies below the semi-
conductor bandgap are not absorbed while those with energies above the bandgap
are thermalized after being absorbed, (i.e. the created electrons and holes lose their

excess kinetic energy in the form of heat during relaxation (Fig. 1.8b)).
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the bandgaps of some semiconductors.

Figure 1.8: Incident solar spectrum adapted from [Brown 09] and schematic representa-
tion of fundamental losses in a solar cell.

Such carriers, termed as hot electrons and hot holes, contribute significantly in

limiting the conversion efficiency of single bandgap cells based on bulk Si to the
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Shockley-Queisser limit of 31% [Shockley 61]. The possible solution to these prob-
lems would be in attaining a semiconductor with a tunable direct bandgap structure

insensitive to SWE, which is almost completely achieved in quantum confined Si.

1.4.1 Quantum Confinement Effect (QCE)

QCE refers to the dramatic size dependent effects that the semiconductors like
Si show when their charge carriers (electron-hole pairs = excitons) are spatially
confined in nanometer sized volumes. At these dimensions, the bulk properties of
the solid becomes severely distorted and the behaviour of a confined exciton follows
"a particle in a box” model [Brus 83|. The simplest case of this model concerns the
1D system which represents a situation where a particle of mass m is confined by two
walls of infinite potential energy at x = 0 and x = L. The particle is free to move
within this space and possesses non-zero discrete energy levels. After mathematical
derivations by solving Schrodinger equation, the permitted energy levels for a 1D

model is given as

E, = n?h?*/8mL? for n=1,2,3... Eqn (1.1)

Applying the same principles to a particle confined in 3D (i.e.) confined in x, y

and z directions by potential wells at L,,L, and L., the energy levels are given as
Enyinyn. = (B2/8m) [(n3/L3) + (ng /L) + (n2/L2)] Eqn (1.2)

From equations (1.1) and (1.2), it can be seen that the size of the box has an
inverse relationship with the energy of the particle. Thus, as the size of the box
shrinks which indirectly refers to the particle size, there is an enhancement in the
energy gap. This is the reason behind the enlargement of bandgap as the particle
size decreases in nanometric particles which becomes more pronounced below a
particular limit specific to the particle, known as the exciton Bohr radius (typically
< 10 nm). The particles with radii larger than this limit are said to be in the 'weak
confinement regime’ and those that have radii smaller than the exciton Bohr radius
are said to be in the ’strong confinement regime’. Another associated phenomena
with the exciton confinement is the breakdown of momentum conservation rule.
When the excitons are confined by a box, it follows the Heisenberg’s uncertainity
principle and their position in k space is blurred. Therefore, there is an overlap
between the tail of electron and hole wavefunctions even in an indirect bandgap
semiconductor, giving rise to quasi-direct transitions (Fig. 1.9a). The optical quasi-

direct transitions without the intervention of phonons are similar to the case of
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a direct bandgap semiconductor |[Gnutzmann 74| and increases the probability of
radiative recombinations. Thus, QCE leads to strong variations in the optical and

electronic properties of a material.
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Figure 1.9: (a) The consequence of Quantum Confinement Effect, and (b) the density of
states of structures confined in 1D, 2D and 3D.

The confinement of excitons in a semiconductor in one, two or three spatial di-
mensions are termed as quantum wells, quantum wires or quantum dots respectively

(Fig. 1.9b).

1.4.2 Silicon nanostructures

The quantum confinement effects (QCE) in three dimensionally confined semi-
conducting crystals was identified in the early 1980s [Ekimov 81]. About the same
time investigations began on the Si nanostructures confined along one direction
(quantum wells) and QCE were witnessed [Abeles 83, Ibaraki 84, LeComber 85].
Quantum well refers to a structure in which a low bandgap material is sandwiched
between layers of higher bandgap which act as potential barriers. If the higher
bandgap layer is sufficiently thick, it provides a high potential barrier and each well
is electronically isolated without the overlap of electronic wavefunctions. Such al-
ternated wells and barriers are collectively referred as multiple quantum wells. On
the other hand, if the barrier thickness is sufficiently low, there is an overlap of
wavefunctions and efficient charge transport is possible normal to the layers. These
structures behave like direct bandgap material and are termed superlattices. In gen-
eral, it was reported if the barrier thickness is 4 nm or below, miniband formation
occurs leading to inter-well electronic coupling in a superlattice [Peterson 88|.

A deep investigation on the QCE in Si and its applicability towards optoelec-

tronic devices began in the 1990s stimulated by the discovery of size dependent
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luminescence from 2D confined porous Si [Canham 90]. Porous Si can be prepared
by anodic etching or strain etching of single c-Si wafers in hydroflouric acid. Porous
Si from these etching procedures initially consists of hydrogen terminated silicon
nanowires (2D confined) or interconnected small silicon nanocrystals. An additional
oxidizing step isolates the silicon nanocrystals from the surrounding matrix result-
ing in a three dimensionally confined quantum dot (QD) structures . The QDs are
normally estimated to have a characteristic size between 2-8 nm with no preferen-
tial orientation |Palma 02|, and through observations it was seen that a very broad
dispersion of QD sizes between 3-30 nm is possible [Cullis 97|.

The major consequences of quantum confinement in Si which are promising for
solar cell applications are as follows:

1. Increase in the optical bandgap with reducing dimensions which leads to size
tunable absorption and emission (Fig. 1.10a). Using the theory of linear combination
of atomic orbitals within the tight binding approach, the optical gap to a good

approximation follows the semi-empirical formula as given in |Delerue 93|,

Ey(eV) = Ego(eV) + <d(7’?T7)9139) Eqn(1.3)

where E, and F 4, are the bandgaps of quantum confined and bulk Si respectively.
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Figure 1.10: (a) Compilation of optical bandgaps of silicon crystals and porous Si ob-
tained from absorption(unfilled symbols) and luminescence (filled symbols) [Delerue 99|,
(b) Size dependent photoluminescent spectra observed from porous Si with different porosi-
ties before and after exposure to air, and (c) Electronic states as a function of cluster size
and surface passivation |Wolkin 99].
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2. Strong increase in the radiative recombination efficiency of Si nanostructures,
due to the associated shifts in energy and momentum that increase the overlap
between the electron and hole wavefunctions in k space. Figure 1.10b shows the
size tunable emission from red to blue with increasing order of porosities before and
after exposures to air.

3. Increase in the influence of surface states lying within the bandgap, due to
the increased surface to volume ratio in Si nanostructures. This influence of surface
states manifests itself in optical and electronic properties and hence suitable passi-
vation of surfaces is required to tune the properties. The recombination mechanism
in Si nanostructures leading to size-dependent PL is reported to be an influence of
the type of surface passivation [Wolkin 99]. A hydrogen passivated material is dom-
inated by recombination via free exciton states for all the sizes whereas a sample
exposed to air and passivated by oxygen exhibits a more complicated mechanism.
Figure 1.10c represents the three zones leading to three kinds of recombination
mechanism in oxygen passivated Si nanostructures which are through ’free exci-
tons’, 'trapped electron and a free hole’ and ’trapped excitons’ respectively. This
also explains the less pronounced shift of few curves in figure 1.10b after exposure
to air indicating passivation of dangling bonds by the fomation of Si=0 resulting in

recombination via trapped excitons if the particle sizes are in zone III.

1.4.3 Third Generation Solar Cell Approaches

The size tunability and the associated changes in the bandgap of Si nanostruc-
tures gave birth to new Si based solar cell approaches to increase the efficiencies
beyond the Shockley-Queisser limit [Green 01b, Nozik 02]. The solar cells based on
these approaches (Fig 1.11) were collectively named as the Third Generation Solar
Cells by Martin Green [Green 0lc].

The major objectives and approaches of third generation solar cells are sum-
marized in table 1.1. Besides the list in the table, there are also other approaches
like Multiband (impurity) band solar cells, Up/Down conversion /Photoluminescent
down shifting of incident solar photons etc, few of which are discussed below.

Tandem cell : Tandem PV devices are the most well established and best de-
veloped concept so far. They are formed by stacking multiple p-n or p-i-n junctions
with decreasing bandgap values along the direction of the incident light. The higher
bandgap material placed at the top, absorbs the high energy photons it can most
efficiently convert while the lower energy photons are absorbed in the subsequent

layers. Taking advantage of the quantum confinement in Si, “All-Si tandem cell”
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Figure 1.11: Schematic representation of third generation solar cell principles.

concept was proposed |Green 06] considering the stability, compatibility and avail-
ability of all the stacked materials required for the cell. Si nanostructures embedded
in barriers such as silicon oxide (SiO,), silicon nitride (SizN4) and silicon carbide
(SiC) possess high absorption coefficients and short diffusion lengths allowing their
incorporation in a tandem cell [Green 05, Conibeer 06]. Though other approaches
promise higher theoretical efficiencies, tandem cell approach is the only successfully

demonstrated approach so far.

Impurity, Intermediate and Multi bandgap solar cell : In order to ab-
sorb the sub-bandgap photons, recent attempts have been made on Impurity Pho-
tovoltaic effect (IPV), by introducing an impurity level in the semiconductor band
gap. Finding a suitable wide band gap semiconductor combined with a efficient
radiative impurity is the major challenge [Beaucarne 02]. Intermediate Band Solar
Cells (IBSC) is a related concept characterized by the existence of a narrow band
often called the “intermediate band” formed by the QD arrays within the forbidden
band gap [Luque 97]. IBSC with many bands are very promising photovoltaic de-
vices (theoretical maximum efficiency-87%) and are known as multiband solar cells
[Green 02]. It is very difficult to produce such solar cells, because a significantly
high quantum dot density (~10"cm™?) is needed to form the intermediate band
and there is no successful demonstration of IBSC yet. Recently, some attempts
have been made to obtain the intermediate band structure using InAs quantum dot
arrays embedded in GaAs [Luque 05], Si/SiO, superlattices [Jiang 06al, and Si QDs
[Kurokawa 06, Quan 11].
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Approach Objective Principle Efficiencies Expected/
Achieved
Tandem Cells Utilise a Stacking of multiple Infinite stack of bandgaps
wide range bandgaps in the solar cell (Expected)-66% and
of solar Using three stacks
spectrum (Achieved)-40.7%
Intermediate band Absorb Impurity Photovoltaic Intermediate band
gap solar cells energies Effect. Placing an located at 0.36eV below

(IBSC), Multiband

lesser than

intermediate band in the

the conduction band or
above the valence

solar cells semiconduc- forbidden energy gap of band-Expected-54%
tor semiconductor [Quan 11]
bandgap Theoretical-(IBSC)63%
(multiband)87%
[Luque 97, Green 02]
QD solar cell Prevent Electron-Hole pair Two excitons per photon
(Multiple Exciton thermaliza- multiplication in QDs or at a threshold of

Generation-MEG);

hot carrier solar

tion losses of

high energy

extract the carrier before

it cools down

2F ,(Expected) 42- 44%
[Hanna 06, Nozik 08|

cells photons
Up-Down Prevent Up-conversion: Absorb Up-conversion: About
conversion losses of two or more sub-bandgap 48% under 1Sun

sub-bandgap

photons and emit one
above bandgap photon

(estimated) Down

and above ] conversion: About
Down conversion: Absorb )
bandgap 38-40% (optimum
above bandgap photons .
photons efficiency for a bandgap

and emit several low

energy photons

of solar cell around 1.5
eV)[Trupke 02al

Table 1.1: Third Generation Photovoltaics- Objectives and Approaches.

Multiple Exciton Generation (MEG) : Also called as carrier multiplication,
it refers to the generation of multiple electron-hole pairs from the absorption of a
single photon [Ellingson 05]. In this process, an electron or a hole with kinetic
energy greater than the semiconductor bandgap produces one or more additional
exciton pairs. This is achieved either by applying an electric field or by absorbing
a photon with energy at least twice that of semiconductor bandgap energy. In
QDs since there is a formation of discrete electronic states, the cooling rates of hot
carriers can be decreased |Nozik 08] and Auger processes are enhanced due to the
decrease in distance between the excitons. These aid the production of multiple
excitons in QDs as compared to the bulk semiconductors. In relation with the
present scenario, MEG has been reported in different semiconducting QDs such as
PbSe, PbS, PbTe, CdSe, InAs and Si [Beard 07]. Very recently, highly efficient

carrier multiplication and enhancement in the luminescence quantum yield have
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been observed in Si nanocrystals in SRSO and in p-Si, which are promising for
Si-based PV [Timmerman 11].

Hot Carrier Solar Cells : This is another approach to overcome the ther-
malization losses. Hot carrier solar cells (HCSC) attempt to minimise the loss by
extracting the hot carriers at elevated energies in a narrow energy range. The un-
derlying concept is to decrease the cooling rate of photoexcited carrier and to allow
the collection of hot carriers [Ross 82, Wurfel 97, Konig 10]. HCSC is necessarily
constituted of a hot carrier absorber layer where the carrier cooling is delayed and
an energy selective carrier extraction through contact layer. This selective energy
contact is usually made up of small quantum dots with high resonant state energy
for resonant tunneling. Experiments using double barrier electron-tunneling struc-
tures, with a single layer of Si QDs have been reported [Jiang 06b]. However, the
problem in decreasing the carrier cooling rate remains as an obstacle to the efficient
demonstrations of HCSC.

Up-Down conversion : The process in which at least two sub-bandgap pho-
tons are absorbed to emit one above bandgap photon is called as up conversion.
The process of absorbing at least twice the energy of semiconductor bandgap and
emitting two photons is called as down conversion. An up converter layer can in-
crease the current by absorbing the below bandgap photons which are generally
not absorbed. A down converter layer can increase the current by converting pho-
tons in the ultraviolet range into a large number of photons in the visible range.
Nanostructures of Si are efficient light emitters and hence can be used as a pho-
toluminescent down shifter (PDS) layer, through which high energy photons are
absorbed to emit low energy photons. The principles are similar to that of IBSC
and MEG with slight modifications in the configurations. The possibility of using
porous Si, Si nanocrystals and rare-earth doped nanostructures for these purposes
have been reported [Wang 92, Trupke 02a, Svrcek 04, Timmerman 08, Miritello 10].

1.5 Si Quantum Dots (QDs) in Photovoltaics

Third generation PV approach takes advantage of the quantum confinement
effect and it can be seen from the previous section that Si QDs can be utilised
in all the approaches. Si QDs have a wide range of applicability in a solar cell
device due to their optical and/or electrical properties. Among those, the most
important applicability of Si QDs includes the active layer in a simple p-n junction
[Cho 08, Hong 10, Hong 11] or intrinsic layer in p-i-n junction device, selective en-
ergy contacts, photoluminescent down shifter layers, and a tandem cell’s active layers

in all the cascaded p-n junctions or p-i-n junctions. In this context, it becomes im-
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portant to control the formation of Si QDs in various hosts, and their corresponding
optical and electronic properties. Hence, this section deals with a brief discussion on

the widely used configurations of Si-QDs explored thus far towards PV applications.
1.5.1 Porous Silicon (p-Si)

Porous Si is the first investigated form of Si-QDs, ever since the discovery of
size tunable visible luminescence in the material. The surface of p-Si is highly tex-
tured which enhances light trapping and reduces the reflection losses. The pos-
sibility of having a wide particle size distribution among the QDs helps in the
tunability of the p-Si bandgap. This can be utilized to absorb a wide range of
solar spectrum. But the high resistivity of the material leads to problematic elec-
tric transport. Besides, the poor thermal and mechanical stability of the material
challenges [Nguchi 93, Ruiz 94| its endurance to high temperature processing steps
usually ranging between T'=1000°C to T},e;=1400°C, the melting temperature of
Si [Reber 99, Bergmann 99| in solar cell fabrications. The emission properties of
p-Si is not stable during storage in air due to various causes such as desorption of
hydrogen or SiH, complexes [Prokes 92, Weng 93, Zoubir 94|, oxidation processes
[Stevens 93, Xiao 93], absorption of water and other substances from the atmosphere
[Cullis 97, Canham 91].

1.5.2 Si Quantum Dots embedded in dielectric hosts

In order to overcome the drawbacks of p-Si while taking advantage of the quan-
tum confinement effects observed in it, alternative means of synthesizing Si QDs
were investigated. Embedding Si QDs in wide bandgap insulators is one of the
most convincing solution to obtain strong quantum confinement. Various tech-
niques for the growth of Si-rich layers have been employed such as ion implan-
tation [Min 96, Bonafos 04|, chemical vapour deposition |[Lin 00], pulsed laser de-
position [Chen 04], plasma enhanced chemical vapour deposition [lacona 00], mag-
netron sputtering/co-sputtering [Seifarth 98, Gourbilleau 01|, evaporation in ultra-
high vacuum |Miska 10| etc. Subsequent annealing treatments allow the formation
of nanoclusters or crystals from the Si excess in the Si-rich layers. Since the goal is
to concentrate on an all-Si tandem cell, the forthcoming discussions are restricted to
the Si QDs embedded in its dielectric compounds such as oxide, nitride or carbide,
the oxide dielectric providing the strongest confinement of all (Fig. 1.12).

(a) Si QDs in SiOy: Silicon oxide with silicon excess are termed as Silicon
Rich Silicon Oxides or Silicon Rich Oxides and are often denoted by any of these :
SRSO/SRO/Si0, where x<2. In this thesis, the notation SRSO is generally used
and occasionally SiO,. Si QDs embedded in SiO, is the most widely investigated
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Figure 1.12: Energy diagram of bulk Si, Si QDs and their potential insulating barrier
materials.

material to overcome the shortcomings of p-Si. Similar to p-Si, size dependent
luminescence was observed in these configurations also with combined advantages
of mechanical robustness, compatibility with silicon tehnology and chemical sta-
bility for potential applications. The origin of luminescence has opened a debate
and various experimental and theoretical studies attribute it to processes such as
quantum confinement effects in silicon nanocrystals [Schuppler 95|, silicon oxide: its
defect centers and siloxene derivatives etc.[Deak 92, Duan 95, Cooke 96, Qin 93|.
Crystallized Si QDs have high stability against the photo-induced degradation and
stronger light absorption in the lower wavelengths (higher energies). There is also
an increase in the short circuit current due to the absorption of high energy UV
photons within the SRSO film. This is attributed to the PL re-emitted as red
light that reaches the active p-n junction thereby increasing the photocurrent of
the solar cell [Lopez 11|. The surface passivation of the material often leads to a
reduction in the number of non-radiative centers and allows achievement of efficient
photoluminescence. In contrast to p-Si, it is reported that the spectral band caused
by exciton recombination in Si crystallites does not change practically during ag-
ing [Baran 05]. The electrical properties of SRSO depend on Si concentration and
the QD size [Aceves 96, Aceves 99| and various mechanisms are proposed for car-
rier transport such as Fowler-Nordheim, Poole-Frenkel, direct or elastic tunnelling
models [Kameda 98, Salvo 01, Kahler 01].

(b) Si QDs in SizN, or Si-Rich silicon nitride (SRSN): The silicon nitride films
are compatible with silicon technology and have been used as antireflection coat-

ings as well as passivation layers in crystalline silicon solar cells [Aberle 01]. The
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carrier tunnelling probability between the quantum dots can be increased due to
the lower bandgap of SizNy (~5 €V) as compared to SiOy (~ 9 eV) [Green 05]. It
has been reported that the Si QDs form at a faster rate and at a lower annealing
temperature as compared to SRSO [Negro 06] and efficient photoluminescence have
been observed from SRSN films [la Torre 06, Lelievre 07| which are reported to be
blueshifted when compared to Si QDs in SiOy (Fig. 1.13 from [Yang 04]). High
carrier mobility and relaxed interdot separation of 3-4 nm as compared to 1-2 nm in
Si04 has been estimated from Si QDs in SizNy leading to better conduction prop-
erty of the device [Jiang 06a]. Under blue/green light it is reported that Si QDs in
silicon nitride show about 14 times enhanced absorption than bulk Si and a pho-
tocurrent which is about 4 times higher than that of bulk Si solar cells [Kim 09].
The carrier mobility in silicon nitride containing QDs is attributed to direct tun-
nelling process and is dependent on the Si QD density [Jiang 04]. Hence enhancing
the density of Si QDs in SizN, has an added advantage of using this material in
the active layers of a solar cell. Besides, Si QDs embedded in SizNy antireflection
layer of solar cells can be used as luminescent converters to enhance photovoltaic
conversion in the blue region of the spectrum [Trupke 02a, Trupke 02b|. Apart from
such promising advantages of this material, the processes of luminescence mecha-
nism and defect formations is less understood than in the case of SiO,. The Si
QD size, and their surface passivation cannot be directly deduced from photolumi-
nescence because silicon nitride matrix itself exhibits a strong visible luminescence
which is attributed by several authors to nitrogen and silicon levels in the silicon

nitride bandgap [Deshpande 95, Gritsenko 99].
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Figure 1.13: Comparison of luminescence peak positions between Si (QDs embedded in
SiOg and SiN, (SRSN) matrices|Yang 04].

(c) Si QDs in SiC: SiC is another important successful material used in solar cells
in its amorphous thin film form as p-type window layers and buffer layers in p-i-n

configurations. Though very few works have been reported with Si QDs embedded

24



in SiC, the lower bandgap (~2.5 eV') compared to the other two dielectrics discussed
above, offers several advantages [Cho 08, Song 08b]. The lower barrier of the SiC
increases the tunnelling probability among the QDs and also promotes effective
luminescence. The confined energy levels of Si QDs in SiC is quite similar to that of
Si QDs in oxide matrix [Kurokawa 06]. Efforts relating to developing a multi-band
configuration of Si QDs in SiC [Chang 10] and doping for enhanced conductivity
[Lim 08, Cho 08] have been taken up recently which would help significantly in the
design of PV devices. Depending on the composition of SiC, the QDs vary in shape,
some joining together to form an extended crystal. It is reported that depending
upon the stochiometry, SiC QDs are formed instead of Si QDs [Cho 07]. Tt also
has to be mentioned that the segregation and formation of Si QDs in SiC are more
difficult that the other two dielectrics mentioned above. Though investigations on
Si QDs in SiC are still at a preliminary level, the results obtained thus far show the

potential use of this material in solar cells.

1.5.3 Si Quantum Dots in multilayers

The successful incorporation of Si QDs in various dielectric matrices and its
various optoelectronic properties reflect the advantages of quantum confinement in
Si for PV devices, with increased mechanical strength as compared to the p-Si. But
the size dispersion of the QDs in these materials, complicate the understanding of the
material properties [Credo 99]. Moreover, with increase in time and temperatures of
annealing, the nanocrystals (QDs) agglomerate and form bigger crystals (Fig. 1.14).
As a consequence, the material behaves similar to bulk Si with indirect bandgap
nature, due to the loss of quantum confinement effect. Nanocrystals with a narrow
size distribution are required to produce a solar cell with a controlled bandgap
energy. Therefore multilayer approaches were adopted to maintain a uniform size
distribution with a precise control over Si QDs size and distribution as represented
in figure 1.14.

Usually a multilayer is formed by sandwiching Si QDs between stochiometric
insulating layers that serve as barriers. The most investigated configuration is
the SRSO/SiOy multilayers (MLs) proposed by F. Gourbilleau and M. Zacharias
[Gourbilleau 01, Zacharias 02|, due to the relatively well understood mechanisms of
luminescence and electric transports. Since the tunneling probability depends on
the insulating barrier height, SisN, or SiC is expected to provide a better carrier
transport. Substantial research efforts are being taken up, in enhancing the car-
rier transports, both in the well understood SRSO/SiOy MLs, and in the alternative
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Figure 1.14: Formation of QDs with size dispersion in monolayers and with size control
in multilayers.

SRSO/SizN, or SRSO/SiC MLs. The investigations aiming at exploring the possibile
potentials of these alternative MLs for PV applications are still at their infancy. The
present research scenario concentrates on understanding silicon nitride based MLs,
though parallely a couple of reports on SiC based MLs have also begun to appear
from the past few years [Song 08a|. Focusing on silicon nitride based MLs, configu-
rations like SRSO/SizNy [Di 10|, Si-rich-SizN,/SisNy [So 11] and Si-rich-SizN4/SiOq
[Delachat 09] have been proposed for the purpose and hardly a couple of reports
[Conibeer 10|, as of today, are available on the optical and electrical properties of

such materials.

1.6 Purpose and Aim of the thesis:

The motivation of this research work is to extend the CMOS compatible Si tech-
nology to the advanced Third Generation PV concepts that promise a futuristic
world of sustainability. It is remarkable that both the essential parts of a solar
cell- the Sun (Solar energy), and the PV material Silicon, are abundant resources
available in nature. The quantum confinement effect in Si has tremendously benefit-
ted the PV research sector, and achieving high efficiencies beyond Shockley-Queisser
limit is no longer confined to theoretical studies. In order to fully utilise the inherent
capabilities of the Si QDs in a PV device, a deep understanding of the material prop-
erties and addressing the present challenges is important. Investigating Si QDs in
various configurations and hence novel Si QD based materials with tunable bandgap,
absorption, luminescence and electrical properties are important to approach a step

closer towards device applications.
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Background of this thesis: A new method of depositing SRSO/SiOs MLs by
using hydrogen instead of the usually used oxygen was demonstrated in our labo-
ratory by reactive magnetron sputtering approach [Gourbilleau 00, Gourbilleau 01].
The influence of various parameters like deposition temperature, hydrogen rate,
annealing temperatures [Portier 03, Chausserie 05| etc. on the formation of Si-
nanoparticles (Si-np) and their emission,absorption and electrical properties were
investigated |Gourbilleau 09, Maestre 10]. A high density of Si-nanoparticles (10'®
np/cm?) was achieved as can be seen from the EFTEM image (Fig. 1.15) and opto-
electronical investigations were performed on such layers for solar cell applications.
High values of resistance obtained till now on these kind of layers, require further

investigations and optimizations before their incorporation in a device.

Figure 1.15: Microstructural images of SRSO/SiOq superlattice showing the formation
of Si-nanoparticles [Gourbilleau 09].

In this context, the four major objectives of this thesis are:

1. Enhancing the already reported [Maestre 10| Si-np density by (i) varying the
deposition parameters and the sputtering approaches, and (ii) investigating
post fabrication processes on Si-rich Silicon oxide and silicon nitride layers in

mono- and multilayered configurations
2. Decreasing the thermal budget for the formation of Si-np.

3. Demonstrating the advantages of SRSO/SRSN MLs over SRSO/SiOy MLs,

with more emphasis on the absorption and emission properties.

4. Gaining insight on photoluminescence properties with experimental and theo-

retical analyses, for further developments towards device integrations.
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Chapter 2

Experimental techniques and analytical

methods

The synthesis of Si nanostructures in various dielectric matrices has been suc-
cessfully demonstrated by many research groups using a variety of techniques such as
ion implantation, PECVD, sputtering, laser ablation etc., as mentioned in chapter
1. Among these, our group (NIMPH team) specializes in RF magnetron sputter-
ing. Multilayers of SRSO alternated by their oxide or their nitride are our prime
subjects of investigation. But before proceeding to the multilayers, it is impor-
tant to choose the growth parameters of each sublayers. Hence, single layers of
these materials (SRSO, SiN, and SiOy) were grown to extract informations such
as composition, deposition rate, structural and optical properties depending on the
fabrication conditions. This chapter details the principle, description and elabo-
ration of the sputtering technique, and the various characterization tools used for

investigation.

2.1 Thin film fabrication

The fabrication of thin films using Physical Vapour Deposition (PVD) can be broadly

categorized into two groups:

1) thermal evaporation, in which the target material placed in a vacuum chamber

boils, evaporates and finally condenses to deposit a thin film, and
2) sputtering.

The forthcoming discussions are restricted to the latter with more emphasis on
magnetron sputtering which is one of the variant techniques that work under the

principle of sputtering.
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2.1.1 Radiofrequency Magnetron Reactive Sputtering
Principle

The phenomena of sputtering consists of striking the source material (the target)
with fast moving, inert gas ions (eg. Ar) which transfer momentum to the target
species (electrons, atoms, molecules) and eject them out.

The positive ions of the plasma (from ionized Ar) are accelerated towards the
negatively charged target and impinge on its surface. Some of the bombarding ions
are reflected back and are neutralised, while some have sufficient energy to reach the
substrate and are back scattered. The secondary electrons are also emitted during
this process and they may cause further ionisation of the neutralised species. Due
to the law of conservation of energy, when these electrons return to ground state,
the energy gained by the neutral gas atom is released as photons which keep the
plasma glowing. The main intention of sputtering is to direct the ejected species to-
wards the substrate with sufficient energy and mobility, because if they collide with
other atoms in the plasma, the energy is diminished and their path is modified. The
incident species with sufficient mobility diffuse to join with other species at the sub-
strate and grow until they coalesce to form a continuous film [Wagendristel 94|. The
mobility of the incident atoms arriving at the substrate is highly dependent on sput-
tering parameters such as the power applied, pressure in the chamber, temperature,
distance between the target and the substrate etc.

The energy required to initiate and sustain the plasma was initially provided
by a DC power supply to create a discharge and ionise the gas. But the principle
of DC discharge is ineffective for an insulating target, because no current can pass
through it. As a consequence, charge build-up occurs and stops the process. In
order to overcome this shortcoming of a DC power supply, RF power system was
developed. For frequencies up to 50 kHz, the ions are mobile enough to reach the
electrodes at each half cycle of the AC power. This leads to alternative sputtering
of the substrate and the target which cancels the global transport of matter. At
high frequencies typically used for sputtering (13.6 MHz), new phenomena occur:

1. The ions remain practically motionless in the RF field due to their mass as
compared to the electrons, and do not involve themselves in sputtering.

2. The electrons in high frequency field acquire sufficient energy to cause ioniza-
tion of the effective plasma.

3. At such high frequencies, the target behaves as a conductive one.

Thus, the use of RF sputtering enables any material to be sputtered. A match-

ing impedence network is always required with RF sputtering in order to absorb
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maximum power into the plasma.

(a) Reactive sputtering : The principle of introducing a reactive gas (g) such
as Ho, Ny, Og into the chamber and forming a thin film through chemical reactions
between the sputtered species and gaseous plasma is known as reactive sputtering.
Oxide and nitride films are often formed by reactive sputtering and the stochiometry
of the film can be tuned by controlling the relative flow rates of the inert and reactive
gases. The desired compound is formed at the substrate, depending on the power
and the surface reactivity. In this thesis, the total gas flow was fixed at 10 standard
cubic cm/min (scem) while changing the ratio of the gas flow (in scem) between
the reactive gas and Ar. The equivalent partial pressure (mTorr) in the chamber
displayed by the pressure indicator for a given gas flow (sccm) was used to calculate

the reactive gas rate (r,%) in percentage by,
rg(%) = [Py/(Py + Pay)] * 100 Eqn (2.1)

where P, represents the partial pressure of reactive gas, g (g may be Hy, Ny or
O, depending on the process) and Py, represents the partial pressure of Argon.

(b) Effect of magnetron : Magnetron sputtering uses the principle of apply-
ing a magnetic field to the conventional sputtering target in order to obtain more
efficient ionization of the plasma even at low pressures. The magnets placed behind
and sometimes at the side of the target capture the escaping electron and confine
them to the immediate vicinity of the target. This confinement provided by the
magnet is illustrated in the sputter process shown in figure 2.1. Due to the in-
creased confinement as compared to a conventional DC system, the plasma density
often increases at least by an order of magnitude. This results in fast deposition
rates at low pressures. However the major limitation of using magnetron is that the

target erodes inhomogeneously due to the non-uniform magnetic field.

Experimental set-up and working

The samples for this work were deposited using AJA Orion 5 UHV sputtering unit
from AJA international [AJA 1| which has multiple magnetron sources aimed at a
common focal point (Confocal sputtering). The substrate is placed in the vicinity
of this focal point and is kept under rotation to ensure uniform deposition of the
film. The sputtering chamber was maintained under vacuum of 10~7- 10~8 mTorr
using a turbo-molecular pump coupled to the primary pump. The substrate and the
target which function as the anode and the cathode repectively, are placed facing
each other in the sputtering chamber and an inert gas (Ar) is introduced. Applying

the RF power and introducing a pressure controlled gas flow leads to the presence

31



of plasma in the chamber. Figure 2.1 illustrates the various processes that occur

during a magnetron sputtering using a schematic diagram of the process.

Sputter chamber
(Vacuum)

Transferchamber

> Diffusion

Coalesce to form
®Continuousfilm

» Backscattered ions

—> Electron

—» Ar atom
> Ar*ion
> Ejected target atom| RF

b Magneticlines of force
b Confinedelectron

bVlomentum transfer
by collision

Glowing plasma

+ Magnetron source

Coolingsystem

Figure 2.1: Photo of the AJA Sputter chamber with glowing plasma and the diagram-
matic representation of various processes during sputtering.

Two halogen lamps provide heat to the rear side of the sample holder and helps
to maintain the temperatures between ambient and 850°C. Therefore the samples

can be deposited at any of these temperatures.

2.1.2 Sample preparation

All the samples were deposited on a 2 inch boron doped Si wafer with 5-15 Q.cm
resistivity provided by SILTRONIX |[Siltronix 1|. Few samples were also grown on
a fused silica substrate to facilitate characterization through optical spectroscopy.
The three methods of deposition techniques used in this thesis (reactive sputtering,

co-sputtering and reactive co-sputtering) are illustrated in figure 2.2.
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Figure 2.2: Tllustration of sample fabrication methods.

Silicon Rich Silicon Oxide (SRSO)

Three different methods to introduce Si excess were employed for the fabrication of
SRSO.

Reactive magnetron sputtering: the SRSO layers were grown by sputtering
a pure SiOy target in a mixture of hydrogen and Ar plasma. The hydrogen-rich
plasma favors Si excess in the SiO4 sublayer by the reduction reactions with oxygen
species [Gourbilleau 01]. The hydrogen gas rate, ry (%) was varied between 4.6-
57% in order to analyze the balance between deposition and etching. The RF power
density on the SiO, cathode was maintained at 7.4 W /cm?.

Magnetron co-sputtering: the SRSO layers were grown by simultaneously
sputtering the SiO, and Si targets in a pure Ar plasma. The RF power density on
SiO, cathode was fixed at 7.4 W/cm? while that on Si cathode was varied between
1.62-2.96 W /cm? to analyze the effect of excess Si incorporation.

Reactive magnetron co-sputtering: this method is a combination of the
above mentioned methods. Both the targets, SiO, and Si were sputtered simulta-
neously in hydrogen-rich plasma in order to witness an increase in the excess Si
incorporation obtained from the earlier used methods. The power of SiO, was fixed
as before, and ry was fixed at 26%, while the power density on the Si cathode was
varied between 1.62-2.96 W /cm?.

Silicon-rich silicon nitride (SilN,)

Two different approaches were used for the synthesis of silicon nitride as illustrated

in figure 2.2.
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Reactive method: Si cathode is sputtered while introducing nitrogen into the
Ar plasma to obtain Si-rich silicon nitride (SRSN). A sample of N-rich silicon nitride
(NRSN) was obtained by sputtering a Si3Ny target in N-rich plasma.

Co-sputtering method: this approach involves the simultaneous co-sputtering
of SizN, and Si cathodes. The power density on SizN; was fixed at 7.4 W/cm? and
that on Si cathode was varied between 0-2.96 W/cm? in order to see the effect of

excess Si incorporation.

Silicon dioxide (SiO-)

Silicon dioxide layer was deposited by sputtering SiO, cathode under pure Ar plasma.
As in the previous cases, the RF power density on the SiO, cathode was maintained
at 7.4 W/cm?.

The single layers and the multilayers of SiO,, SRSO and SiN, were synthesized
using the growth methods described above. The composition of the layers were
varied using appropriate deposition conditions such as temperature, pressure, RF
power density monitored using a computer software provided by AJA International.
To deposit at a desired temperature a ramp time was fed in the program to reach
the temperature and a dwell time of 1 hour was fixed for stabilization (to reach
a uniform temperature over the substrate) before the deposition takes place. The
substrate was kept under rotation with a speed of 20 revolutions/minute to ensure

homogeneous deposition and the substrate-target distance was fixed at 38 cm.

2.1.3 Thermal treatment

All the deposited layers were subjected to thermal treatments in order to favour
phase-separation, crystallization and passivation of the defects (vacancy, dangling
bonds, etc.) in the material. All the samples were annealed under the nitrogen atmo-
sphere and the temperatures of annealing was varied between 400-1100°C depending
on the requirement. A couple of multilayers were also subjected to annealing under
the forming gas atmosphere between 380°C-500°C. The effect of the annealing time

and temperatures of different kinds of layers were analyzed.

2.2 Structural and Optical Characterization

The samples in this thesis have been analyzed structurally and optically using one

or many of the following techniques: Fourier Transform Infrared Spectroscopy, X-
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Ray Diffraction, X-Ray Reflectivity, Electron Microscopy, Raman spectroscopy, el-
lipsometry, photoluminescence spectroscopy. An insight on the structural and com-
positional details of the as-deposited and the annealed films can be extracted from
microscopic images, characteristic vibrational frequencies of specific elements in the
film, refractive indices, the material’s absorption and emission behaviours etc., re-

sulting from the above mentioned characterization techniques.

2.2.1 Fourier Transform Infrared Spectroscopy (FTIR)
Principle

FTIR spectroscopy is a powerful tool to investigate the chemical bonds present in a
molecule. Molecular bonds vibrate at specific frequencies depending on the elements
and the types of bond they possess. When the incident IR light interacts with the
molecules, they absorb light at these specific frequencies that are characteristic of
their structure. The molecules can vibrate in any of the following ways: symmetrical
and asymmetrical stretching, scissoring, rocking, wagging and twisting as indicated
in figure 2.3. The resulting absorption spectrum yields both qualitative as well
as quantitative information on the chemical bonds and their concentration in the

material, respectively.

SYMMETRIC STRETCHING ASYMMETRIC STRETCHING

SCISSORING ROCKING

WAGGING

Figure 2.3: Different types of molecular vibrations.

Experimental set-up and working

FTIR measurements were performed using Thermo Nicolet Nexus 750-IT. The spec-
tra were recorded in wavelength ranging between 400 to 4000 cm~! with a resolu-

1

tion of 2 cm™ at room temperature. The apparatus has two light sources: He-Ne

monochromator (633 nm) and a lamp with tungsten filament that generates light
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between 2.5-25 pm. The former is used for alignment and the latter interacts with
the sample. In the FTIR set-up, the IR radiation is guided through a Michelson’s
interferometer (Fig. 2.4a) with a moving mirror. An interferogram consisting of
light intensity versus optical path is recorded by the detector with each movement
of the mirror. This data from the interferogram is converted into the spatial domain
using fourier transformation (Fig. 2.4b). The contributions from the reference sub-
strate and other atmospheric components such as CO, and water were subtracted

from the spectrum to analyse the structural composition of the deposited material.
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Figure 2.4: (a) Schematic representation of FTIR set-up and (b) Interferogram to Fourier
transformed spectra.

Typical spectra of SiOy obtained in two different angles of incidence are pre-
sented in figure 2.5 as a representative of the main absorption features analysing
methodology which will be followed for all the other samples in this thesis.

The spectrum recorded in normal incidence enables to visualise the transverse
optical modes as shown in figure 2.5a. The spectra of SiO, is characterized by
three major absorption bands TOs, TO3 and TOy4 corresponding to Si-O-Si rocking,
symmetric stretching and asymmetric stretching modes respectively. Each trans-
verse optical mode (TO) has an associated longitudinal optical mode (LO), and
this is called as the LO-TO splitting. LO modes cannot be seen through FTIR in
normal incidence but can be detected if measured in oblique incidence (Fig. 2.5b)
[Berremann 63]. In this thesis, Brewster incidence of 65° is chosen for viewing the

LO modes. Besides these vibrations, there is a fourth vibrational splitting known as
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Figure 2.5: Typical FTIR spectra of SiOs which is decomposed into three and five
gaussians in the normal incidence and Brewster incidence spectra respectively.

LO4-TOy, which is assigned to disorder-induced mode in the SiOs matrix [Kirk 88|.

The presence of these vibrational modes are sometimes overlapping and hence a

curve fitting within the range of interest was perfomed using gaussian functions to

resolve the peaks and estimate their positions.

Table 2.1 summarizes the characteristic vibrational frequencies of SiOy as com-

piled from [Lehmann 83, Pai 86, Innocenzi 03].

| Peak position (cm™!) |

Vibrational Modes ‘

460 TO;Si-O rocking
507 LO; Si-O rocking
810 TO, Si-O symmetric stretch
820 LO4 Si-O symmetric stretch
1080 TOj3 Si-O antisymmetric stretch
(adjacent O atoms in phase)
1256 LOj3 Si-O antisymmetric stretch
1150-1200 LO4-TO, Si-O antisymmetric
stretch (adjacent O atoms out of
phase - disorder induced mode).

Table 2.1: Characteristic FTIR vibrational frequencies of SiOs.

Informations extracted in this thesis

e The different types of bonds such as Si-O, Si-H, Si-N, Si-ON, N-H etc., are

detected from the position of the longitudinal and transverse optic modes.
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The ratio of intensities between the TO and LO modes, and the shift of the
peak positions yield informations about the quality and composition of the
film. Using these informations, the stress, defect, Si content and the elemental

presence in a given layer can be estimated.

e The Si excess in SRSO, which represents here the amount of isolated Si in
SiO, matrix, can be estimated from the TOg3 peak position. The position of
TOj3 peak and the ratio of oxygen to silicon (z = O/S%) can be related by the
following formula [Ono 98]:
vros = 900 + 90z Eqn (2.2).
From, this the atomic percentage of excess silicon in SRSO is calculated using
the formula below:

Slepeessat. % = [(2 —x)/(2 + 22)]100 Eqn (2.3)
It has to be remembered that the Si excess obtained from FTIR would not
include the Si atoms that have started nucleating or agglomerating during the
deposition process. This is because the homopolar bonds are inactive to IR
radiations. Hence the Si excess obtained from FTIR is an underestimation of

the total excess present in the material.

e The evolution of the phase-separation process and the structural relaxation
towards a more ordered material can be observed from the FTIR spectra. For
example, the TO3 peak position shifts towards high wavenumbers indicating
that the SiO, becomes more oxygen rich (approaching SiOs) together with the

nucleation of Si particles.

2.2.2 X-Ray Diffraction (XRD)

Principle

X-ray diffraction is a technique that reveals detailed information about the chemical
composition and crystallographic structure of materials. When waves interact with
a periodic structure whose repeat unit has dimensions similar to the incident wave-
length, diffraction occurs through constructive interference phenomena. Hence if a
X-ray beam of wavelength lambda ()) is in the order of few angstréms similar to the
interatomic distances of crystalline solids, they get diffracted if certain geometrical

requirements are satisfied. This is given by the Bragg’s law and is expressed as,
2dsinf—= n\ Eqn (2.4)

where d is the interatomic distance, 6 is the angle between the incident ray and

the scattering planes, n is an integer, and \ is the X-ray wavelength. According
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to equation 2.4, when X-ray beam strikes on a crystal at an angle 0, constructive
interference occurs only when the distance travelled by the X-rays scattered from
successive planes differs by an integer n of the wavelength and results in the diffrac-
tion pattern. In our case, the thin films are usually composed of randomly oriented
nanocrystals and figure 2.6 shows a pictorial representation of Bragg’s diffraction
from one of the diffracting nanocrystal. Each orientation of the crystal results in a
diffraction peak at different angles (which is usually measured as 20 in the experi-
ments for practical purposes), characteristic to the crystallographic structures of the

material.

/ Diffracting Nanocrystal \

[T (s [o] | om— S . GO . N TR W, > Undiffracted X-Ray
X-Ray

\ Diffracted X-Ray

Z00M

Thin film sample

With randomly
SUBSTRATE oriented crystals

Figure 2.6: Pictorial representation of Bragg’s law.

Experimental set-up and working

The experiments were performed in grazing incidence using a Philips XPERT in-
strument equipped with a copper anode to generate X-rays with A = 1.5406 and
1.5444 angstroms corresponding to the Cu-K,; and K, lines respectively. Figure

2.7 shows a schematic representation of the experimental set-up in grazing geometry.
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Figure 2.7: XRD- Illustration of working principle and experimental set-up.

Grazing incidence XRD is a technique suitable for the analysis of thin films since
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the penetration of X-rays into the substrate is minimized and a large volume of the
thin film can be investigated by increasing the X-ray path. Hence, Bragg’s peaks
arise only from the surface structure. The Cu X-rays generated by the X-ray tube
are collimated and directed on the sample. The intensity of the diffracted X-rays
are recorded. The grazing angle of incidence is fixed at w = 6= 0.5° and the angle

between the incident beam and the detector varies between from 20 =10°-90°.

Informations extracted in this thesis

e The amorphous or crystalline natures of the thin films are investigated from

the absence/presence of the diffraction peaks.

e An estimation of crystalline volume in the material can be obtained. Figure
2.8 shows a typical spectrum obtained from a Si-based multilayer with the
diffraction peaks (hkl) corresponding to (111), (220) and (311) planes of Si

nanocrystals.
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Figure 2.8: A typical example of XRD spectrum taken from Si-based multilayer contain-
ing Si nanocrystals.

e In some cases, the grain size of crystalline volume from the diffraction peak
corresponding to Si (111) plane was estimated using the Scherrer’s formula,
Grain size = (K\)/(Bcosh) Eqn (2.5)
where K (= 0.9) is a constant known as the shape factor, A (=1.5406 angstrom )
is the wavelength of X-ray, 6 is the Bragg’s diffraction angle converted to

radians and S is the full width at half maximum of the diffraction peak under
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investigation. This value is obtained by subtracting instrumental width [,

from the experimental width [, after perfoming curve fitting using Gaussian

functions on the (111) peak. Thus § = 52, — 7., where:
Binst= (0.15/cosf) + 0.07 Eqn (2.6)

2.2.3 X- Ray Reflectivity (XRR)

Principle

X-Ray Reflectivity is a non-contact technique that enables determination of film
thicknesses ranging between 2-200 nm with a precision of 10-30 nm. The process
of total reflection of X-rays from solid samples with flat and smooth surfaces and
interfaces forms the basis of XRR technique. Since the refractive index of X-rays
is slightly lower than 1, a beam of incident X-rays impinging on a flat surface can
be totally reflected if the angle of incidence remains below a critical angle 6.. This
is called as total external reflection. The reflectivity decreases at larger angles of
incidence (6 > 0.). If the surface is not ideally flat and possesses some roughness,
the X-rays are scattered and the reflected intensity deviates from that predicted by
Fresnel reflectivity. The interface roughness gives rise to a progressive damping of
the interference fringes. Thus from an analysis of the reflected intensity, we can
extract the electron density profile, the total thickness in a monolayered sample
or sublayer thicknesses in a multilayered sample. This technique does not work
effectively if there is no sufficient contrast in the electronic density (in the refractive
indices) of the different sublayers in a multilayer film and yields information only

on the pattern thickness.

Experimental set-up and working

The same apparatus used for XRD is used for XRR with a slight change in the
configuration (Fig. 2.9). As seen from the figure, two modes of measurement are
possible with XRR: (i) Specular reflection and (ii) Non-specular reflection.

(i) In specular reflection, both the X-ray beam and the detector move at an
angle 6 from the surface. This is known as the § — # measurement. The rotation of
the detector is controlled through a programmable slit. The incident angle moves
between 0-2° in steps of 0.001°. The spectrum of specular reflectivity shows two
regions discussed as follows:

Region 1: Where 6 is less than the critical angle 6., there is a total reflection on

the sample surface and the detector receives the maximum intensity. The value of
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Figure 2.9: Schematic diagram of XRR set-up and the two modes of measurement.

this critical angle gives access to the index of refraction of the surface layer by the
law of Snell-Descarte (cosf. =n).

Region 2: When 6 is greater than 6., a part of the incident beam is transmitted
into the layer where it undergoes multiple reflections leading to the formation of
interference. Since the substrate is optically denser than the film, a phase difference
occurs at the film surface and the substrate. The interference fringes lead to maxima
and minima in the spectra. The difference between two successive maxima in the
reflectivity spectra yields information on the thickness (d) of the film or the sublayers

forming the film from the following formula,

d= 2\/51'11291:_:_1—.91'7120;iT Eqn (2.7)

where A= 1.54A and 0r+1 and 0y, represent the position of two successive maxima

in the reflectivity spectra. Similar calculations are done using a computer simulation
in the laboratory that allows estimation of the sample thickness. For 6 > 0., the
surface roughness causes a sharp decrease in the reflected intensity and the other
roughnesses below the surface (example: at the interfaces) reduces the amplitude of
the reflected peaks. If the contrast in the electronic densities of the sublayers are
high enough, then their individual thicknesses can be estimated from the resulting
XRR spectra as mentioned above. In the case of our samples, we can estimate
only the pattern thickness. A typical XRR spectra obtained from a 14 patterned
SRSO/SRSN ML grown with 4 nm SRSO and 5 nm SRSN of similar refractive in-
dices is shown in figure 2.10 from which the total thickness and the pattern thickness

(4 nm+5 nm) is estimated to a high degree of accuracy. From equation 2.7 it can
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be seen that large 6 (here, 6 is used to denote the term \/sin20y, — sin20y) corre-
sponds to small thicknesses and hence from large 6 we estimate the smaller pattern

thickness and from small 8 the total thickness.

1000000 _ SRSO/SRSN ML Pattern thickness= 9.40 nm
E)
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_..;’ 10000 _ Total thickness= 134 nm +/- 5nm
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Figure 2.10: A typical XRR spectrum obtained from SRSO/SRSN ML with a zoom of
the interferences leading to total thickness determination in the inset.

(ii) In non-specular mode, the reflection is obtained by fixing the incident beam
at 0. and moving the detector slightly around 6. , (6. £56). Rotating the detector
around the critical angle enables detection of the scattered beams from a rough
surface. High angular resolution is needed to separate the scattered beams from the
reflected ones.

All the samples investigated in this thesis were analyzed using XRR in specular

reflection mode.

Informations extracted in this thesis

e The thickness of each pattern in a multilayer film.

e The total thickness of the film.

2.2.4 Raman Spectroscopy
Principle

Raman spectroscopy is a complementary technique of FTIR and is very sensitive to
homopolar bonds. Raman spectroscopy is a vibrational spectroscopic technique that
relies on the principle of scattering of a monochromatic light by molecular vibrations

and phonons. This scattering is classified into two parts: Elastic (Rayleigh) and
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Inelastic (Raman and Brillouin) scattering. A part of the photons is re-radiated
at the incident energy and this is known as Rayleigh scattering. Few photons are
scattered due to interaction with optical and acoustical phonons in the material
and are termed as Raman and Brillouin scattering respectively. The energy shift of
the Raman scattered light towards high (Anti-stokes) and low (Stokes) frequencies
yield information on the vibrational modes in the measured sample. Figure 2.11
illustrates the Raman shift of the scattered light.
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Figure 2.11: Illustration of scattering of light and Raman shift.

Experimental set-up and working

A Raman system typically consists of four major components:
e Excitation source (Laser),
e Sample illumination system and light collection optics,
e Wavelength selector (Filter or Spectrophotometer),
e Detector (Photodiode array, CCD or PMT).

The schematic diagram of a Raman spectrometer is as shown in figure 2.12.

The sample under investigation is illuminated with a laser beam. The scattered
light is collected with a lens and is sent through a notch filter which removes the
scattered light that is of the frequency of the laser beam. Only the light that has an
energy shift (Raman shifted light) passes through the filter. The movable grating
disperses the light and the different wavelengths are collected by a charged couple

device (CCD) camera. Raman spectrometer from Jobin Yvon equipped with Ar
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Figure 2.12: Raman spectrometer-Schematic representation.
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laser was used for measurements on some of the ML samples deposited on a quartz
substrate, in order to avoid the confusions between Si contribution from the sample
and the Si substrate that has a peak around 521 em~!. The laser beam at 532 nm
was incident on the sample, and most of the measurements were performed with a
low power density of 0.14 MW /cm? in order to avoid any influence of laser heating.
Few measurements were also performed by varying the power densities between 0.14-
1.4 MW /em? to see if there were any laser induced annealing on the microstructure
of the sample. Figure 2.13 shows a typical Raman spectra obtained from Si and

fused silica substrates.
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(a) Si monocrystalline substrate (b) Fused silica substrate.

Figure 2.13: Typical Raman spectra of the substrates used in this thesis.

Informations extracted in this thesis

e The peak intensity gives information on the volume of crystalline phase of Si.

e The shift of the baseline at higher wavenumbers in the Raman spectra is

indicative of photoluminescence.

45



e The influence of laser power density on the microstructure of the sample is

investigated for possible laser annealing.

2.2.5 Electron Microscopy

Microstructural analyses were done using High Resolution Transmission Electron
Microscope (HR-TEM) and Energy-Filtered Transmission Electron Microscope (EF-
TEM)!. The principle and working of these instruments are as detailed below and

the schematic diagram is shown in figure 2.14.

LIGHT TRANSMISSION ELECTRON MODIFICATION IN
MICROSCOPE MICROSCOPE (TEM) ENERGY-FILTERED TEM
Lamp Hlumination Electron Electron source

Condenser
Iens E D Electromagnetic I : I Electromagnetic
lens

Glass

lens
lenses

Objective €l i
Glass ieris E D | ectromagnetic
lens . ens
Sample holder
Sample First Image Sample holder
holder 2 — Entranceslit
Projector

5he Lens

Electromagnetic '
lens |
Final Image |

¥

Glass
lens

Magnetic pnsm

Ener,; fl[ter cco
Screen Screen e camera

Figure 2.14: Schematic representation of light microscope, transmission electron micro-
scope (TEM) and energy filtered TEM (EFTEM).

High Resolution Transmission Electron Microscope
Principle

Transmission electron microscopy (TEM) technique is the most powerful one to
investigate at the nanometer scale the structural properties of nanocrystals. It works
on the same principle of a light microscope (optical microscope), the only difference
being the utilization of electrons instead of photons. TEMs use electrons as ’light
source’ and their much lower wavelength makes it possible to obtain resolutions that

are a thousand times better than with a light microscope.

L All the HRTEM observations were made by Prof X. Portier (CIMAP) and EFTEM observations
by Dr. M. Carrada, CEMES, Toulouse, France.
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Experimental set-up and working

An electron beam, is produced by thermionic emission from a LaBg crystal or from a
tungsten filament on application of current, and a potential difference generated ex-
tracts the electrons. Electrons can also be produced using a field emission gun with
a tungsten tip when subjected to intense electric field. This electron beam propa-
gates in vacuum to illuminate the sample to be analyzed. In our laboratory JEOL
2010F set-up, the latter method is used. Instead of glass lenses focusing the light
in the light microscope, the TEM uses electromagnetic lenses to focus the electrons
into a very thin beam. The electron beam then interacts while travelling through
the sample. Depending on the density of the material present, some of the electrons
are scattered and disappear from the beam. At the bottom of the microscope the
unscattered electrons hit a fluorescent screen, which gives rise to a 'shadow image’
of the sample with its different parts displayed in varied darkness according to their
density. The image is then captured with a CCD camera for analysis. It is possible
to observe either the image area exposed under the electron beam (image mode)
or its associated diffraction pattern (diffraction mode). The diffraction pattern also
gives information on the orientation of the substrate during the observation. In
Image mode, two types of contrast can be viewed. A diaphragm placed in the focal
plane of the objective lens is used to select the electrons diffracted in a particular
direction and this image is called dark field. The image from transmitted beam, is

known as the bright field image.

Informations extracted in this thesis

e The crystallization and size of the Si-nps can be visualised.

e The total thickness of the sample, and individual sublayer thickness in a mul-

tilayer can be obtained.

Energy Filtered Transmission Electron Microscope
Principle

Imaging Si nanoparticles in a SiOy (or SizN,) matrix by "traditional" TEM is not
straightforward. Si nanocrystals exhibit only weak amplitude and phase contrast
because of the small differences in atomic number and density between Si and SiOs.
For this reason, it is impossible to image individual Si-nps by conventional TEM (de-
focused bright field or Fresnel contrast) as it is usually done for example for Ge-nps
in SiO,. In the case of crystalline particles HR-TEM or dark field (DF) imaging can
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be used. In both these cases the images are orientation dependent, consequently
only a fraction of the particles in the observed zone can be imaged at the same
time. Moreover, the nanocrystal sizes determined by HR-TEM are generally un-
derestimated, small nanocrystals have lower probability to be seen than big ones,
and this probability is dependent on the observed region thickness. Energy-Filtered
Transmission-Electron Microscopy (EFTEM) is the most appropriate technique to
image Si-nps in a silica matrix, independently from their amorphous or crystalized
state, and from their orientation. Hence EFTEM allows accurate measuring of the
nanoparticles sizes and densities. EFTEM is an imaging technique based on elec-
tron energy loss spectroscopy (EELS). In this case the imaging is a sort of chemical
mapping of the observed zone: instead of using differences in the atomic number
and density, the differentiation between Si and SiO, is obtained by a difference in
their electronic properties, i.e. their plasmon energies. The plasmons (collective
oscillations of valence electrons) signature is observed in the low-energy-loss domain
of the EELS. For Si and SiO, the plasmon energies are different and can be easily
distinguished: their values are 16.7 and 22.5 €V, respectively. EFTEM consists in
directly forming the image of the area of interest with electrons which have suffered

the Si plasmon energy loss.

Experimental set-up and working

EFTEM was carried out at CEMES Toulouse on a cross-sectional specimens using
a field emission TEM, FEI Tecnai™ F20 microscope operating at 200 kV, equipped
with a corrector for spherical aberration and a TRIDIEM Gatan Imaging Filter
(GIF). The EFTEM images are formed with the electrons that are selected by a
slit placed in the energy-dispersive plane of the spectrometer with a width of 4 eV
centred at an energy position of 17 eV (Si-plasmon energy). On these images, the
accuracy is equal to +/—0.5 nm for ncs size, and 30% for ncs density.

The EF-TEM study was carried out on selective SRSO/SRSN MLs to witness
the presence of amorphous Si-np and estimate their density. The EFTEM images
were obtained by inserting an energy-selecting slit at the Si (17 V') and at the SiO,
(23 eV') plasmon energy, with a width of +2 eV

Informations extracted in this thesis

e Even the amorphous clusters are witnessed in EF-TEM images. Therefore Si
nanoparticle density can be extracted from the EF-TEM image by considering
the good observed volume using the thickness maps associated with every

image if the nanoparticles are separated.
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e The presence of Si from SiO, or silicon nitride can be distinguished.

2.2.6 Atom Probe Tomography
Priniciple

Atom probe tomography (APT) is a powerful 3D chemical microscope whose princi-

ple relies on the field evaporation of the surface atoms from the specimen prepared in

the form of a sharp tip, and their identification by time-of-flight mass spectrometry.

Surface atoms are evaporated using electric pulses V,, added to the DC voltage V

and are collected on a position sensitive detector. The time of flight of each evap-

orated ion between the electric pulse and the impact on the detector is measured.
This measurement permits to calculate the mass to charge ratio:

2

= = %(VO +1}) BEqn (2.8)

where m is the mass of the evaporated ion (in kg), n its electronic charge, L the

distance between the tip and the detector (in m) and ¢ the time of flight of the ion

(in s). This calculation permits to identify the chemical nature of evaporated ions.

Experimental set-up and working

APT analyses were carried out at Groupe de Physique des Matériaux, Université
et INSA de Rouen on a Laser Assisted Wide-Angle Tomographic Atom Probe (LA-
WATAP). The radius of curvature of the sharp tip specimen must be smaller than
50 nm in order to create a high electric field. This is carried out with a focused ion
beam (FIB) instrument. The Ga™ ion beam is able to etch samples and nanoscaled
structures can be extracted from bulk materials. In order to prevent any Ga ions
implantation or sample degradation, a sacrificial platinum layer is deposited before
every milling step (approximately 400 nm). This deposition is realized directly in
the FIB instrument using the gas injection system. The three step method which is
commonly used to obtain a tip from the chunk state is illustrated figure 2.15.

The first step consists of etching a thin lamella of 2-4 um of the sample (Fig.
2.15a). Successive milling operations are operated on the chunk in order to extract
posts. The second step consists in micromanipulating and mounting extracted posts
on the top of a stainless steel needle using a Pt weld (Fig. 2.15b). During the final
step, the post is submitted to an annular milling. The post is located along the axis
of the ion beam which due to annular motion successively cut concentric circles of
the sample. By reducing the diameter of these circles, the post is thickened into a

sharp tip with a curvature radius lower than 50 nm (Fig. 2.15c-e). To prevent ion
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100nm

Figure 2.15: (a). Extraction of a silicon post using the Lift-out method. The sample
has been milled with the help of a FIB in order to extract a strip of material. (b). The
strip is shaped in a post and welded onto a steel needle (platinum weld). (c-e). Successive
annular milling steps permit to obtain a very sharp tip which curvature radius does not
exceed 50nm. (Images from M. Roussel, GPM Rouen)

beam damage and Ga implantation in our SRSO/SiOy layers, the final milling is

performed at a low accelerating voltage (2 kV).

The specimen is placed under high vacuum (~10-13 Bar), at low temperature
(80°K), and at a high positive voltage (Vo =~ 5-15 kV. Therefore, an intense electric
field is created at the apex of the tip (several V.nm™'). Instead of electric pulses
the ionization and the field evaporation of the surface atoms are triggered by the
superposition UV (343 nm) femtosecond laser pulses (50 n.J, 350 fs, 100 kHz).

Informations extracted in this thesis

e Using some geometrical arguments and knowing the position of the impact of
an ion on the detector permits to calculate its position on the specimen, before
the evaporation. These data enable the 3D reconstruction of the sample at

the atomic scale. Therefore the formation and location of Si-np is known

e The density of Si-np is estimated.
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2.2.7 Spectroscopic Ellipsometry
Principle

Ellipsometry is a non-destructive optical technique used to analyze the dielectric
properties of a material, such as the complex refractive index (n =n — ik), and
thickness. This technique is applicable to thin films with thicknesses ranging between
few nanometers to about 50pm, depending upon which the accuracy differs.

The electric field E of the incident light is resolved into two components, one
parallel to the incident plane and the other perpendicular, denoted as £, and Ej,
respectively. Similarly the reflected light components are represented as E,, and
Ep,. These components of the incident and reflected light are related using Fresnel’s

reflection coefficients expressed as,
rp = T‘P/Eip 3 Ts :Ers/Eis Eqn (29)

The ratio (p) of these reflection coefficients is conventionally written in the fol-

lowing form,
o =r,/rs = tan V. exp (iA) Eqn (2.10)

This ratio is a complex number which can be expressed using the ellipsometric
angles U and A that decribes the amplitude component and the phase shift com-
ponent of the reflection coefficients, respectively. Since the Fresnel coefficients are
dependent on multiple variables such as the complex refractive index, thickness,
wavelength and angle of incidence, from an analysis of the ellipsometric spectra the

optical constants of the dielectric sample under study can be obtained.

Experimental set-up and working

The reflection coefficients are recorded using a Jobin-Yvon ellipsometer (UVISEL).

The ellipsometry set-up (Fig. 2.16) consists of,

e an unpolarized light source with a broad spectral range (Xenon lamp)

e a polarizer

a phase modulator which dephases the parallel and perpendicular components
of the electric field

the sample holder

an analyzer and a detector consisting of a monochromator and a photomulti-

plier tube.
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Figure 2.16: Schematic diagram of principle and experimental set-up of an ellipsometer.

The measurements were done at an angle of incidence ¢ fixed at 66.2°, between
1.5-4.5 eV with a resolution of 0.01 eV. The unpolarized incident light is linearly
polarized when it passes through the polarizer operated at a fixed angle of 45°. A
quartz modulator fixed at normal incidence, phase modulates the linearly polarized
beam and this beam interacts with the sample (Si substrate with the dielectric layer,
in our case). The light after undergoing multiple reflections leave the layer under
the same exit angle as the incidence angle and passes through a rotating analyzer
operated at 45°. The analyzer measures the reflectance from all the phases and a
photodetector records the intensity of this phase modulated light which is a measure
of ¥ and A. The data acquistion is done for each sample using ELLI42 software pro-
vided by the seller, in the measured energy range. The optical parameters of the thin
film are obtained by making a model that fits the measured spectra with the theo-
retical ones. Ellipsometry thus is a non contact method to determine the thickness
in contrast to the tedious sample making procedures for microscopic analysis.

Modelling the spectra: Ellipsometry is a model dependent method. The
modelling of the samples is done using a DeltaPsi software provided by Jobin Yvon
[ellipso 1], which estimates the thickness, the optical constants of the sample etc. A
dispersion model of n and k as a function of energy known as the “new amorphous
model” derived from the Forouhi-Bloomer model [Forouhi 86| is used so as to fix
the initial values of the optical constants: n.., w;, I';, ©, and f;. The phenomenon
of dispersion depends upon the complex refractive indices of materials which are a

function of various parameters related as follows:

B(w—wj)—i-C’

E)=n..
n(E)=n +(w—wj)2+F§

Eqn (2.11)
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(w—w;)? 4T3

k(E) = Eqn (2.12)

E(E)=0if o < w; Eqn (2.13)

where n., is the refractive index of a material when energy tends to infinity, o
is the wave energy in eV, f; is the fraction of electrons that oscillate at resonant
energy strength o;, ['; is the damping coefficient that gives rise to the phenomena

of optical absorption. The constants B and C are given as follows:
2 I'? = (0 — w;)?] Eqn (2.14)

C= 2ijj(O) - (Oj) Eqn (215)

The imaginary part of the refractive index k(FE) is also known as the extinction
coefficient because it represents absorption or attenuation of an electromagnetic
wave. Hence from k(F), the absorption coefficient of the film can be extracted using

the relation,

747rk:747rk:w
N he

«

Eqn (2.16)

where h is the Planck’s constant and c is the velocity of the light.

Figure 2.17 explains the first two steps involved in modelling an ellipsometric
spectra.

The measured (¥, A) spectra can be visualized in terms of n and k through
internal calculations in the software. Therefore a model is built according to our
structure under investigation also taking into account the possible surface roughness
in the material as shown in Step 1. The parameters involved in the dispersion
relation are adjusted to get an approximate shape of dispersion curve that matches
with the standard material as shown in Step 2. Following this, a data fitting of the
measured spectra with the theoretically obtained spectra is performed. The value
of x? is low if the extent of closeness between the two spectra is high. From this
fitting, we deduce the optical constants from the new dispersion curve of the sample
under investigation. These are represented as Step 3 and Step 4 in figure 2.18. The

simulation results also include the thickness of the sample.
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Step 1: Modellingthe structure:
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Figure 2.17: Step 1 and 2 of ellipsometry modelling.

Informations extracted in this thesis

The refractive index of the thin film material is known from which we can es-
timate the composition of the film in terms of Si excess. Using this refractive
index, Si excess in the material can also be evaluated by calculations involving
Bruggeman effective medium approximation |[Bruggeman 35|. Contrary to the
FTIR technique, Bruggeman calculations account for the nucleated Si parti-
cles but do not consider the fraction of free unbounded Si atoms or smaller

agglomerates.

The thickness of the sample is determined to a good degree of accuracy (<5%)

while modelling the ellipsometry measurements.

The absorption coefficient of the material is calculated from the complex re-
fractive index of the material from the imaginary part of refractive index (k)

of the material.
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Step 3: Fitting the measured and theoretical spectra
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Step 4: The dispersion curve of the measured spectra
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Figure 2.18: Step 3 and Step 4 of ellipsometry modelling.

2.2.8 Photoluminescence Spectroscopy
Principle

Photoluminescence (PL) spectroscopy is a non-destructive method that gives in-
formation on the electronic structure of materials. When a sample absorbs the
incident photons, it gains excess energy and the electrons in the material get excited
to permissible energy states (photo-excitation). When these electrons return to their
ground states, the excess energy is released with (a radiative process) or without the
emission of light (non-radiative process). The light emitted in a radiative process is
called photoluminescence. Figure 2.19 illustrates the processes explained above for
an incident light at 488 nm and emission between 700-900 nm range. The radiative
transitions in semiconductors may also involve localized levels and defect states in

addition to the bandgap transitions. In this case, the PL analysis also leads to the
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identification of certain defects and impurities.

Excited states

Es Y y } Naon-radiative process
E;

Incident \%L — Radiative process
Photon Emitted

( Phot Photoluminescence
€g.488 nm 1oton
(eg.700-900nm

h 4
Bo—r

Ground state

Figure 2.19: Illustration of excitation and de-excitation processes.

Experimental set-up and working

The schematic diagram of PL set-up used in our laboratory is as shown in figure
2.20. The optical excitation is provided by a continuous wave Ar laser source (Argon
INNOVA CW 90C) operated at 488nm. The laser beam passes through a chopper
(Thorlabs MC1000A) set for a chosen frequency (73 Hz). The lock in amplifier
(SR830) is referenced to the chopper frequency. The laser beam is focussed on
the sample at an angle of 45° using appropriate optical lenses. A part of the light
emitted by the sample is collected through another set of lenses and is focussed on
the entrance slit of the monochromator (TRIAX 180 HORIBA Jobin Yvon). The
monochromator disperses the light emitted from the sample and reflects towards the
exit slit. A photomultiplier tube (PM Vis PL R5108 HAMAMATSU) placed at the
exit slit of the monochromator detects the dispersed light. An amplifier (AMPLI
FEMTO DHPCA-100, DC-200 MHz) amplifies the detected signal and converts it
into voltage. The signal consisting of all the detected frequencies is fed into the lock-
in amplifier which selects signal at the reference frequency and filter other frequencies
(room lighting electrical signal at 50 Hz). All the systems are LABVIEW interfaced.
The power of the laser beam at the film surface was measured using a power meter
from LOT-ORIEL.

All the PL spectra are standardized to a common reference sample, and corrected
to spectral response of the PL set-up. The spectra before and after correcting to

spectral response is as shown in figure 2.21.
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Figure 2.20: Schematic diagram of the photoluminescence experimental set-up.

Informations extracted in this thesis

e The information on the presence of Si-nps and radiative defects can be obtained

from the position and shape of the luminescence peak.

e The shift of the PL peak position with varying deposition parameters yield

information on the size of Si-nps

e The shape and the intensity of the PL spectra can be used to extract the infor-
mations such as the effect with annealing temperature, the sample thickness

and interference phenomena especially in multilayers.
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Chapter 3

A study on RF sputtered SRSO monolayers and

SRSO/SiO; multilayers

3.1 Introduction

One of the major aims of this thesis, as mentioned in chapter 1, is to increase the
density of Si-nanoparticles (Si-np) with regard to the team’s earlier obtained value
of 9 x10'® np/cm? [Maestre 10]. Optimizing the growth parameters of SRSO! is an
important step towards accomplishing this increase of density. Prior works on SRSO
grown either by co-sputtering of SiO, target topped with Si chips placed at the tar-
get surface [Charvet 99| or by reactive sputtering [Ternon 02] have been done in our
laboratory, using another RF magnetron sputtering unit "MECA 2000°. With the
sputtering unit AJA International used in this thesis, initial studies were performed
with the values of plasma pressure controlled with butterfly valve, substrate-target
distance and the substrate rotation speed of 3 mTorr, 38 cm and 20 rpm respectively.
These values were confirmed by [Hijazi 09b] while studying SRSO: Er materials in
which SRSO was grown by the co-sputtering of SiOy and Si. Hence these values
have been adopted for all our depositions. Three methods using confocal sputtering
technique are developed in our team to introduce excess Si to form SRSO. The first
two methods are the same as those used by Ternon, (Reactive sputtering which will
be investigated in AJA now) and Hijazi (co-sputtering) for their thesis in the refer-
ences cited above. The third method, ’Reactive co-sputtering’ is a newly introduced
concept in this thesis, combining the advantages of the two other aforesaid methods.
The SRSO monolayers grown using these three methods are studied with respect

to deposition rate ry, refractive index n and structural composition. Optimized

ISRSO will be occasionally denoted as SiO, in the text
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samples are investigated for their emitting and absorbing behaviours. The growth
conditions of SRSO layers that exhibit desirable properties are extended for fabricat-
ing the SRSO/SiOy Multilayer structures (MLs). The effect of sublayer thicknesses
on the structure and Si-np formation is analyzed. In addition, the influence of total
thickness, sublayer thickness and Si excess on the emission properties of the MLs

are investigated.

3.2 Reactive sputtering - Method 1

3.2.1 Effect of deposition temperature

SRSO samples were grown by sputtering the SiO, target reactively with hydro-
gen at four different deposition temperatures, T, ranging between 200°C-500°C. As
mentioned in chapter 2, the power density applied on SiO, target was fixed at 7.4

W /em?. As previously mentioned, the hydrogen rate is given by,

Py
— 2 Eqn (3.1
H (Pr, + Pa) q ( )

where (Py, + Pa,) is the total pressure in the plasma. The total gas flow f;
in the plasma was fixed to be 10 sccm (i.e.) Ar = 5 sccm and Hy = 5 scem. The
respective partial pressures are P4, = 8.1 mTorr and Py, = 2.9 mTorr. Therefore,
from equation 3.1, we obtain rg — 26% which is the value used for the growth of

SRSO samples discussed in section 3.2.1.

(a) Deposition rate (r;) and Refractive Index (nj.g5.v)

The effect of Ty on averaged deposition rate (r,4) is represented in figure 3.1a. The
thicknesses of the as-grown samples are estimated by ellipsometry from which r,4
(nm/s) is deduced. The time of deposition was fixed by trial and error method to
obtain approximately the same thicknesses (of about 300 nm) for comparison. The
inset in figure 3.1a shows the thicknesses of the samples and the time required to
grow such thicknesses at each T,;. The r; decreases with increasing T'; and becomes
the lowest at 500°C.

The refractive index at different energies are estimated from ellipsometry mea-
surements; n at 1.95 eV is chosen for representation (Fig. 3.1b). The variation of
refractive index with T'; shows an opposite trend as compared to r4. It can be seen

that nj g5,y steadily increases with 7; and reaches the highest at 500°C.
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Figure 3.1: Effect of deposition temperature on (a) Deposition rate (r4) nm/s and (b)
Refractive index (n1.gsev ).

(b) Fourier transform infrared spectroscopy

The structural changes in the SRSO films with respect to Ty are studied using FTIR
spectroscopy between 700-1400 cm™!. Figures 3.2a and 3.2b show the FTIR spectra
of the as-grown samples, recorded at Brewster (65°) and normal incidences respec-
tively. The TOj3 peak maximum is normalized to unity which helps in visualizing
the frequency shift, v (cm™!) of the TO3 peak and the evolution of LO3 peak relative
intensity with T';. The insets in figure 3.2a show a zoomed view of the variations in

hydrogen related peaks, and the LOj3 peak intensity with T.
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Figure 3.2: FTIR spectra - Effect of deposition temperature (7;) on the SRSO film
structure.
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With increasing Ty, there is a progressive decrease in the LOj3 peak intensity.
As seen from the insets, with increasing Ty, the Si-H peak decreases in intensity
and the LOj peak position (v0,) shifts towards higher wavenumbers approaching
the v, of SiOs. There is a similar shift in the TOj3 peak position (vro,) towards
higher wavenumbers as can be seen from the normal incidence spectra. The inset in
figure 3.2b clearly shows this variation in TO3 peak positions. These results indicate
that the sample becomes more ordered and the SiO, matrix gradually shifts towards

Si09 with increasing Tj.

(c) Si excess estimation

c1) From FTIR analysis

The phase separation of SiO, into SiO, and Si particles can be ini-
tiated during the deposition process, or post-annealing treatment. This

is represented by the following equation:
SiO, = (§> SiOy + (1 - 5) Si Eqn (3.2)

The value z [= O/Si] is calculated using vros obtained in the FTIR
spectra, from which the atomic percentage of Si excess is estimated using

the formulae specified in section 2.2.1 of chapter 2.
c2) From Refractive index and Bruggeman model

The Si excess and the value of x can also be estimated from the
values of refractive index obtained from ellipsometry using Bruggeman
model (effective medium approximation-[Bruggeman 35]). In our case of
SiO, materials, the effective dielectric function (e.) is a combination of
the dielectric functions of Si and SiO,. The Bruggeman model gives a
relationship of the effective medium as a volumic fraction of two different

materials as follows:

€5i — €e €Si0, — €e
e — ——— =0 E 3.3
fl(ESi + 266) + f2(€5i02 + 266) qan ( )
where,

€. = n? is the relative permittivity of the effective medium

€s; and €g;0, are the relative permittivity of Si and SiOs respectively,

and fs; and fs;0, their volumic fractions.
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Thus, by knowing the refractive index from ellipsometry, concentration
and the volumic fractions of the chemical species, the atomic percentage
of excess Si can be estimated. The concentration of an element in a ma-
terial can be estimated from the density d, molar mass M, and Avogadro
number N. This leads to the following expressions, which result in the

values indicated in table 3.2:

[Silg; = {dsi/Msi} N Eqn (3.4)
(51550, = {dsio./Msio, } N Eqn (3.5)
[Olsio, = 2{dsio,/Msio,} N Eqn (3.6)

Element x [ Matrix y | Density d (g.cm™®) | Molar Mass M (g) | [z],(cm™®) |

Si Si 2.33 28.09 4.5 10%2
Si SiO, 2.20 60.09 2.18 1022
) SiO, 2.20 60.09 4.35 10%2

Table 3.1: Estimation of atomic concentration.

The concentration of Si and O in SiO, are given respectively by

[Si]SiOI = fsi[Si]g; + fsio, [Si]s@'OQ and [O]SiOz: [sio, [O]SiOg Eqn (3.7)

From equation 3.7, the Si excess (at.%) can be deduced by using the

following equation:

[fs: [Si]g]
[ £ [Si]; + fsios [Si]gio, + fsios [Olsio,)

Si excess = Eqn (3.8)
The values of ng;0, and ng; used for estimating the Si excess are 1.457

and 4.498 respectively.

The values of Si excess (at.%) of the unbonded Si obtained from the
FTIR analysis and of agglomerated Si estimated from refractive index
obtained by ellipsometry using equation 3.8 (Bruggeman method) are

given in table 3.2.

The results indicate that T} influences the structural and compositional proper-
ties of the SRSO layer. The decrease of Si excess from FTIR analyses and its increase

if deduced from equation 3.8, indicate the formation of Si-np with increasing Tj.
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Ta(°C) | vros | ©=0/Si | Siexcess (at.%) || «*=0/Si | Siexcess (at.
from FTIR from FTIR from ellip- %)
(unbonded Si) sometry from
ellipsometry
(agglomerated
Si)
200 1059.6 1.77 4.15 1.92 2.15
300 1061 1.79 3.8 1.92 2.15
400 1064 1.82 3.15 1.91 2.37
500 1067 1.86 2.539 1.76 4.98

Table 3.2: Si excess estimation by FTIR and refractive index (Bruggeman method- anal-
ysis with regard to 7.

(d) Growth mechanism

It has been reported that r4 increases with increasing T, [Gates 89, Kaiser 98]. Our
results indicate a steadily decreasing r; which can be related to a continuous increase
in the etch rates. But, njgs.y increases linearly with T, indicating an increase in
the Si content. This necessitates an understanding of the temperature dependent
growth mechanism. The following mechanism is proposed based on the kinetic
theory of gases and temperature dependence of SiH,, etch products. A diagrammatic
representation of the proposed explanations are shown in figure 3.3.

According to classical mechanics, the kinetic energy is a function of the particle

mass (m) and velocity (v) expressed as,
Ey. = (1/2)mv? = (3/2)kT Eqn. (3.9)

where (3/2)kT is the averaged kinetic energy of a classical ideal gas per degree
of freedom related to temperature T', and k is the Boltzmann constant. Considering
our sputter gases, Ar is monoatomic having three degrees of freedom and hydrogen
being a diatomic gas has 6 degrees of freedom.

It can be seen from equation 3.9 that an increase in temperature increases the
average kinetic energy and therefore the velocity of the species in the sputter cham-
ber. When the substrate is heated, it cannot be denied that a certain amount of
energy is introduced in the plasma leading to the plasma temperature. Thus it can
be said that with increasing Ty, Ej.g) and velocity of species in the plasma in-
creases leading to an enhancement in the kinetics of sputtering process. Moreover,
in a mixture of particles with different masses, the heavier atom will have a lower
velocity than the lighter one but have the same average kinetic energy. Hence, at a

given T; hydrogen having the lowest mass acquires the greatest velocity.
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Figure 3.3: Proposed mechanism of temperature dependent reactive sputtering.

As a consequence of an increase in hydrogen velocity with increasing 7T, as com-
pared to other species, Si deposition is favoured. This is attributed to the increased
reaction of hydrogen in reducing the sputtered oxygen species which move towards
the substrate at a lower velocity. This explains the continuous rise in the nj g5
as the Si content in SRSO layer increases with T;. The role of hydrogen is not
restricted to deposition, but also towards an etching mechanism since the weak and
strained Si-Si bonds are broken leading to removal of Si atoms from the surface
[Tsai 89, Akasaka 95|. Hence, with increased velocity, it is also probable that hy-
drogen reaches the film growing surface faster than the other Si or O atoms thereby
forming Si-H bonds faster than Si-Si bonds. This leads to a continuous etching
process resulting in a decreased r4. Thus, the competing etching mechanism seems
to be predominant at T; ranging between 200°C to 400°C.

At elevated temperatures, between Ty = 425°C to 600°C, in addition to the pro-
cess described above, the temperature allows the formation of Si-Si bonds since
hydrogen from Si-H dissociates into Si and Hy [Veprek 79|. This explains the de-
crease of ry and concomitant increase of refractive index.

Increasing time and temperature of deposition facilitates the reorganization of

the Si-Si bond into a network which could also lead to the agglomeration of few
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Si-np. This phase separation process into Si agglomerates and SiO, is witnessed
from vrp, and decreased intensity of LO,—TO, peak in the FTIR spectra. This
also explains the decrease of Si excess estimated by F'TIR method in table 3.2.

We may also assume that with increasing T} there is an increase in size of the
Si agglomerates favoured by higher Si content and longer diffusion time. This could
explain the progressive decrease in the L.O3 peak intensity which reflects the Si-SiO,
interfaces since with increasing sizes, the number of the agglomerates and therefore
the number of interfaces may decrease.

Since the decrease in LO3 peak intensity indicates a lower total interface area at
higher T; and consequently a lower number of Si-agglomerates, we may write the

following equation,

NS, < NiS; = Nh(47TRh2) < Nl(47TR12) Eqn (310)

where N, and N, represent the num-

sio,  lowT, sio, High Ty @ ber of agglomerates at the highest and
o ® © ol © lowest Ty, S, and S; their surface area
@ ° @ and V}, and V] their volumes.
p o ) @ ® Due to increase in sizes as well as
O o o

refractive index at high Ty, the volumic

Figure 3.4: Tllustration of SRSO layer at fraction increases and can be expressed
low and high Tj. by

NV, < NV}, = Nl((4/3)7TR13) < Nh((4/3)7TRh3) Eqn (3.11)

Thus, from Eqn. (3.10) & (3.11), we deduce,

3 2
%<%<%<1 Eqn (3.12)
Equation 3.12 indicates that the radius of Si-np is lower at low T,;. This indicates
that there is a high number of small Si-agglomerates and a few large Si-agglomerates
in samples grown at low and high T, respectively as illustrated in figure 3.4.
From the results obtained above, T;=500°C is chosen for all the forthcoming
investigations due to the high refractive index, Si excess and structural ordering

favoured at this temperature.
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[ Par(iTorr) [ P, (iTorr) [ 7u(%) |

14.4 0.7 4.6%
10.5 1.4 11.7%
8.1 2.9 26%

4 3.3 57%

Table 3.3: Conditions used to obtain hydrogen-rich plasma.

3.2.2 Effect of hydrogen gas rate (ry)

Four layers of SRSO with varying rg were grown at T,— 500°C. Table 3.3 shows the
values of partial pressures of Ar and Hs and the corresponding rp.

Since the hydrogen in the plasma leads to two competing phenomena as described
above, it becomes important to see how the hydrogen rate in the plasma influences

the compositional and structural properties of SRSO layers.

(a) Deposition rate (r;) and Refractive Index (n.g5.1)

The evolution of ry and nj 950y with respect to rgy introduced into the plasma are
shown in figure 3.5. It can be seen that there is a steady decrease in r,; with increase

in 7y from 4.6% to 57%. On the contrary, nigs. value increases with increasing

rg.
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Figure 3.5: Effect of rz% on the deposition rate (r4) nm/s (left axis)and refractive index,
N1.95¢V (right axis).

When hydrogen is introduced in the plasma,

e the Si-Si bonds are broken leading to the removal of Si atoms from the surface
[Tsai 89, Drévillion 93, Akasaka 95|. This selective etching leads to a decrease

in 74 on increasing ry from 4.6%-57%.
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e the hydrogen reacts with the oxygen species in the plasma which are sputtered
from SiO, target, leading to the growth of a Si-rich suboxide at the substrate.

Consequently, ni g5.y increases with 7.

(b) Fourier transform infrared spectroscopy

Figure 3.6 shows the FTIR spectra of the as-grown SRSO samples with varying ry
in Brewster incidence and in the inset, the normal incidence spectra. The TOj3 peak

is normalized to unity as in the previous analysis. The variation of LO3 and TOj3

peak positions with regard to ry are also shown in the inset.

It can be seen from the

Brewster incidence spectra that
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Figure 3.6: FTIR spectra - Effect of hydrogen rate

on the SRSO flm structure. of Si-H are seen in all the sam-

ples from the Brewster inci-
dence spectra.

The decreasing LOj3 intensity can be attributed to the increase in Si excess and
therefore agglomeration of Si-np leading to lower number of interfaces as discussed
in previous section. The increase in Si excess with ry also leads to an increase in
structural disorder thereby enhancing the disorder induced modes. Similar effect
with increasing Si excess by increasing REF power density on the target has been
observed in our earlier reports [Hijazi 09a]. The huge decrease of LOj intensity
and a higher enhancement of the LO4-TO,4 mode due to Si excess may be a possible
reason for the appearance of the peak around 1107 cm™!. This peak position has also
been reported as interstitial oxygen in Si substrates [Kaiser 56, Borghesi 91, Veve 96|
and at Si/SiO, interfaces [Niu 07]. It has been proposed that interstitial oxygen in
Si may have a structure similar to fused silica with Si-O-Si bond angle 100° which

would result in a TOg;_o stretching vibration around 1107 em™! [Kaiser 56| and
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such a peak was witnessed in [Quiroga 09]. Therefore it may be supposed in our
case, that while forming agglomerates oxygen may be trapped within the Si core
resulting in such a peak. However, at this stage it is not possible to say certainly
if the appearance of this peak with Si excess is due to an increase in disorder or
formation of oxygen trapped Si agglomerates.

It can be seen from the inset of figure 3.6 that both LO3 and TO3 peak positions
shift towards lower wavenumbers with increasing ry except for the highest hydrogen
rate. The shift towards lower wavenumbers with increasing Si excess till ry=26%
may be explained with the force constant model. As the Si content increases, the
bond angle of Si-O-Si decreases from 180° as per force constant model (Eqn. 3.13)

and hence the LO3 mode shifts towards lower wavenumbers [Pai 86, Lucovsky 87|
v? = (k/myg)sin®(¢/2) Eqn (3.13)

where v is the frequency of vibration, k is the nearest neighbour force constant,
mg is the mass of oxygen and ¢ is the Si-O-Si bond angle. The shift of the peak
positions towards higher wavenumbers (towards SiO,) in the case of ry = 57%
may support the previous argument of oxygen trapped by the Si core while forming

agglomerates.

(c) Si excess estimation

In order to consider a balance between ry, nig95. and material composition, it is
important to have an estimate of the Si excess. The Si excess was estimated from
FTIR analysis (unbonded Si) within an uncertainity of +0.2%, and ellipsometry
(Bruggemann method-agglomerated Si) analysis within an uncertainity of +3% as
detailed before. Table 3.4 consolidates the value of Si excess obtained by these
methods.

ra(%) | vros | ©=0/Si | Siexcess (at.%) r=0/5i Si excess (at.%)

from FTIR from FTIR from from
(unbonded Si) ellipsometry ellipsometry
(agglomerated
Si)

4.6 1068 1.86 2.33 1.99 0.217
11.7 | 1064 1.82 3.26 1.87 2.33
26 1065 1.82 3.26 1.64 6.76
o7 1069 1.87 2.14 1.61 7.5

Table 3.4: Si excess estimation by FTIR and refractive index analysis with regard to
varying 7.
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The trends of Si excess with 7y from FTIR is not well defined, but from results

deduced from ellipsometry one can notice an increase in the formation of Si-np.

3.3 Co-Sputtering- Method 2

In order to improve r; and nj g5, obtained by reactive sputtering, another method
of incorporating Si excess into the SiOy matrix was adopted. This method involves
co-sputtering of the Si and SiOs targets in a pure Ar plasma at 7,;=500°C.

The power density applied on the Si cathode was varied to see the influence on
deposition rates, refractive index and structural changes. The power density of Si
can be altered by changing the percentage of the power applied on the Si target
with regard to the total power (= 300 W) in the experimental set-up. As before,
the power density of SiOy was fixed at 7.4 W/cm? while power densities of Si were
varied between 1.62 to 2.96 W /cm?.

3.3.1 Deposition rate (r;) and Refractive Index (n;.g5.1)

All the SRSO samples were grown with a fixed deposition time of 3600s. The
influence of increasing Ps; on ry and nq g5y is represented in figures 3.7a and 3.7b.

The inset shows the thickness variations with increasing Psg;.

0.070 1.80
. >
® 0065 / D175}
£ o
c ~—
~ 0.060 - Ps; Thickness c 170+
% (W/em?) | (nm) 5
o i 1.62 174 o
c HLe 1.77 183 £ 165}
e 2.07 201 )
‘® 0.050 F 2.22 204 ;
=4 237 215 . 1.60
() 2.66 228 =
0O 0.045F 2.96 240 ©
1 Il Il 1 Il nf 155 Il 1 1 1 1 1 1
16 18 20 22 24 2 26 28 3 16 18 20 22 24 26 28 3.0
Pg; (W/ecm?) P, (W/cm?)
(a) Deposition rate. (b) Refractive index.

Figure 3.7: Effect of Pg; on (a) Deposition rate (ry nm/s); (inset) the thicknesses, and
(b) Refractive index (nj.95ev).

The thickness, deposition rate as well as the refractive index increase with in-
creasing Pg;. Since there is no etching mechanisms due to the absence of hydrogen
in this approach, there is an increase of the deposition rate and thickness with Pg;.

Besides, the increase of Si power density favours the incorporation of Si excess in
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the host SiOy matrix leading to an increase in nq g5.y. This method is thus advan-
tageous than method 1 since by controlling the ratio of power densities between Si

and SiOs it is possible to incorporate higher Si excess at a higher r,.

3.3.2 Fourier transorm infrared spectroscopy

Figures 3.8a and 3.8b show the FTIR spectroscopy of the co-sputtered SRSO samples
recorded in Brewster and normal incidences respectively. In all the spectra the TOs3

peak position is normalized to unity for comparison.
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Figure 3.8: FTIR spectra of co-sputtered SRSO in (a) Brewster incidence and (b) normal
incidence. The straight line in the normal incidence spectra helps to witness the shift of
vro3 and the arrows indicate the 1107 ecm™! peak.

With an increase in Ps;, the LO3 peak position shifts from 1220 em~! to 1187
cm™!, in addition to a progressive decrease of its intensity. The TO3 peak position
also shifts towards lower wavenumbers as can be seen from the normal incidence
spectra. The FTIR spectra with increasing Ps; show the same behaviour as those
shown when ry was increased. Hence the same explanations as detailed in section
3.2.2 are valid. The only difference in these spectra as compared to method 1, is
the absence of the Si-H peak between 870-890 cm™! indicating these samples were
fabricated under a pure Ar plasma. The increased Si incorporation as denoted by

the high refractive index with increasing Pg; can also be seen from the FTIR spectra.
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The LO3 and TOg3 peaks approach each other, resulting in the increasing intensity
of LO4-TO,4 doublet. This is an indication that the increasing Si excess induces

Since the peak around 1107 cm™!

disorder in the deposited layer. appears from
Pg;= 2.07 W/cm? onwards and increases gradually with increasing power applied
on Si cathode, we can confirm that this peak is associated with Si excess. This peak
thus can be attributed to be a combined contribution of increasing disorder in the

matrix and agglomeration of Si with interstitial oxygen.

(c) Si excess estimation

Ps;(W/cm?) | vrosz | ©=0/Si | Si excess x=0/Si Si excess
from (at.%) from || from ellip- (at.%)
FTIR FTIR sometry from
(unbonded ellipsometry
Si) (agglomerated

Si)
1.62 1046 1.62 7.25 1.75 5.4
1.77 1045 1.61 7.47 1.68 6.7
2.07 1042 1.57 8.2 1.64 7.6
2.22 1042 1.57 8.2 1.57 9.2
2.37 1041 1.56 8.45 1.57 9.2
2.66 1040 1.55 8.8 1.50 10.8

2.96 1039 1.54 8.96 1.43 12.57

Table 3.5: Si excess estimation by FTIR and refractive index (Bruggeman method)
analysis with varying Ps;.

The Si excess estimated from FTIR (unbonded Si) within an uncertainity of
+0.2% and ellipsometry (Bruggeman method-agglomerated Si) analysis within an
uncertainity of £3% are given in table 3.5. Comparing with the results of previous
deposition approach (ref. Tab. 3.2), it can be noticed that the increase of Ps; leads
to an increase in Si excess estimated from both FTIR and ellipsometry methods.
This can be attributed to the increasing RF power density applied on the Si target
that favours the incorporation of isolated Si (i.e. unbounded Si) as well as the

formation of Si-np (i.e. agglomerated Si).

3.4 Reactive Co-sputtering- Method 3

In order to take advantage of the above described two methods, in favouring the

incorporation of Si excess within the SiOy matrix, reactive co-sputtering method is
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initiated in this thesis, for the growth of SRSO layers. From the parameters analyzed

above, T,; was chosen as 500°C, and ry as 26% for this set of studies.

3.4.1 Effect of power density applied on Si cathode, (Ps;)

The effect of varying the Pg; during the reactive co-sputtering is investigated. The
same range of power densities and time of deposition as used in method 2 were

employed.

(a) Deposition rates (r,;) and Refractive index (n.95.1)

The influence of Ps; on r4 and nj g5.y is shown in figure 3.9 with the values of sample
thicknesses at each Pg;, in the inset. The time of deposition was fixed to be 3600s.
There is an increase of r4 with Pg;, similar to the trend observed in method 2.
The deposition rate obtained by method 3 is higher than that obtained by method
1 (at Ty = 500°C) and lower than that obtained by method 2.
The comparison between thick-

nesses obtained from method 2 and

. . 0.020
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m 0.019}—=—r, (nm/s) 12. (?
evidently. For the same deposition € 18l ——n, g -22 )
o " c 12
conditions, the addition of hydrogen g 0.017¢ 2
. . -I(—U' 0.016 P Thickness 21 (<D
in the plasma decreases the thick- <& ™ (/0505 UL =
c 0015} 162 a6 =
o 1.77 a7 ||
ness by about 70%. 2 oot L7 “ 2'0f>[<)
SR : : o L 2.22 55
The variation of refractive index § 0.013 4>
. : : Q 0012} = 2.66 68 &
shown in the right axis of the fig- O 1 o o <
.o ——r—r—r—r—rt—rr 1138
ure 3.9 shows a steady increase with 16 18 20 22 24 26 28 30
P, (W/cm®)

Pg;. Besides it can be noticed that

the refractive index values have in- Figure 3.9: Effect of Ps; on deposition rate (left
axis), refractive index (right axis), and thickness

creased significantly as compared to
(Inset).

the other two methods. This can be
attributed to the combination of de-

position methods 1 and 2 that allows in achieving higher Si incorporation in the film.

(b) Fourier transform infrared spectroscopy

Figure 3.10 shows the effect of Pg; as seen from Brewster and normal incidence FTIR
spectra. In all the spectra, TOg3 peak is normalized to unity for comparison.

It can be seen from the Brewster incidence spectra (Fig. 3.10a), that the LOg
peak intensity is very low as compared to the other two methods of SRSO growth,
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Figure 3.10: FTIR Spectra- Effect of Pg; on the SRSO film structure.

and it decreases further with increasing Pg;. This indicates that the samples are
more Si-rich as compared with the other two methods. The high refractive index
achieved by this method proves that the host matrix is SiO, rather than SiO,. This
explains the decrease of the LO3 peak intensity. A curve fitting performed on each
of these curves lead to three peaks around 1190 ecm™!, 1107 cm~! and 1070 cm™!
respectively. The 1107 cm~! peak intensity decreases which could be attributed to a
lower interstitial oxygen formation with increasing Si excess that might favour pure
Si agglomerates.

The normal incidence spectra in figure 3.10b shows the constant position of TOj3
peak. This indicates that most of the Si excess forms agglomerates even in the
lowest Pg; case. The hydrogen-related peak is visible in all the cases as seen from
Brewster incidence spectra, though in method 1 this peak almost disappeared for
T, = 500°C.

(c) Si excess estimation

The Si excess (unbonded Si) estimated by FTIR is around 5 at.%=+0.2% in all the
samples, due to the constant TO3 peak positions. Table 3.6 consolidates the results

estimated from refractive index using Bruggemann method within an uncertainity

of £3%.
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Ps;(W/cm?) | =0/Si | Siexcess (at.%)
Bruggemann  vol. fraction

from refractive
index

(agglomerated)
1.62 1.33 15.28
1.77 1.2 18.89
2.07 1.08 23.08
2.22 1.04 24.34
2.37 1.04 24.34
2.66 1.029 24.9
2.96 0.943 28.18

Table 3.6: Si excess estimation (agglomerated Si) from Bruggemann method.

It can be seen that the Si excess values are high as estimated from Bruggeman
method, than the other two methods. Besides, it can be seen that there is minimal

variation in Si excess for cases of intermediate values of Pg;: 2.07 to 2.66 W /cm?.

3.4.2 Effect of annealing

From the above investigations, it is clear that SRSO grown by method 3 incorporates
the highest Si excess compared to the other two methods. The effect of annealing
on the material properties has to be analyzed before finalizing the method 3 SRSO
for multilayers. A high Si excess may result in formation of big Si-np leading to
loss of the desired quantum confinement effects whereas a low Si excess would mean
lower absorption coefficient which is not suitable for the objective of this work.
Therefore SRSO sample with intermediate parameters of ry = 26% and Pg; = 2.22
W /cm? were chosen in order to balance between deposition rate and Si excess. Ty
= 500°C was chosen since it was demonstrated in this work that this temperature
favours Si excess, and also forms some Si-np in the as-grown state as reported in
[Hijazi 09a]. The SRSO sample with these optimized parameters are analyzed for
structural and optical properties with regard to annealing. This sample will be
referred as SRSO-P15 in the forthcoming discussions. The thickness and refractive
index at 1.95 eV of this sample as estimated from ellipsometry are 565 nm and 2.02
respectively. According to RBS results?, this sample is SiO,_g7o with 37 at.% Si
excess. Five pieces of this sample were annealed at 1000°C during 1 minute, and at
700°C, 900°C, 1000°C and 1100°C during 1 hour in N, atmosphere. Unless stated

otherwise, all the studies in this section are carried out on SRSO-P15.

2RBS analyses were made by J. Perriére at UNIV PARIS 06, INSP NANOSCIENCE PARIS,
CNRS, UMR 7588, F-75015, Paris, France.
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(a) Fourier transform infrared spectroscopy

Figure 3.11 shows the FTIR spectra be-

fore and after annealing recorded using

05 - o i s
e SiH Brewster incidence. The inset in this fig-
8 0.02
e o0 ure shows an enlarged view of the Si-H
=) 930 900 870 . . .
© 0.3 Wavenumber cm-1) peak variations with annealing.
E)/ —=— as grown
—e— 1min-1000°C .
2 ool e ihrooc It can be seen that the LO3 peak in-
S —v—1h-900°C i . . .
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»n 0.1 —<—1h-1100°C
= ing annealing temperatures. Consider-
0.0 . . .
ing the effect of time, for a given tem-
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-1
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1350

perature 1000°C (1min-1000°C and 1h-

1000°C) there is no significant change in
Figure 3.11: Effect of annealing on the

the LO3 peak intensity whereas there is
FTIR spectra in Brewster incidence.

a drastic increase when the sample is an-
nealed at 1h-1100°C.

This trend represents a gradual evolution towards the phase separation process
upon annealing. A gaussian curve fitting performed on these spectra indicated
a reduction in the peak widths of 1.LO3 and TOj peaks with increasing annealing
temperatures. Such reduction in the peak width with increasing annealing treatment
has also been observed in [Morales-Sanchez 08] and these changes are attributed
to the phase separation processes. In addition, we also notice an increase of the
LO4—TO4 mode upon annealing. This indicates the disorder in the matrix due to
high Si excess. It can be seen that the Si-H peak appears only in the as-grown
sample. The desorption of hydrogen occurs with increasing annealing temperatures

leading to a disappearance of this peak.

(b) Raman spectroscopy

The evolution of Si-np formation between as-grown and 1h-1100°C annealed SRSO-
P15 sample as reflected by FTIR spectra is confirmed through Raman spectroscopy
following the procedure detailed in chapter 2 under section 2.4.4 (Fig. 3.12).

It can be seen that the as-grown sample shows a broad peak centered at 480
cm™!, which decreases in intensity after 1h-1100°C annealing with the appearance

of a new peak at 517.6 cm™!.

The Raman spectrum of the as-grown layer shows
dominant features of amorphous Si, since SiO, is reported to have a very low scat-
tering cross section |Kanzawa 96, Khriachtchev 99|. This confirms the formation
of amorphous Si-np in the as-grown sample as indicated by ~24 at.% of agglom-

erated Si estimated using ellipsometry (Bruggeman) method (Ref. Tab. 3.6).
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After annealing, SRSO forms Si
nanocrystals due to phase separa-
tion as seen from the sharp trans-
verse optical (TO) mode appearing
at 517.6 cm™1.

It is known that when the Si
crystalline size decreases, the opti-
cal TO mode of Si bulk downshifts
in wavenumber [Ritcher 81, Sui 92].
Hence the observed peak at 517.6
cm~! that appears on 1h-1100°C an-

Raman Intensity (a.u)

517.6 cm”

—=—as grown
—e— 1h-1100°C

400

450 500

550
Wavenumber (cm'1)

600

Figure 3.12: Raman spectra of SRSO-P15 grown

nealing Conﬁrms the formation Of on fused Sl substrate. )\ewcitation = 532 nm and

Si-nanocrystals. This is accompa-

nied with a decrease of the amor-

phous Si mode at 480 cm™!.

(c) X-Ray Diffraction

laser power density =0.14 MW /cm?

In order to witness the formation of Si-np, their crystallization with annealing and

to estimate the Si-np size, XRD studies were performed (Fig. 3.13).

It can be seen that the as-grown
sample has a broad band between 20-30°
which starts to peak around 28°. This
confirms again that the as-grown sample
already contains Si-np. With increasing
annealing temperature, the crystalline
phase of Si-np increases as can be seen
by the distinct appearance of (111) peak
After
1h-1100°C annealing, this peak becomes
sharper and has a FWHM of 1.52°. The

peaks at other orientations (220) and

corresponding to c-Si at 28.37°.

(311) also show their distinct presence
which occurs only when there is a high

crystalline volume in the material. From

Intensity (cps)

(111)

—O— as-grown
—o— 1h-900°C
——1h-1100°C

10

20

30 40
20 (degree)

60

Figure 3.13: XRD spectra of SRSO-P15
grown on Si substrate.

the (111) peak, the average Si-np size is estimated as 5.5nm using the Scherrer for-

mula.

7



(d) Photoluminescence

Figure 3.14a shows the PL spectra of SRSO-P15 at various annealing treatments.It
can be seen that there is no emission whatever be the annealing conditions. The
absence of PL may be attributed to high Si excess due to any/all of the following
processes:

(i) an increase in the non-radiative paths in the matrix.

(ii) a higher disorder in the matrix as observed by FTIR investigations.

(iii) possible formation of oversized Si-np upon annealing, leading to the loss of

quantum confinement effect.
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' —a— 1h-900°C 0.15+ n
—~ —w— 1h-1000°C — 1.95eV
S 0.004 —e—1h-1100°C =) ——176
L S | i 1.81
2 0.003 > 0°r . i ——1.83
= = .
C
T 0.002 8 oosl “
5 S BRI 'WM
A - sl | \
=1 0.001 = kA A
0.00
0.000
1.2 1.4 1.6 1.8 2.0 1.2 1.4 1.6 1.8 2.0
Energy (eV)

Energy (eV)
(a) PL spectra vs. annealing of SRSO-P15(b) PL intensity vs. nj.gsev of Method 3 SRSO.
Figure 3.14: PL spectra of (a) SRSO-P15 sample at various annealing and (b) Other

SRSO samples grown by method 3 but with lower refractive index.(*) indicates second
order laser emission.

This is confirmed by the presence of luminescence witnessed in other samples
grown using method 3, that have lower refractive index and therefore lower Si excess
in the matrix (Fig. 3.14b).

(e) Absorption coeflicient

The values of absorption coefficients () between 1.5-4.5 eV were extracted from k
values obtained by ellipsometry measurements as detailed in section 2.2.6 of chapter
2. Figure 3.15 represents the absorption coefficient curves of SRSO-P15 before and

after different annealing treatments.
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Figure 3.15: Absorption coefficient curves of SRSO monolayer with regard to annealing.

The absorption coefficient of even the as-grown sample is high of the order of 10%-
10°cm ™" around 4 eV which meets the criteria for a solar cell material [Poortmans 06].
Besides, with increasing annealing treatment the absorption coefficient curves show
a gradual increase till 1h-1000°C indicating the evolution of phase separation pro-
cess. A dramatic increase at 1h-1100°C reflects the nanocrystal and Si-np formation

which largely contribute towards absorption.

3.5 Summary on SRSO monolayers

e Three methods of incorporating Si excess into Si0s matrix to form Silicon
Rich Silicon Oxide (SRSO) were investigated. Figure 3.16 summarizes the

deposition rates and refractive index obtained on SRSO samples investigated.

e A temperature dependent growth mechanism is proposed depending on the
velocity of the reaction species, desorption of SiH, radicals and Si deposition-

etching balance.

e From the investigations above,

— T,; = 500°C is optimized as it favours Si clusterization and reorganization

even in the as-grown sample.

— Reactive co-sputtering is chosen for multilayer growth due to higher Si

incorporation.

— rg=26% 1is chosen considering a balance between deposition rate and

refractive index.
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Figure 3.16: Summary of r4(nm/s) and ny g5 obtained with the three SRSO sputtering
growth methods.

1in samples

e F'TIR spectra reveals the presence of a peak around 1107 cm™
with high Si excess. This is suggested to be he formation of interstitial oxygen

within Si core during reorganization.

e An annealing at 1100°C during 1h is considered as the best condition for the

formation of nanocrystals as confirmed by Raman and XRD spectra.

e Absence of visible emission from higher refractive index SRSO samples is re-
lated to the high Si excess.

e High absorption coefficient curves are obtained even with as-grown SRSO sam-

ples grown by reactive co-sputtering.

e To avoid the formation of bigger nanocrystals due to a very high Si excess
within SRSO sublayer, a middle value of Ps;=2.22 W/cm? is chosen to be

used for multilayer structures.

3.6 Role of the Hydrogen plasma

As seen from all the discussions above, there is a competition between etching and
deposition due to hydrogen in the plasma. Therefore, before proceeding with inves-
tigations on multilayers, it becomes interesting to see the role of hydrogen plasma
towards deposition. In order to compare its role during the deposition and after the
deposition processes, a sample was merely placed in the hydrogen plasma by closing

the shutter on the targets to avoid sputtering.
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Aim of the study Deposition / placing | t(nm) | nyg5ev
in hydrogen- rich

plasma,
To see the influence of 3h deposition 236 1.76
hydrogen plasma (continuous)

3h deposition + 1h 236 1.76
placing in plasma
without deposition

Table 3.7: Role of hydrogen plasma on the growth of reactively co-sputtered SRSO
samples.

During multilayer fabrication we expect to alternate between hydrogen-rich plasma
(Ar+Hy) and pure Ar plasma. Hence the residual hydrogen in the plasma might
etch the next forming sublayers. Therefore, this study was made to get a deeper
insight on the role of hydrogen plasma on the material growth. Table 3.7 shows the
thickness and refractive index obtained on two samples: (i) SRSO layer deposited
during 3h, and (ii) SRSO layer placed 1h in Ar+H, plasma after 3h deposition.

It can be seen that there is no change in the thickness or the refractive index
of the samples after 3h continuous deposition or 3h deposition + 1h placing in
the hydrogen plasma without deposition. This implies that the hydrogen does not
participate in etching if Si and SiO, cathodes are closed, and plays a role on the
material growth only if the deposition process is ongoing. The latter was confirmed
by observing an increase in refractive index (1.82) and thickness (308 nm) when
3h deposited SRSO is placed 1h in plasma activating the Si cathode (i.e) deposited
for an additional 1h. Therefore, during the multilayer growth it is wise to allow
sufficient time to evacuate hydrogen before the deposition of next sublayer since Si

cathode is active (open) during both SRSO and SiO, sublayer growth.

3.7 SRSO-P15 in a multilayer system: SRSO/SiO,

The goal behind fabricating SRSO/SiOy multilayer configuration is to control the
size and density of the Si-np within SRSO layer in accordance with the quantum
confinement effect. PL measurements are indicative of the presence of Si-np (exci-
ton) which are required for desirable absorption and carrier generation in a third
generation PV device. Reducing the Si excess to attain smaller crystals significantly
decreases the Si-np density in a monolayer. But in a multilayer (ML), the SRSO
sublayer thickness controls the Si-np size without reducing their density and the

5104 barrier between the two consecutive SRSO sublayers prevent the overgrowth of
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Si-np and their agglomeration. For this purpose, a ML, composed of 50 patterns of 3
nm SRSO-P15 and 3 nm-SiOy was grown. All the MLs in the following discussions
will be represented as 'Pattern number (tsgrsonm/tsio,nm)’- Prior to the study on
emission behaviours, the structure of our 50(3/3) ML is investigated to ensure the
sublayer thicknesses are as expected to form Si-np. Most of the studies unless spec-
ified otherwise are done on the as-grown samples and the samples annealed at two
chosen annealing treatments : 1min-1000°C and 1h-1100°C. These two annealing

treatments are interesting since we assume that:

e a Short Time Annealing (STA) at 1min-1000°C allows the completion of Si

seeds which grow with further annealing treatments and crystallize.

e the Classical Annealing (CA) at 1h-1100°C almost completes the formation of
Si-np.

The intermediate annealing temperatures are analyzed if there is a need.

3.7.1 Structural analysis
(a) Fourier transform infrared spectroscopy and X-Ray Diffraction

The Brewster incidence FTIR and the XRD spectra of the test sample 50(3/3) are
shown in figures 3.17a and 3.17b respectively.

0.4l LO, SRSO/Si0, 50(3/3)
28 —&—as grown

= - —o— 1min,1000°C
3 0.3} ) 24 (111) —a—1h,1100°C
- o h
1) o 20 (220)(311)
C o2t =
© —=— as grown -E‘ 16 +
2 —e— 1min-1000°C o |
o 0.1 —a—1h-1100°C S 12t
(/)] b=
e i= 8l
< 0.0 F

1 " 1 . 1 " 1 . 1 4t N R [ L I

1350 1200 1050 900 750 10 20 30 40 50 60 70 80 90
Wavenumber (cm™) 20 (degree)
(a) FTIR spectra. (b) XRD Spectra.

Figure 3.17: Structural changes in 50(3/3) ML with annealing as investigated by (a)
Brewster incidence FTIR spectra and (b) XRD spectra.

It can be seen from the FTIR spectra that the LO3 and TOj3 peaks shift to-

wards higher wavenumber. The intensity of the LO, -TO, peak decreases indicating
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a structural reorganization in the material. The XRD spectra also show that the
annealing induces some structural changes in the film. Three peaks centered around
20— 28°, 47° and 55° represent the (111), (220) and (311) Si crystal planes respec-
tively and the broad peak between 20= 20-30° correspond to the small amorphous
nanoclusters [Torchynska 05].

It can be observed from FTIR and XRD analyses that the as-grown and STA
samples are similar. However, in FTIR a higher ordering of the STA sample is seen
from decreasing intensity of LO4-TO4 mode indicating the commencement of phase
separation process. After CA, both FTIR and XRD spectra reflect the structural
reorganization of the matrix into SiO, and Si. The increased intensity of O3 peak
similar to that observed in SiO, (ref. Fig. 2.5 of chapter 2) is indicative of Si-np
formation with phase separation process. This is confirmed by the XRD spectra
where we can notice the appearance of Si (111) peak around 28°.

It is interesting to note that the peak around 1107 cm™! attributed to interstitial

oxygen in SRSO-P15 monolayer is absent in its multilayered configuration.

(b) Atom Probe Tomography

The density and size of the Si-np were estimated by Atom Probe Tomography (APT)
measurements made by Dr. E. Talbot and M. Roussel® on CA 50(3/3) ML. Figure
3.18 shows the formation of Si-np and their size distribution in the SRSO sublayer.
This technique provides a three dimensional chemical map of the sample at an atomic
scale. Hence a very accurate and direct characterization of Si-np in SRSO can be
made using APT.

The formation of Si-np in the SRSO sublayer can be seen. The APT studies
revealed the average concentration of Si and O in SRSO sublayers to be 45.7%
and 54.3% respectively indicating about 18.5% Si excess in the material. It can be
noticed that this value of Si excess is lower than the one determined for SRSO-P15
monolayer (37 at.% by RBS). This can be attributed to the thickness of the SRSO
sublayer and/or its growth on SiOy sublayers. After CA there is still < 1-2% Si
excess which is attributed to the limit of the experimental set-up. The Si-np density
estimated from this method is 2.6+0.5 x 10 np/cm?® which is higher than our earlier
reported [Maestre 10] Si-np density of 9 x 10'® np/em?® which was also estimated
by APT |Roussel 11]. On the basis of the work of M. Roussel on our layers, the Si
diffusion coefficient in SiO,, Dg; is about 5.7 x 107! ¢m?/s after CA. This implies
that a minimum barrier length (1) to prevent diffusion in our layers is about 2.03

nm (using | = v/Dg;.ta, where t4 =annealing time). This value is very close to 1.5

3Groupe de Physique des Matériaux, Université et INSA de Rouen, UMR CNRS 6634, France.
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Figure 3.18: Formation of Si-np in SRSO sublayer of CA 50(3/3) ML and their size

distribution.

nm barrier length estimated by |D.Tsoukalas 01|. Thus, a SiO, sublayer of 3 nm is
at the limit to prevent diffusion from two consecutive SRSO sublayers, resulting in
30% of Si-np with sizes between 3-4 nm. However, most of the Si-np have sizes that
are restricted to the 3 nm SRSO sublayer thickness and the mean size of the Si-np

in our case is 2.7 nm.

3.7.2 Emission properties

The emission properties of 50(3/3) ML after CA is investigated (Fig. 3.19).
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Figure 3.19: PL spectrum of CA 50(3/3) ML.
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It can be seen that there is a significant emission from the material in the visible
range, contrary to the absence of any emission in SRSO-P15 monolayer. This con-
firms that the absence of emission in a monolayered configuration at this annealing
is due to the loss of quantum confinement of carriers. The agglomeration into big
size particles is prevented in the ML leading to this emission. It is interesting to
note that the curve is composed of two peaks, peak (1) and peak (2) at 1.41 eV and
1.53 eV respectively indicating there are more than one type of emitters. We can
attribute the peak at higher energy (1.53 €V) to Si-np whose sizes range between 2-3
nm, which represent more than 50% of Si-np (ref. Fig. 3.18), since the mean size
of our Si-np are only about 2.7 nm and cannot lead to a redshifted emission. Peak
(1) at lower energy (1.41 eV) might be attributed to bigger sized particles that are

formed due to overgrowth at interfaces as observed in APT.

3.8 Influence of sublayer thicknesses

In order to further explore the emission properties, the influence of the SRSO and
the SiO, sublayer thicknesses on the formation of Si-np becomes the next subject of
concern. To begin our investigations, five MLs with different thicknesses of SRSO
and SiOs sublayers were grown as detailed in table 3.8. The total thickness of the
samples were fixed around 500 nm to ensure uniformity in comparison. Since this
part of the study is shared between this thesis and the thesis of M. Roussel*, these

sublayer thicknesses were chosen to suit the needs of both.

| Notation | Patterns | tsrso (nm) | tgio2 (nm) | Total thickness (nm) |

28(8/10) 28 8 10 504
52(8/1.5) | 52 8 1.5 494
36(4/10) 36 1 10 504
70(4/3) 70 1 3 490
90(4/1.5) | 90 1 15 504

Table 3.8: SRSO/SiO2 MLs-Sample details

3.8.1 Fourier transform infrared spectroscopy

Typical FTIR spectra of SRSO/SiOy ML with annealing is shown in figure 3.20a.
The FTIR analyses were made to witness the evolution of phase separation pro-
cess from 1h-900°C to 1h-1100°C (CA). The as-grown spectrum is also included in

4Groupe de Physique des Matériaux, Université et INSA de Rouen, UMR CNRS 6634, France.
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Figure 3.20: (a) Typical FTIR spectra from 70(4/3) ML showing the effect of annealing
and (b) LO3 and TOg3 peak position variations with annealing.

the figure for comparison. The increasing intensities of LO3 and TOj3 modes with
annealing indicate the evolution of phase separation process.

Figure 3.20b shows the variation of LO3 and TOj3 peak positions with annealing
in all the MLs under investigation. Irrespective of the sublayer thicknesses, the LO3
and TOj3 peak positions reach the same point after CA. This could be attributed to
an almost complete phase separation process after such annealing treatment, in the

view of the sensitivity of the experiment.

3.8.2 Atom probe tomography

The influence of the sublayer thickness (tsrso/tsio,) as well as CA treatment on the
formation of Si-np were investigated by APT on three samples with tsrso/tsio,= 8
nm/10 nm , 4 nm/3 nm and 4 nm/1.5 nm respectively (Fig. 3.21). The as-grown
samples were also analysed for comparison.

Special attention is laid on MLs with tg,0, = 1.5 nm and 3 nm in this study, to
understand the diffusion and interlayer grain growth shown in section 3.8.2.

The presence of small clusters of Si is seen in the as-grown sample in support to all
our previous discussions about high 7, and Si excess favouring such a formation. Tt
can be also seen that the Si-np size is controlled along the growth direction after CA
treatment. As expected, the size of Si-np is large in 8 nm thick SRSO sublayer but
the 4 nm SRSO sublayer also shows big Si-np if separated by 1.5 nm SiO, sublayer.
This is in agreement with the explanation above on diffusion length (about 2 nm)
of Si in SiOy which results in the overgrowth of Si-np to form larger crystals. The

Si-np are smaller with 3nm thick SiOs sublayer, but still there are few big crystals
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Figure 3.21: Influence of sublayer thicknesses on Si-np formation. Upper part of the
figure shows the plan view of Si-np in SiO, sublayers in as-grown and CA cases with
regard to sublayer thickness. The bottom part of the figure shows a 3D illustration and
a 3D volumic reconstruction of two specific cases of ML. (The plan view and volumic
reconstructed images are given by M. Roussel from GPM).

as seen in 70(4/3) case (Fig. 3.21). These results confirm that the SiOy sublayer

plays a strong role as a barrier layer in the formation of Si-np with controlled sizes.

3.8.3 Photoluminescence

The PL spectra of the samples after CA are shown in figure 3.22. In figure 3.22a the
spectra are as recorded and in figure 3.22b the spectra is normalized to the pattern
number. As mentioned before, all the curves are corrected to spectral response.

It can be seen in both the figures that there is no emission if tgggo = 8 nm
which is attributed to the overgrowth of Si-np resulting in the loss of quantum
confinement. In figure 3.22a it can be noticed that the most intense emission is
obtained from 70(4/3) ML. Considering the MLs with 4 nm thick SRSO sublayers,
we observe the lowest intensity for the highest number of emitters (green curve)
and the highest emission for the intermediate number of emitters (pink curve).
Consequently the number of emitters is not the only necessary parameter to achieve
the highest intensity. This non-monotonous trend must be considered along with
the ts;0, which may play a role on the emission intensity.

Since the total thickness of these samples are the same, the relevant parameter to

compare the spectra would be to nomalize to one pattern of each ML. Therefore in

87



2.5x10"°
8
_ 2 0x10 AG.OX’IO -
= =
@© 10 © 8
8 1.5x10 esengy | Z40X10
2 —— 52615 =
D 1.0x10" —a— 36(4/10) @
0] D@ Lyl ©2.0x10°
y= e ——s0@ns)| g
— — |
o 0.0l o o0
1.2 1.4 1.6 1.8 20 1.2 1.4 1.6 1.8 2.0
Energy (eV) Energy (eV)
(a) As recorded. (b) Normalized to pattern number.

Figure 3.22: PL spectra to see the influence of SiOy barrier thickness by investigating
(a) as recorded spectra and, (b) spectra normalized to pattern number.

figure 3.22b, the PL spectra are normalized to the pattern number. A monotonous
trend of emission intensity with ¢g;0, is observed considering MLs with 4 nm thick
SRSO sublayers. In the case of tg;,0, = 1.5 nm, the Si diffusion between two consec-
utive SRSO sublayers are not prevented, leading to the overgrowth of Si-np. This
might explain the low PL emission from 90(4/1.5) ML.

The PL spectra in both figures show that the emission peaks from 70(4/3) and
90(4/1.5) MLs are positioned at the same energy while a blueshift is observed with
10 nm SiO, sublayers. In order to confirm this, the curves of MLs with 4 nm thick
SRSO sublayers were fitted using gaussian functions (Tab. 3.9).

All the curves are composed of two

Sample | Peak (1) eV | Peak (2) eV | peaks: peak (1) and peak (2). The
36(4,/10) 1.49 161 blueshift of the peaks with increasing
70(4/3) 1.40 157 tsio, is noticed. As seen from the struc-
90(4/1.5) 1.40 156 tural analysis in section 3.8.2, it is clear

that there is some interaction between
i?g{lesgs(:) Ejsiia}%giitions of MLs with 4 nm o congecutive SRSO for lower barrier
thicknesses, forming bigger Si-np. In
the case of 10 nm barrier thickness, the
SRSO layers are well separated and and the formation of Si-np is restricted only
to the SRSO sublayers due to higher confinement offered by tg,0,. As a result, the
formed Si-np are smaller leading to a blueshift of the PL intensity. In addition to all
these microstructural effects, the emission might be influenced also by geometrical

and optical effects which will be investigated in chapter 5.
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3.8.4 Influence of SiO, barrier thickness

In order to understand better the role of ts;0,, the SiOy sublayer thickness was varied
between 1.5 nm to 10 nm, while the SRSO sublayer thickness and total number of
patterns were fixed to be 3 nm and 50 respectively. Figure 3.23 shows the as-recorded
PL spectra from these layers.

It can be seen that the PL inten-

sity obtained with tg;0, —1.5 nm is very

low, which can be attributed to the 0
6.0x10 " |
overgrowth of particles due to a low
barrier height. The emission intensity ;; 4.0x10™ L 50
increases with barrier thickness which =2 :.’:2822523
g —v—50(3/8)
might be attributed to a better con- 8 2.0x10° | —+—50(3/10)
finement within SRSO sublayer and/or g
0.0
to some optical and geometrical effects.

B he high ‘ hat 1 12 14 16 18 2.0
ut, the higher barriers that lead to Energy (oV)

better emission properties would on the
contrary lower the conductivity. Hence Figure 3.23: PL spectra of 50 patterned ML
with tsrgo = 3nm and tg;0,varying between

1.5 nm to 10 nm to investigate the influence
of SiO9 barrier thickness.

considering a balance between optical
and electrical properties needed for a
PV device, tg,0, ranging between 3-3.5

nm can be an optimized barrier thickness.

3.9 Summary on SRSO/SiO, multilayers

e FTIR and XRD analyses indicate the formation of amorphous Si-np even in
the as-grown state, a part of which crystallizes upon annealing.

e The peak attributed to interstitial oxygen (about 1107 cm™!) in FTIR analysis
of SRSO monolayers disappears in SRSO/SiOy multilayers.

e A high density of Si-np with a size control is achieved (about 3 x 10! np/cm?)
in SRSO sublayer.

e APT analysis reveal that the diffusion of Si occurs in SiOssublayers with thick-
nesses lower than or equal to 3 nm.

e The SRSO-P15 when used in a ML configuration results in intense visible emis-
sion in comparison to the absence of emission in its monolayer configuration.
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The PL spectra is composed of two peaks.

e The absence of emission in ML with 8 nm thick SRSO sublayer is related to

the loss of quantum confinement effect.

e All the emission properties investigated above are expected to be influenced

by optical/geometrical phenomena which will be analyzed in chapter 5.

3.10 Conclusions

A vast analysis of SRSO monolayer and SRSO/SiO, multilayer configurations have
been discussed in this chapter. High refractive index in SRSO layer were obtained
by developing a new deposition approach: Reactive co-sputtering. A deep insight
on the deposition process, and the structural changes associated with each growth
method is analyzed in the first part of this chapter. One of the major goals of this
thesis is achieved by attaining a higher density of Si-np (2.6 + 0.5 x 10! np/cm?)
in SRSO/Si0O; MLs than the earlier reported value of 9 x 10'® np/cm? using the
reactive co-sputtering approach. It is demonstrated that the SiOy barrier thickness
plays an important role in the formation of size controlled Si-np. For tg;0,lower
than or equal to 3 nm, there is no effective prevention of Si diffusion. Considering
a balance between diffusion barrier and carrier transport, it is estimated that the

optimal barrier thickness is around 3-3.5 nm.
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Chapter 4

A study on RF sputtered SiN, single layers and

SRSO/SiN, multilayers

4.1 Introduction

It was demonstrated in chapter 3 that a high density of Si nanoparticles (Si-np)
with size control can be formed in SRSO/SiOy multilayers. But the high bandgap
of SiO, materials (~ 8.5 eV) limits the performance of optoelectronic devices due
to the difficulty in carrier injection [Franz 02, Wang 03]. Hence replacing SiOs with
SiN, insulating barriers which have a lower bandgap (~ 5 eV) is one of the best
possible way to favour carrier transport [Park 01]. The first major step involves
successful fabrication of such a material by optimizing various deposition parameters
like the gas flow, pressure, power density etc. This chapter therefore focusses on
understanding the influence of deposition parameters on the material properties of
SiN,(N-rich, SigNy, Si-rich) single layers, which are then investigated in SRSO/SiN,,
MLs.

The single layers of SiN, were prepared by two different approaches as mentioned

in chapter 2:
e Reactive sputtering of Si cathode using Ns-rich plasma.
e Co-sputtering of SizN, and Si in Ar plasma.

The SiN, monolayers and multilayers were grown at a total pressure of 3 mTorr and
Ty — 500°C.
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4.2 Nsy-Reactive sputtering of Si cathode

The SiN, layers were grown by sputtering Si cathode in a nitrogen rich plasma. The
RF power density applied on the Si cathode (Pg;) and the time of deposition were
fixed at 4.44 W/cm? and 3600s respectively. The reactive gas rate ry was varied
between 5.1%-16% in order to change the composition of the material (as indicated
by the refractive indices) between stochiometric and Si-rich SiN, layers. Table 4.1

details the conditions used in this thesis, for obtaining Ns-rich plasma.

’ Pa,(mTorr) ‘ P, (mTorr) ‘ rn (%) ‘

14.8 0.8 5.1
14.1 1.1 7.1
14 1.5 9.6
13.6 1.9 12
12.8 2.5 16

Table 4.1: Conditions used to obtain No— rich plasma.

4.2.1 Refractive index (n;95.) and Deposition rates (r,)

Figure 4.1 shows nj g5,y and r4 of the samples with regard to ry.

The refractive indices in-

crease with decreasing ry, thereby

34 0028 making the material Si-rich. It
AE 32f ::21'(9::1/5) {0026 g can be seen that by varying ry,
2 30t B Nigsev changes between 2.01 to
c 10.024 &.

g 281 s 3.3 which indicates that the
£ 28 10.022 @  composition can be tuned be-
-% 247 ] 0020% tween SizN, and Si. The depo-
% 22 : ‘ & sition rate can be seen to de-
o 2.04— - S0 12 a7 e 0018 crease with increasing ry. This

Nitrogen rate (r,) % is attributed to the difficulty in

sputtering the target whe is
Figure 4.1: Effect of 7 on refractive index (left axis) putterig rget waen 'y 1

and deposition rate (right axis). high, as observed in other sput-

tering set-ups in our team as
well. The value, nq.g5.y~ 2.4 was chosen for most of the MLs to obtain a SRSN

sublayer.
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4.2.2 Structural analysis
(a) Fourier transform infrared spectroscopy

Figure 4.2 shows typical FTIR spectra of our SRSN samples, obtained from a 490
nm thick sample with nq g5,y = 2.44. The spectra are recorded in both normal and
oblique (Brewster = 65°) incidences.

The normal incidence spectrum con-

tains only a single absorption peak

around 840 cm ™!, whereas an additional 12— sonm SRSN (2.44) I
peak centered around 1020 em™' ap- _ 10p TR R o "”ter_fj‘f:i:Xiﬂeo
pears when measurements are made in ;; 08} T St

oblique incidence. In the whole spec- § 06l

tral range between 4000-700 cm ™!, only % L

these two absorption bands can be ob- é ool

served. This proves the absence of Si-O! 0.0 hoe

or Si-H? or N-H bonds?® that are usually 4000 3500 3000 2500 2000 1500 1000
observed in SiN, materials due to oxy- Wavenumber(cm™)

gen or hydrogen contamination during Figure 4.2: Typical FTIR spectra of our

SRSN samples recorded in Brewster and nor-
peaks around 840 ecm~! and 1020 cm~! mal incidence obtained from a SRSN sample
with t=490 nm and nj gs5ey=2.44. The TO
mode of Si-N is normalized to unity in the
spectra.

the deposition process. Thus, the two

observed in our samples can be unam-
biguously attributed to the TO and LO
modes of asymmetric Si-N stretching vi-
brations respectively [Lin 92, Dupont 97, Bustarret 98, Batan 08]. The contribution
of Si wafer from the interfacial oxide is noticed in thinner SiN, samples around 1107-
1105 em ™!, whereas in thick samples this position is overlapped by the LOg;_x mode
as seen in figure 4.2.

The evolution of F'TIR spectra in SiN, monolayers as a function of refractive in-
dex (i.e. composition) was investigated on samples with thicknesses ranging between
70-100 nm (Fig. 4.3). In the Brewster incidence spectra, the curves are normalized
to 100 nm thickness, and in the normal incidence spectra the TOg;_n peak inten-
sity is normalized to unity. The spectra is focussed in the region containing the
Si-N bonds since these are the bonds we detect in our material in contrast to other

deposition approaches [Aydinli 96, Wang 03, Vernhes 06, Scardera 08|.

IS0 (TOs~ 1200cm~1, LOs~ 1160cm—1,TOs~ 1080cm~!,LOs~ 1250cm=!TOs~
810cm ™~ LO3 ~ 820cm 1) [Kirk 88, Bensch 90]

2Si-H (stretching~2100 cm~!, wagging~640 cm~!,~890 cm~!) [Shanks 80, Shanks 81, Satoh 85]

3N-H (stretching~3320-2500cm ™!, bending~1140-1200cm ') [Coates 00, Lin 02]
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Figure 4.3: Evolution of FTIR spectra with refractive index as observed in Brewster and
normal incidences; (Inset) TOg;—n peak positions versus refractive index.

The peak around 1106 cm™! prominently seen in samples with high refractive
indices in Brewster incidence spectra and in all the samples in normal incidence

spectra can be confirmed as Si substrate contribution for two major reasons:

1. The Brewster incidence spectra clearly shows the overlapping of LOg;_n
mode and the 1106 cm ™! peak at lower refractive indices. With increasing refractive
indices, there is a shift of the LOg;_ny mode towards lower wavenumbers, whereas
the peak at 1106 cm ™! remains unchanged and is distinctly seen. This peak position

coincides with that observed in Si wafer.

2. A low intensity peak around 1250 cm~! is observed in Brewster incidence
spectra, suggesting a minimal contribution of Si-O bonds. Hence this peak can be
attributed to the interstitial oxygen in Si substrate (similar to that witnessed at 1107
cm ™! in SRSO samples) or the thermal oxide on the substrate whose contribution

is witnessed better with decreasing sample thickness.

It can be seen from both Brewster and normal incidence spectra that the LOg;_y
and TOg,;_n band redshifts with increasing refractive index. Similar shifts of the
LO and TO bands were observed in hydrogenated SiN, films and were reasoned as
the hydrogen incorporation |Lin 92, Vernhes 06, Bustarret 98, Lucovsky 83]. Since
our samples are hydrogen free, these shifts can be attributed to modification in the
Si-N bonding configuration. A redshift of the TO mode with increasing refractive
index, as observed in our case (Inset of Fig. 4.3) was reported in [Hasegawa 93| and

attributed to a decrease in the Si-N bond length with changing composition of SiN,.
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The stress in the films induced by Si incorporation may also be a possible reason for
these shifts as reported by [Huang 97|. Moreover, in addition to the redshift of the
LOg;_n peak, the peak intensity decreases and appears to merge with the TOg;_n
peak.

The increasing refractive indices denote a higher Si incorporation in the material
resulting in a lower concentration of Si-N bonds. This may lead to the decrease
of peak intensities. With varying refractive indices, the LO mode shows a more
pronounced shift in the peak position than the TOg;_n mode. This is in agreement
to an earlier work [Huang 97| which showed that the LOg,;_n peak positions are
better indicators of SiN, composition than TOg;_ . The LO-TO overlapping of the
Si-N asymmetric stretching modes may be attributed to the disorder in the material

that increases with higher Si incorporation similar to that reported in silicon oxide
[Kirk 88].

Figure 4.4 shows the FTIR spec-

tra of as grown and annealed SRSN

Samples (711.95@\/ — 244) recorded in LS Normal Incidence Oblique incidence TO
Brewster incidence, and under nor- 040 ':7:1?:%5;:“3
S . 0.35 Fa—1h-900°
mal incidence (inset). The struc- = = o
_ S 0.30
ture of the as grown sample is com- & 0.25
. o
pared with three parts of the sam- 9 5[ 1200100070
. o I
ple annealed at 1min-1000°C (STA), 2 o15[
o o o} —=— as grown
1h-900°C and 1h-1100°C (CA). It @ o010} si-0 LO, —e— 1min-1000°C
. < Oxidation —a— 1h-900°C
can be seen from the Brewster in- 0.05F —<—1h-1100°C
cidence spectra that the intensity of 0.00 = 1 . l
1400 1200 1000 800

the LOg;_ x mode increases with an- Wavenumber (Cm'1)

nealing whereas the TO modes in

all the annealed samples have sim- Figure 4.4: FTIR spectra of reactively sput-
ilar intensities. The LOg;_y and tered SRSN asa function of annealing, recorded in
Brewster incidence and (Inset) normal incidence.

TOg;_n modes shift towards higher
wavenumbers with annealing, indi-
cating a rearrangement towards stochiometric Si nitride with lower disorder. This

may be due to a phase separation process into Si and SizNy as observed in the case
of SRSO materials.

It is interesting to note a sudden increase in intensity of the peak around 1250
cm ™! after CA. This peak position is attributed to the contribution from (LO3)s;_o
streching vibration. The drastic increase in intensity of this peak along with a

1

broadened shoulder around 1080 cm™" suggests the possible oxidation of the SiN,
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samples from atmosphere since this shoulder lies at the (TO3)g;,—o peak position.

The inset of figure 4.4 shows that the spectra recorded in the normal incidence
also exhibits a similar behaviour with annealing. There is a shift of the TO mode
between 843-864 cm ™! indicating a rearrangement of the Si and N atoms. The TO
peak after CA shows an increased width which is attributed to an overlapping of
TOg;—n with (TO3)g;_o modes due to oxidation.

(b) X-Ray Diffraction

The XRD spectra obtained from as-grown, STA and CA SRSN samples (1 g5,y =2.44)
are shown in figure 4.5. A peak around 28° corresponding to Si (111) plane appears
after CA (1h-1100°C), indicating the formation of Si nanocrystals.

The XRD spectra of the as-grown

and STA samples are similar with a

. _ _ o .
Mg = 244, thickness =400nm broad peak between 20-30°. This may

< —o— 1min-1000'C be attributed to the presence of amor-

—o—1h-1100C
phous Si clusters that begin to form even
w during the growth process, due to the Si

excess (njgsey ~ 2.44) and high tem-

Vg perature of deposition (500°C). The in-
WMWW,W vestigations parallely conducted in our

111

(

Intensity (cps)

10 20 30 40 50 g0 team on thinner samples (100-200 nm)

20 (degree) revealed that despite a Si excess in SiN,,

materials, the formation of Si nanocrys-
Figure 4.5: XRD spectra of as-grown and ’ Y

annealed SRSN samples grown by reactive tals were not observed for samples with
sputtering. niogsey < 2.4 |[Debieu 12]. The obser-

vation of nanocrystals in our case may
suggest that we are at a value of refractive index close to the threshold to form
nanocrystals. The peak around 56° in all the spectra is a contribution from the Si

substrate, as mentioned earlier.

(c) Raman spectroscopy

The formation of Si-np was also analyzed by Raman spectroscopy on SRSN layers
(n1.95ev ~ 2.44) grown on fused silica substrate after subjecting to STA and CA
treatments. The Raman spectra recorded by varying the laser power density between
0.14 and 0.7 MW /cm? are presented in figure 4.6. The Stokes shift in eV is marked
on the upper scale in the figure. The inset shows the PL spectra obtained in the
Raman set-up using a higher power density of 1.4 MW /cm?.
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Initially the laser power Stokes shift (V)

density was kept minimum 231 2295 2277 2258 2224 2.21
I ’ ! ' ! " J PL.7excE2.33eV (532nm
W i : ’ 0. 2 1.4MW/em®  soco| 1.4MWiem?
(0.14 MW /cm?) to avoid any L

| =—CA —a—CA —e—CA §3°°° /‘/'QL‘JENC

possible influence of laser heat-

ing on the microstructure of our

16 18 20 22
Energy (eV]

material. The two broad peaks
around 150 and 480 cm™! are
attributed the presence of a-

Si and their intensities suggest

Raman intensity (a.u)

a significant density of amor-

phous particles in the material. 150 300 450 600 1 750 900
Raman shift (cm™)

It can be seen that even with a

low power density, the width of Figure 4.6: Raman spectra of STA and CA SRSN
the peak between 450-550 cm ™ sample (n1.95¢0 —2.44) grown on fused silica sub-
in the CA film reduces as com- Strate. (Inset) PL spectra obtained in Raman set-

) up with A\eze=2.33¢V (532 nm) and power density 1.4
pared to its STA counterpart MW /cm?.

and a sharp peak around 510
cm~! begins to appear. This latter peak attests the presence of nanocrystals in
the material and its low intensity indicates a lower density of nanocrystals. There
is no significant change in this peak on increasing the laser power densities imply-
ing the absence of laser annealing effect. This may be attributed to our sample
whose refractive index 2.44, corresponds to the lower limit required for nanocrystal
formation and to the lower diffusion coefficient of Si in SRSN as compared to SiOs.
Considering the possible influence of the substrate on this crystallization, the
presence of nanocrystals revealed by XRD from the same material grown on the
Si substrate helps us confirm this sharp peak observed through Raman is from our
SRSN layer. It is also interesting to note from the inset of figure 4.6 that the
PL is quenched in CA sample despite the formation of nanocrystals, suggesting

nanocrystals have a detrimental effect on emission.

4.2.3 Optical properties

The microstructural investigations reveal the presence of Si-np, and the Raman stud-
ies suggest a decrease in emission intensity associated with nanocrystal formation.
In order to understand if such a suggestion is valid, investigations on the photolu-
minescence and absorption coefficients were made with regard to refractive indices
and annealing.

The absorption coefficient studies were initially made on the thinner SiN, as-
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Figure 4.7: The absorption coefficient and photoluminescence spectra obtained from
SRSN samples, with regard to refractive index and annealing.

grown samples (80-100 nm thick) with three different compositions (refractive indices
2.012, 2.44 and 3.3 that are close to SizN4, SRSN and Si respectively). The left part

of figure 4.7a shows that the absorption increases with increasing Si excess, which

can be attributed to the higher density of Si-np formed in the material.
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Comparing the SRSN samples
with same refractive index in the
left and right part of this graph,
it is interesting to note that with
increasing thickness the absorption
coefficient of the material is lower,
whatever be the annealing treat-
ment. This difference cannot be ex-
plained at the moment. However
the absorption does not vary with
annealing for energies higher than 3

eV.

In the case of PL properties,
both the thin and thick SRSN sam-
ples (n195.y=2.44) do not exhibit
any emission in their as grown or an-
nealed state whatever the tempera-

ture or time of annealing as can be



A detailed analysis by a fellow researcher in our team, Dr. O. Debieu revealed
that emission is obtained only from samples that possess refractive indices between
2.0-2.13 when annealed at temperatures lower than CA. Figure 4.8 shows consoli-
dated results of his optical investigations. These results also confirmed the absence

of PL for nq g5,y >2.4 whatever the annealing treatment.

The maximum PL was obtained after annealing at 900°C, and an increase in ab-
sorption coefficient with refractive indices is noticed. For the SizNy sample (1 g5, =
2.01), a drop of « in the absorption spectra is noticed between 2.5-3.5 €V at the PL
excitation energy which may explain the low emission intensity of this sample. For
the other cases, the emission intensity increases with refractive indices till 2.12 and
then begins to fall. This decrease is attributed to the increase in the non-radiative
recombination rates with increasing disorder in the matrix brought by incorporating
higher Si excess [Debieu 12].

4.3 Cosputtering of SizIN, and Si cathodes

The SiN, layers were grown at 3 mTorr and T,;=500°C by using SigN,4 and Si cathodes
in pure Ar plasma. One sample of N-rich silicon nitride (NRSN) was also grown by
sputtering the stochiometric target in No-+Ar plasma to compare with SizgN, and
SRSN samples. The RF power density applied on SizN, cathode was maintained at
7.4 W /cm? while that on Si cathode was varied between 1.77 and 2.96 W /cm?.

4.3.1 Refractive index (n;g5.) and Deposition rates (r,)

Figure 4.9 shows the variation of refractive index (left axis) and deposition rate
(right axis) with respect to Pg;. The refractive index increases from 2.3 to 2.82 with
increasing Pg;. This is a signature of increasing the Si incorporation in the matrix
with Pg;.

A direct sputtering from SizNy cathode in pure Ar plasma results in 71 g5y ~ 2.30.
This indicates that at our chosen conditions, the sputtering does not yield a stochio-
metric material. Hence a couple of samples were grown by sputtering SizN,4 cathode
in Na-rich plasma to obtain refractive indices relating to SizN, and N-rich SiN,, (pink
and brown circles in the figure). Their values of njgs.y are also indicated in the
figure at Pg;=0W /cm?, signifying only the SizN, cathode is sputtered for the growth
of these layers. The deposition rate increases with Ps; which can be explained by

the increase in the number of reacting species.

99



0.045

28l —*—N ., Sirich-SiN o
L © n 195eVS|3N4 10.040 g
é 26l ® N g, Nrich-SiN 8
-g | ——r, (nm/s) Sirich-SiN_ =
= (@]
2 241 > H0.035 2
= =1
S 22t — )
= 40.030 =
S Ll 3
X 20t a
I 40.025
1.8 L

Figure 4.9: Effect of Pg; on refractive indices and deposition rates of co-sputtered SilN,
materials. (ry=>5.1% and 7.1% were used for SizNjand NRSN layers respectively).

4.3.2 Structural analysis

(a) Fourier transform infrared spectroscopy

Figure 4.10a shows a typical FTIR spectra of NRSN, Si3sN, and SRSN samples
obtained from layers with nyg5.y= 1.9, 2.01 and 2.32 respectively. Similar to the
samples obtained by the first deposition approach, these samples also possess only
the Si-N bonds and hence the discussions in section 4.2.2 are valid here. The con-

1'in the normal

tribution from Si substrate is witnessed by a peak around 1107 cm™
incidence, whereas in the Brewter incidence it is overlapped by the LOg;_n mode.
The LOg;_n and TOg;_n modes shift towards higher wavenumbers with increasing
Si incorporation as indicated in the table of figure 4.10a. The evolution of FTIR
spectra obtained from SRSN samples with varying refractive indices is shown in fig-
ure 4.10b. The decreasing LOg;_n/TOg;_n ratio with refractive index (increasing
Si excess) can be well noticed. The trends observed in these samples are exactly

similar to those observed in reactively sputtered SiN, samples (ref. Fig. 4.3).

The effect of annealing on the structure of as-grown and annealed (STA, 1h-
900°C and CA) SizN, (Fig. 4.11a) as well as Si-rich SiN, sample (Fig. 4.11b) were

investigated.
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Figure 4.10: FTIR spectra of SiN, monolayers recorded in Brewster incidence.
table of sub-figure (a) shows the peak positions of LOg;_n and TOg;_ny modes obtained

by gaussian curve fitting.
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Figure 4.11: Effect of annealing on the structural properties as investigated by Brewster
and normal incidence FTIR spectra on (a) SisN4 and (b) SRSN.

Both the samples show a similar evolution with annealing as observed from

samples grown by the first approach. The sample undergoes oxidation after CA, as

can be seen from peaks around 1250 cm~! and 1080 cm~! in Brewster incidence and

normal incidence spectra respectively, indicating the LO3 and TO3 modes of Si-O.

In the case of SizNy layers, the LOg,;_y peak intensity increases with annealing

and shifts towards higher wavenumber whereas the TOg;_n peak increases in inten-

sity but remains at a fixed position. These increase in intensities may indicate a
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structural rearrangement of the matrix, while the fixed TOg;_n position indicates
the quality of the stochiometric layer desposited, within the sensitivity of the instru-
ment. In SRSN sample, annealing leads to an increase in the LOg;_ny and TOg;_n
peak intensities accompanied with a shift towards higher wavenumbers. This could
be explained by the phase separation process in Si-rich material with annealing.
From the FTIR analysis, it can be seen that the structural properties of SRSN sam-
ples depend only upon the composition (refractive index) and not on the deposition

approach.

(c) Raman spectroscopy

The Raman spectroscopy was performed on SizN, and SRSN samples after anneal-
ing: STA (1min-1000°C) and CA (1h-1100°C). The Raman spectra obtained on
these samples at different laser power densities ranging between 0.14-0.7 MW /cm?
are shown in figures 4.12 and 4.13. The PL intensity of both the layers after STA
and CA annealing were also recorded in the Raman set-up at a higher laser power
density (1.4 MW /cm?) and are shown in the inset. As mentioned in chapter 2, the
excitation wavelength is 532 nm (2.33 eV) corresponding to the green laser and Ra-
man shift of 0 cm~! corresponds to 2.33 eV. The Stokes shift in €V is calculated from

the relative Raman shifts recorded, and is given in the upper scale of the figure.
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Figure 4.12: Raman spectra obtained with different laser power densities from Imin-
1000°C and 1h-1100°C annealed SigNy4 layers. The inset contains the corresponding PL
spectra [laser power density — 1.4 MW /ecm? and Aegeitation—532 nm (2.33 eV)| in the
Raman set-up.
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Figure 4.13: Raman spectra obtained with different laser power densities from lmin-
1000°C and 1h-1100°C annealed SRSN layers. The inset contains the corresponding PL
spectra [laser power density = 1.4 MW /cm? | Aeycitation=532 nm (2.33 eV)] in the Raman
set-up.

The absence of broad a-Si TA and TO peaks around 150 and 480 cm ™! and sharp
c-Si peak around 510 cm™! in figure 4.12 confirms the stochiometry of this sample as
indicated by ellipsometry measurements. An overall increase of the Raman curves
is noticed in this figure, which can be related to the shoulder of the PL band. This
argument is supported by the PL spectra obtained at a higher photon flux (laser
power density = 1.4 MW /cm?) in the Raman set-up, that shows emission centered
around 2 eV (Inset of Fig. 4.12). Moreover, a larger shift of the Raman curve is
noticed corresponding to a more intense emission in the CA sample than the STA

layer.

The two peaks around 150 and 480 cm™! of a-Si is evidently seen in SRSN sample
attesting the presence of excess Si (Fig. 4.13). The absence of sharp c-Si peak
indicates that the material is only composed of amorphous clusters. This confirms
that refractive index alone rules the material properties and not the deposition
approach, since according to our previous arguments with ny g5,y = 2.32, we are

below the threshold of forming nanocrystals.
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4.3.3 Optical properties
(a) Photoluminescence

The photoluminescence curves of SizNy; and SRSN (n g5y = 2.32) samples with
regard to annealing are as shown in figure 4.11. Tt can be seen that the SizNy
sample exhibits PL of very low intensity between 1.8-2.2 eV, which increases with
annealing. This can be attributed to some radiative defects in the material. The
spectrum was recorded with a 500 nm high pass filter and hence the curve is cut
off after 2.2 eV. No emission is observed from SRSN sample whereas in the Raman
set-up emission was observed from the same sample. The difference in emission
intensities of these samples when measured in the PL and Raman set-up, can be
attributed to the different excitation power densities used in the experiments (1.4
MW /em? in Raman set-up versus 10 W/em? in the PL set-up).
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(a) SizNy (b) SRSN

Figure 4.14: Effect of annealing on photoluminescence of SizN4; and SRSN layers.
(Aezcitation—488 nm and laser power density= 10 W /cm?).

(b) Absorption coefficient, («)

The absorption coefficient curves obtained from SizN, and SRSN as-grown samples
are as presented in figure 4.15.

It can be noticed from this figure that the trend of the absorption coefficient
curves are similar to those obtained in samples grown by the first deposition ap-
proach. The SizN, sample has a low absorption in comparison to SRSN samples
and all the curves show a steadily increasing « values with energy as well as with re-
fractive index (increasing Si excess). The trend of « for this latter case is attributed

to the increase of Si-np density with Si incorporation.
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Figure 4.15: Absorption coefficient spectra of SigNy and SRSN samples.

4.4 Summary

SiN, materials were grown by two different deposition approaches: Reactive sput-
tering and Co-sputtering. Three kinds of SiN, layers were grown: N-rich silicon
nitride (NRSN), SizN, and Si-rich silicon nitride (SRSN). It was demonstrated that
the refractive index of the layer is the ruling factor and the deposition approaches

do not influence the material properties of these layers.

NRSN:

NRSN material was grown by sputtering SisN,4 cathode reactively under N, plasma.

FTIR and refractive index studies confirm this layer is N-rich.

Si3N4I

Stochiometric layer was grown by sputtering SizN, cathode reactively under N,
plasma. The refractive index and F'TIR investigations indicate that the grown layer
is SigNy. The material exhibits low PL emission which increases upon annealing
reaching the highest for 1h-1100°C (CA). The material shows a low absorption that

increases with energies.

SRSN:

SRSN layers with various refractive indices were investigated. It was shown that
by using appropriate ry in the first deposition approach orPs; in the second one,
we can tune SiN, composition close to Si3sN4 or pure Si layers. The SRSN layers

grown by both the deposition approaches have similar trend in structural and optical
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properties. The increasing Si incorporation with refractive indices is reflected in all
the characterization techniques. Based on the investigations, the results on SRSN

can be summarized under two categories:

(a) ny1gsev < 2.4

e There is no formation of nanocrystals. For samples with low refractive indices
(n1.95cv=2.0-2.2) the absence of nanocrystals is attributed to the low Si excess
and to the low Dg; in SRSN as compared to SiO,. For samples with refrac-
tive indices between 2.3-2.4, this may be attributed to the low power density

provided during thermal annealing, which does not favour crystallization.

e The material exhibits photoluminescence depending on the applied laser power

density.

e With increasing refractive indices (Si excess), the emission decreases and the

absorption coefficient increases.

(b) nygsey > 2.4

e The threshold of refractive index for forming nanocrystals in SRSN matrix
is demonstrated. XRD and Raman measurements confirm the presence of

nanocrystals.

e No emission is observed from PL measurements whatever be the anneal-
ing, while from Raman measurements emission is witnessed. This emission
is quenched after 1h-1100°C annealing. Correlation between formation of
nanocrystals and quenching of PL suggest that nanocrystals might have a

detrimental effect on emission in SRSN materials.

e The absorption coefficient decreases with increasing sample thickness.

4.5 SRSO/SRSN multilayer

The microstructural and optical analyses of SRSO/SRSN MLs grown by RF sput-
tering technique is demonstrated in the following sections. It was seen in chapter
3 that the best material properties in SRSO/SiOy MLs (formation of nanocrystals,
emission, absorption etc.) are obtained after CA (1h-1100°C annealing). Hence
the SRSO/SRSN ML is also subjected to CA for initial investigations. The material

properties of CA sample are compared with those obtained from their as-grown MLs.
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A multilayer composed of 100 patterns of 3.5 nm-SRSO and 5 nm-SRSN, (which
will be referred as 100(3.5/5)) is chosen as a typical example for these initial inves-
tigations. The SRSN sublayers in this sample are grown using reactive sputtering

approach.

4.5.1 Ellipsometry

The total thickness, roughness and pattern thickness of the 100(3.5/5) ML were
analyzed using ellipsometry. Figures 4.16 and 4.17 show the results of ellipsometry
simulations of the as grown and CA samples. The fits were performed assuming the

SRSO/SRSN multilayer to be a constant refractive index homogenous layer.

0.000

Photon energy (eV)

(a)

Figure 4.16: As-grown 100(3.5/5) ML. (a)Fitting of the ellipsometric functions (Is & Ic
as a function of photon energy). The circles relate to experimental spectra and the lines
to the fitting, and (b) The dispersion curves, ney & key of the real and imaginary parts
of refractive indices respectively; nj gseV = 2.137 is highlighted in the figure.

It can be noticed in the results obtained from as-grown and CA 100(3.5/5) MLs
(Fig. 4.16a and 4.17a) that with such an approximation the theoretical spectra
well fit the measured ones. Moreover, the 832 nm thickness of the as grown sam-
ple deduced from ellipsometry closely relates to the expected thickness of 850 nm
[(100pattern X 3-5tsps0) + (100pattern X Bigpgy)]- As highlighted in figures 4.16b and
4.17b, the refractive index of the as-grown sample, nq g5,y —2.13 increases to 2.34
after CA. This increase is also accompanied by a reduction in thickness of the CA
sample to 777 nm (as-grown sample = 832 nm) thereby indicating a densification

process favoured by annealing.
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and imaginary parts of refractive indices respectively; ni.g5eV = 2.343 is highlighted in the

figure.

4.5.2 X-Ray Reflectivity
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Figure 4.18: XRR spectrum of 100(3.5/5) ML

The XRR technique was used to estimate the pattern thickness of the MLs.

Figure 4.18 shows the spectrum obtained from CA sample which is similar to the

one recorded from the as-grown sample (not shown).

This figure clearly shows

the repetitive peaks relating to the alternated SRSO and SRSN patterns in our
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multilayered configuration. Therefore, the (SRSO+SRSN) pattern thickness of the
multilayer was calculated and found to be 8.8 nm.

This value is close to the expected pattern thickness of 8.5 nm (3.5 nm + 5 nm)
indicating that, the pattern thickness can be estimated from XRR technique to a
high degree of accuracy. Hence most of the MLs in this thesis were investigated by
XRR.

4.5.3 Fourier transform infrared spectroscopy

The FTIR spectrum of the as-grown ML recorded in Brewster incidence is showed
in figure 4.19a. It can be clearly seen that the spectrum is composed of multiple
peaks which overlap with each other due to the contribution of Si-O and Si-N bonds
from SRSO and SRSN sublayers respectively.
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Figure 4.19: FTIR spectra (thick line) of as grown 100(3.5/5) ML. The spectra is decom-
posed into six gaussians and four gaussians in the Brewtser incidence and normal incidence
spectra respectively.

The spectrum is fitted with six peaks, corresponding to the asymmetric stretching
modes of SRSO and SRSN sublayers. The peaks centered around 1175 cm™!, 1059
cm~!, 802 et and 758 cm™! can be attributed to the LO3, TO3, LOy and TO,
peaks of Si-O bonds respectively while those at 954 ¢cm™! and 866 cm~! can be
ascribed to the LO & TO peaks of Si-N. All the peaks except TOg;_ny mode are
shifted towards lower wavenumbers as compared to the (LO and TO)g;_y modes
observed in monolayers (ref. FTIR in Sec. 4.2.2). There may be three possible
reasons that induce this shift in the TOg;_ny mode towards higher wavenumbers in
MLs:

1. Difference in bonding angles in monolayer and ML configurations.
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2. Possible formation of Si-O-N bonds at the interface of SRSO and SRSN

sublayers.

3. It has been reported in SiN, monolayers that the presence of nitrogen atoms
as the next nearest neighbours would induce a shift of the TO mode towards higher

wavenumbers [Molinari 03]. The same proposition can be assumed in the case of
SRSO/SRSN MLs.

In addition to these peaks, it also has to be remembered that the (LO4-TO4) g0
modes may also contribute to the shape and peak positions of the FTIR spectra.

Similarly the normal incidence spectrum also shows the contribution of Si-O from
SRSO and Si-N from SRSN layers (Fig. 4.19b) and is fitted with four peaks. The
two major peaks centered around 1058 cm~! and 887 ¢cm™! can be unambiguously
attributed to the (TO3)s;_0 and TOg;_y modes respectively.

The presence of Si excess

05 (LO,LO, &TO,)si0 TO; 510 LOsin . TOsin (LO;TO g0 in SRSO sublayer is attested
Brewster incidence : ’

04 by the shift of the (TO3)g;_
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Figure 4.20 shows the the
FTIR spectra of as-grown and

CA 100(3.5/5) ML recorded

Figure 4.20: FTIR spectra of as-grown and CA in Brewster and normal inci-
100(3.5/5) ML.
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dences. The position and inten-
sity of the FTIR bands is a re-
sult of an overlapping contribution from Si-O and Si-N modes thereby making the
analysis complicated. Hence the identification of the peaks are very difficult after
annealing and the fitting of peaks are therefore not appropriate. The approximate
peak positions of the different vibration modes are indicated on the top part of the
figure. From a comparison of the overall shape of the spectra obtained from the
as-grown and CA samples, it can be seen that the Brewtser incidence spectra show

a blueshift (towards higher wavenumber) of the peak maximas.

The blueshift of the Si-O modes with annealing is indicative of the formation

of Si-np in SRSO sublayer. This is confirmed by the increase of (LO3)g;_o mode
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around 1250 cm~!. The blueshift of the Si-N modes is evident from FTIR spectra

recorded in both angle of incidences and can be ascribed to the evolution of SRSN

sublayer towards SizN,. Similar shifts have been observed in SiN, monolayers when

annealed at 950°C for ¢,4> 1h under nitrogen atmosphere [Molinari 03].

4.5.4 Surface Microstructure

Preliminary surface microstructural investigations were performed using optical mi-
croscopy on the as-grown and CA 100(3.5/5) ML (Fig. 4.21).

The surface of the as-grown sample
is completely smooth whereas the sur-
face of the CA sample shows appear-
ance of circular spots of varying diame-
ters ranging between less than 1 pm to
about 200 pm. The possible reasons for
appearance of these circular spots can

. : 200
be attributed to the reactive growth pro- —

cess leading to gas (N,H) exodiffusion Figure 4.21:

Asgrown 1h-1100°C

200um

Surface microstructure of

upon annealing. Consequently, the an- as-grown and 1h-1100°C annealed (CA)

nealing procedure will be a key point for

the achievement of a suitable film.

4.5.5 X-Ray Diffraction

XRD analyses were performed on the as grown
and CA samples (Fig. 4.22). The broad peak in
the range between 20-30° seen in the as-grown
sample relates to the presence of amorphous Si-
np. The XRD spectrum of the CA sample ex-
hibits a sharper peak around 28° referring to
the Si (111) plane that can be fitted with a sin-
gle gaussian peak confirming the presence of Si
nanocrystals.

The high intensity of (111) peak and the clear
presence of (220) peak which is not often wit-
nessed, suggest a high density of Si-np formed in
the SRSO and/or SRSN sublayers. Using Scher-

rer formula, the approximate Si-np size in the

111

100(3.5/5) ML.
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Figure 4.22: XRD spectra of as-
grown and CA 100(3.5/5) ML.



CA sample is estimated as 4nm.

4.5.6 High Resolution-Transmission Electron Microscopy

In order to determine the location of nanocrystals, HR-TEM investigations were
carried out on CA 100(3.5/5) ML. The microstructure displayed in figure 4.23a
shows 100 patterns of perfectly alternated SRSO and SRSN sublayers deposited on
a Si substrate (dark part on the bottom). The bright and dark contrasts observed
in the film correspond to the SRSO and SRSN sublayers respectively. At this scale,
it is not possible to correlate these observations to the ones performed above, on the
surface of the film (ref. Fig. 4.21).

| 100 patterns

(a) General microstructure and electron diffraction pattern.  (b) Dark field image with Si(111) re-
flection. The Si-np are highlighted
with a circle around them.

Figure 4.23: TEM images of CA 100(3.5/5) ML.

The inset of figure 4.23a corresponds to the electron diffraction pattern of the
film. Tt reveals the presence of (111), (220) and (311) rings that are the signatures
of Si nanocrystal formation in the ML. The corresponding (111) dark field image
reveals that the Si nanocrystals are confined in the SRSO sublayers and the brighter
SRSN sublayers are devoid of nanocrystals (Fig. 4.23b). A HR-TEM image of this
ML (Fig. 4.24) shows the detailed microstructure of the film at the nanometer scale.
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The thicknesses of the SRSO and
SRSN sublayers are seen to be 3.7 nm
and 5.1 nm respectively, confirming the
pattern thickness of 8.8 nm deduced
from XRR technique. The presence of
Sinanocrystals are witnessed only in the
SRSO sublayers and most of them were
restricted to the 3.7 nm sublayer thick-

T sigrain .
with stacking faults

ness, coherent with average size estima-
tion from XRD. However, nanocrystals
that show overgrowth in both the width

and the height were also observed as

shown in this figure. The presence of

oversized Si nanocrystal could be the Figure 4.24: HR-TEM image of CA
consequence of high temperature and 100(3.5/5) SRSO/SRSN ML. The arrows in-

time applied on a Si-rich (SRSO, SRSN) dicate the possible exodiffusion paths.

film during the annealing process. It can

also be noticed that there are regular darker regions (arrows in Fig. 4.24) in the
SRSO sublayers that lie along a line. This can be attributed to the path of gas
exodiffusion during annealing, as suspected to be one of the reason for surface mod-

ifications in the optical microscopy analysis of the CA sample (ref. Fig. 4.21).

4.5.7 Optical properties
(a) Photoluminescence

The PL spectra of as-grown and CA samples of 100(3.5/5) ML are shown in figure
4.25. The SRSO/SRSN as-grown sample shows PL emission contrary to SRSO/SiO,
samples which did not show emission before annealing. This emission from the as-
grown SRSO/SRSN ML achieved by the replacement of SiO, by SRSN sublayer
suggests that the SRSO sublayer is emitting and the presence of defects in SiO,
might have quenched the PL in SRSO/SiOs MLs.

The as-grown PL spectrum can be seen to contain three peaks centered around
1.41 eV (peak 1), 1.62 eV (peak 2) and 1.88 eV (peak 3). This suggests the presence of
different emission centers in the material such as defects or amorphous Si-np in SRSO
and/or SRSN sublayers. The position of peaks (1 and 2) might be ascribed to the
electron-hole recombination in the Si-np within the frame of QCE [Kanemitsu 97,

Ternon 04a, Gourbilleau 09]. Peak (3) closely relates to 1.9¢V value reported for
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Si:SigNy interfaces [Maria 75| and/or to various defect states in silicon nitride.
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Figure 4.25: PL spectra of as grown and
1h-1100°C (CA) 100(3.5/5) ML.

However, these possibilities of differ-
ent origins of emission will be analysed
and confirmed in the forthcoming sec-
tions.

After subjecting to CA, the emis-
sion from SRSO/SRSN ML is quenched
whereas in section 3.7.2 of chapter 3
it was seen that CA process enhances
emission in SRSO/SiOy MLs. Since it
was seen from XRD and HR-TEM that
the average size of the nanocrystals in
CA SRSO/SRSN MLs are about 3.8-4
nm, this quenching of PL cannot be at-

tributed to the overgrowth of crystals.

These results indicates that SRSN sublayers when annealed at high temperature

show a detrimental effect on the emission from SRSN as well as SRSO sublayers.

(b) Absorption coefficient, («)

The absorption behaviour of the CA 100(3.5/5) MLs were investigated by com-
paring « values of other Si-based layers investigated in this thesis (Fig. 4.26).

,,,,,,

10°F emeezet
10°[
< 10%F
E e}
— —+— SRSO/SRSN CA
= --o-- ¢-Si
° 3 --0-- a-Si
1o —=—SiN,
—+—SRSN CA
10'F —+—SRSO CA

L L f —— SRSO/Si0,CA
15 20 25 30 35 40 45
Energy (eV)

Figure 4.26: Comparison of absorption co-
efficient curves obtained from CA 100(3.5/5)
ML with other CA Si-based thin films investi-
gated in this thesis. The reference absorption
curves of ¢-Si and a-Si are also plotted for
comparison |Internet ta].
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The absorption coefficient curves of ref-
erence a-Si and c-Si are also presented
by using the data from [Internet ta| to
facilitate comparison between the ab-
sorption behaviours of the thin films.
The absorption coefficient curves
are similar in SRSN monolayer and
SRSO/SRSN ML, from energies higher
than 2 eV. It is interesting to note
that the absorption coefficient values are
about 10 times higher in SRSO/SRSN
MLs as compared to the SRSO/SiO,
ML, at energies greater than 2.5eV.
Besides, in the range of emission en-
ergies also (typically 1.4-1.7 eV), the
SRSO/SRSN MLs have a higher absorp-



tion but within a difference of one order of magnitude. It can also be seen that at
high energies, the level of absorption in SRSO/SRSN ML approaches that of Si. This
shows that the replacement of SiO; by SRSN sublayers in ML favours absorption.
Despite a higher pump absorption in CA SRSO/SRSN ML, in comparison to
SRSO/SiOy ML, there is a quenching of PL from the former. This implies that CA
SRSO/SRSN ML favours absorption but has a detrimental effect on emission.

4.6 Effect of annealing treatment under N, flow

It was seen in the previous sections that the SRSO/SRSN samples contain nanocrys-
tals as SRSO/SiOy MLs, but the presence of SRSN sublayers create a detrimental
effect on the PL emission after CA. However, both the as grown (not shown) and
CA SRSO/SRSN MLs have high « values. These results indicate the possibility of
intermediate annealing treatments that might favour PL emission. A detailed in-
vestigation on the effect of annealing treatments (temperature and time) was made

to optimize the PL emission.

o Annealing steps ‘ Denoted as ‘
;E: Imin 15min 30min 60min 1min 1min (1rnin

£ 1000°C-STA)

3 1+15min 16min

g . 14+15+15min 31min

8 * * * 1+15+15+30min 61min

& * PL measurments 1h continuous annealing LTA

Time of annealing (under nitrogen flow) (1h—1100°C—CA)

Figure 4.27: Pictorial representation of step by step annealing under Ny flow. (Table)
Details of annealing time used for investigation and their notations.

The 100(3.5/5) ML was annealed at various temperatures (T4) between 400°-
1100°C while the time of annealing (¢4) was varied between 1 minute to 61 minutes
in steps as can be seen in the pictorial representation of figure 4.27. Continuous
Long Time Annealing (LTA) of 1 hour at various temperatures were also performed.
The emission obtained from LTA MLs were compared with MLs annealed for 61
minutes in steps. Table of figure 4.27 details the various annealing steps employed
for these investigations and the way they are denoted in the forthcoming parts. The
effect of T4 and t4 on the emission intensities of SRSO/SRSN ML are discussed

below. (All the graphs in the discussions that follow in this section are comparable).

115



4.6.1 T,=400°C:

Figure 4.28 shows the PL spectra of SRSO/SRSN MLs annealed at 400°C and their

peak positions with respect to various time steps of annealing.

S P - A sample | peak 1 | peak 2 | peak 3
3 - (V) | (V) | (V)
g 2a0%) —<—61min as grown | 1.41 1.62 1.88
G ™ o Imin 1.46 1.62 1.95
£ 1x10°} 16min 1.41 1.62 1.91
T 31min 1.40 1.62 1.86

ol , , ‘ 61min 1.38 1.62 1.87

1.2 1.4 1.6 1.8 2.0
Energy (eV)

Figure 4.28: PL spectra of 100(3.5/5) ML annealed at 400°C. The peak positions obtained
after gaussian fitting are indicated in the table.

The three peaks obtained after gaussian fitting are indicated as peak (1), (2) and
(3) in the figure and the table. It can be seen from the spectra that the emission
intensity of all the three peaks increase with t4. About twofold increase in the
emission intensity is observed from the sample annealed at highest ¢4 as compared
to the as-grown sample while the position of peak (2) is always centered at 1.6 eV.
The shifts in the peak positions of (1) and (3) are not significant since their maxima
are not well defined.

The increase in all the three peak intensities with annealing time may indicate a
beginning of reorganization of the matrix and a decrease of the non-radiative defects.
The fixed position of peak (2) indicates that there is no modification of Si-np size

with increasing t4 due to the low annealing temperature applied here.

4.6.2 Ty=700°C:

Figure 4.29 shows the PL spectra and the peak positions of 100(3.5/5) ML annealed
at 700°C.

The presence of three peaks is witnessed at all ¢4 at this temperature also.
Contrary to the previous case, the PL intensity increases only till 16min and then
starts to decrease with longer t4. The previous comment on the shifted peak is
still valid for peaks (1) and (3). Concerning the peak (2), its maximum being well
defined, the shift is significant as a function of the annealing time. It can be seen

that peak (2) is redshifted after 16min of annealing as compared to the as-grown
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700°C

—=—as grown

8.0x10" —e—1min sample | peak 1 | peak 2 | peak 3

—a— 16min

a.u)

© 6.0x10°t —v—31min (eV) (eV) (eV)
- —<«—61min

3 woxio”| as grown 1.41 1.62 1.88
L 1min 1.39 1.61 1.85
7 2.0x10" 16min 1.41 1.57 1.80

31min 1.43 1.56 1.80
61min 1.33 1.55 1.80

0.0F

12 14 16 18 20
Energy (eV)

Figure 4.29: PL spectra of 100(3.5/5) ML annealed at 700°C. The peak positions obtained
after gaussian fitting are indicated in the table.

and 1min annealed spectra. This redshift may be attributed to the formation of
bigger Si-np. Following the Delerue law [Delerue 93|, this shift is linked to a size
variation of 0.3 nm. Considering the maximum value of Si diffusion coefficient,
Dg; = 107!8 cm?s™! at this temperature [Nesbit 85|, the maximum diffusion length
(I = Dg; x t4) after an annealing time of 16min is estimated to 0.3 nm. Consequently,
this PL shift can be attributed to the Si diffusion favouring the growth of Si-np. The
quench of the PL intensity with further annealing time can be ascribed to this growth

of the Si-np as well as the detrimental contribution of the SRSN sublayer.

4.6.3 T,4,=900°C:

Figure 4.30 shows the PL spectra and the peak positions of 100(3.5/5) ML annealed
at 900°C.

6.0x10" |- 900°C @
T
— —ﬁ—16min
o 4.0x10°} T sample | peak 1 | peak 2 | peak 3
z (eV) (eV) (eV)
e as grown | 1.41 1.62 1.88
E 1min 1.41 1.59 1.80

o
o

12 14 16 18 20
Energy (eV)

Figure 4.30: PL spectra of 100(3.5/5) ML annealed at 900°C. The peak positions obtained
after gaussian fitting are indicated in the table.

The highest emission intensity is obtained after 1min when annealed at 900°C
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and the intensity is gradually decreased for all other 4. It has to be noticed that
for annealing time longer than Imin, the three peak structure disappears. As in
the previous case, the shift of the peak (2) with respect to the as-grown sample can
be ascribed to the growth of Si-np. The observed decrease of PL intensity for time

higher than 1min can be explained in the same way as that in the case of 700°C.

4.6.4 T,=1000°C:

Figure 4.31 shows the PL spectra and the peak positions of 100(3.5/5) MLs annealed
at 1000°C.

g.oxto°  1000°C "
— 0 —=— as grown
E 6.0x107F i}g“r:‘in sample | peak 1 | peak 2 | peak 3
2 4.0x10° e gm:: (eV) (eV) (eV)
g asgrown | 141 | 162 | 1.88
o 1min 1.50 1.53 1.85
0.0

12 14 16 18 2.0
Energy (eV)

Figure 4.31: PL spectra of 100(3.5/5) ML annealed at 1000°C. The peak positions ob-
tained after gaussian fitting are indicated in the table.

The behaviour at 1000°C follows a similar trend as the previous case but is more
pronounced, with 1min-1000°C (STA) showing the highest intensity followed by a
quenching of PL when ¢4 is long. This behaviour is already explained in the section

above.

4.6.5 Influence of short time and long time annealing on emis-
sion

It can be noticed from previous discussions that the emission intensities from samples
annealed during 1min-1000°C (STA) and 16min-700°C are similar. Considering the
thermal budget and the maximum emission intensities, STA can be considered as
the best annealing treatment from the analyses done above. In order to witness a
possible enhancement of the emission intensity in these MLs with thermal budget,
higher temperatures were employed for t4= 1min. Figure 4.32a consolidates the
PL intensities obtained from all the samples subjected to 1min annealing between
400°-1100°C.
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Figure 4.32: Effect of time and temperature of annealing on the emission of 100(3.5/5)
ML.

It can be clearly seen that the increase in emission intensity accompanied by
a redshift occurs only till 1000°C. With further increase in temperature (1050°C),
the PL is quenched and a blueshift is observed. The emission continues to decrease
for the highest temperature employed, but the PL peak position is redshifted which
could be due to the merging of peak (1 & 2). The intensity of peak (3) decreases
with temperature and and completely disappears for the two highest temperatures.
The increase in emission intensity with a redshift till 1000°C can be attributed to an
increase in the density and size of the Si-np. Figure 4.32b shows the effect of LTA
on the PL emission and it can be seen that the PL shape and intensities obtained
by step annealing for 61min and continuous annealing (i.e. LTA) are the same. The

PL quenches with high temperatures despite the formation of nanocrystals.

4.6.6 Structural analysis on STA SRSO/SRSN ML

In order to understand the reason behind the emission behaviour, structural inves-
tigations were performed on STA (1min-1000°C) 100(3.5/5) ML. Figure 4.33 shows
the XRD spectrum of the sample. The peak between 20-30° is neither broad as in
the as-grown sample, nor sharp as in the case of CA sample as observed in figure
4.22. This implies that the sample is a mixture of both amorphous and crystalline
Si-np. Since after CA, there were no nanocrystals in SRSN sublayer as observed by
TEM, the formation of crystalline Si-np as suggested by XRD should be only within
the SRSO sublayer after STA.

But it was seen from SRSO/SiOy MLs that a minimum annealing treatment of

1h-900°C is needed to form Si-nanocrystals in SRSO sublayers. Therefore, in order
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Figure 4.33: XRD spectra of SRSO/SRSN ML.

to confirm if replacing SiO, sublayer by SRSN ones could favour the formation of
nanocrystals in SRSO/SRSN MLs even after such short time annealing of lmin,
HR-TEM investigations were carried out. EF-TEM measurements were also done
on this sample to estimate the density of Si-np considering the amorphous particles
in SRSO sublayers and their possible presence in SRSN sublayers.

Figure 4.34 shows the microstructural investigations carried out on SRSO/SRSN
ML. The dark field image taken under (111) reflection reveals the presence of
nanocrystals indicating that STA treatment is sufficient for the formation of nanocrys-
tals thus confirming the XRD results.

50 nm s

(a) Dark field with Si (111) re-
flection.

Figure 4.34: Microstructural investigations by (a) TEM, (b) HR-TEM and (c) EF-TEM
imaged with Si (17¢V) plasmon and O (23eV) plasmon.

The HR-TEM image evidences the presence of few nanocrystals in SRSO sub-
layer (highlighted with white circles). The EFTEM image obtained by inserting
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an energy-selecting slit at the SiOy (23 eV) plasmon energy shows the bright and
dark contrast of the SRSO and SRSN sublayers respectively. The image taken at Si
(17eV) plasmon energy reveals the presence of a high density of Si-np (10'3np/cm?)
that are distributed all along the SRSO sublayers. There are no traces of even amor-
phous Si-np in SRSN sublayers which may be attributed to either the insufficient
Si excess or the STA process which favours Si-np formation only in SRSO sublay-
ers. However, it is interesting to note that the density of Si-np formed with STA in
SRSO/SRSN MLs are similar to those in SRSO/SiO5 achieved after a long time CA

process.

Thus, these microstructural and optical investigations indicate that a strong PL
emission can be achieved after STA. The absorption studies after such an annealing
showed that the absorption coefficient curves lies between that obtained from as-
grown and CA SRSO/SRSN MLs (not shown here). The STA and the as-grown
sample follow a similar trend with low absorptions for energies lower than 2 eV and
high absorptions for energies greater than 2.5 eV. A balance between emission and
absorption behaviour is obtained from STA SRSO/SRSN MLs which is promising

for device applications at a reduced thermal budget.

4.7 Effect of number of patterns on emission

In order to understand if the number of patterns (i.e. total thickness) of the ML
has an influence on the emission intensity, three STA SRSO/SRSN MLs with 20, 50
and 100 patterns were compared (Fig. 4.35a).

. —+100(3.5/5)
8.0x10" |
= —=—20(3.5/5) @
3 . —e— 50(3.5/5) 5 M
8 6.0x10" - —+—100(3.5/5) s &
‘2, >
£ z
< 4.0x10° } 5| . ‘
|5 X D | ——50(3.5/5)
£ =
i -
o 2.0x10" ¢ * Second order o b
laser emission L
(c)
0.0 a)
12 14 16 18 20 2 14 18 18 20
Energy (eV) Energy (eV)

(a) Pattern number vs. emission intensity. (b) Curve fitting on 50 and 100 patterned ML.

Figure 4.35: Effect of pattern number on the emission of STA SRSO/SRSN MLs.

An increase in the PL intensity is noticed with increasing number of patterns. It
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is interesting to note that doubling the number of patterns from 50 to 100 does not
result in a doubling of PL intensity. Instead, the PL intensity shows a huge enhance-
ment of about 7.4 times and suggests that besides the pattern number there might
be other factors influencing the emission. The possible reasons will be systematically
analyzed in the forthcoming sections and in chapter 5.

The 50 patterned ML also has three peaks (a, b & ¢) which are redshifted from
peaks (1, 2 & 3) of the 100 patterned ML (Fig. 4.35b). The positions of peaks (b &
¢) fall within the range of peak (1) & peak (2) as seen in previous section and may
be considered as a contribution of Si-np. The peak (3) disappears in 50 patterned
sample, and a new peak (a) appears at lower energy. It is complicated to reason
out:

- if peak (a) has a new origin and if the absence of peak (3) in 50 patterned
sample might be due to a reduced volume of SRSN in the material. This is because
peak (3) is assumed to be arising from Si:SizN, interface and/or defect states and
even in 100 patterned ML (more SRSN sublayers than 50(3.5/5)), this peak intensity
is too low.

- if these three curves in 50 patterned ML are only the redshifted (1, 2 & 3)
peaks observed in the 100 patterned sample.

4.8 Effect of SRSN sublayer thickness on structural

and optical properties

The influence of SRSN sublayer thicknesses (tsrsy) on the structural and optical
properties were investigated by growing 50(tsrso/tsrsy) MLs, where tspso= 3 nm
and tgrsn ranges between 1.5 to 10 nm.

Figure 4.36a shows the as-grown FTIR spectra of these set of samples recorded
in Brewster incidence and normalized to 100 nm thickness.

A pronounced increase in the intensity of (LO and TO)g;_n modes can be seen
when tgrgn varies from 1.5 nm - 8 nm which is attributed to an increase in number of
Si-N bonds with sublayer thickness. Such a trend is also observed in the asymmetric
stretching modes of Si-O but to a lower extent. It can be observed in all these
vibrating modes, that with further increase of tsrsny (=10 nm) the peak intensities
decrease. In the spectra recorded with normal incidence (Fig. 4.36b), the Si-O
bonds are more pronounced for lower tgrgy, due to lower amount of Si-N bonds in
the material.

With increasing tsgpsy, the number of Si-N bonds in the material increases

whereas the number of Si-O bonds remain constant. Therefore we notice an increase

122



0.08 (LOG’LOA-TQ'A)SFD (Lros)sl.o (T?)SI-N (Lo:sm(%Loz'Tog)sl.o 0.08 (T%A)SA-O (‘Tos)sm (TO)?_N iToz)si»o
Normalized to 100 nm thcikness Normalized to 100nm thickness

0.06 0.06 +
= =
L& L
@ 0.04 @ 0.04}
o (8]
C C
® (]
o] Ke)
’6 0.02 5 0.02 - —=—50(3/1.5)
o 7] —e— 50(3/3)
< 2 —a—50(3/5)

0.00 | 0.00 — v 50(3/8)

—e—50(3/10)
n 1 " 1 n 1 " 1 " 1 n 1 " 1 1 1 1 1 1
1400 1300 1200 1100 1000 900 800 70C 1400 1300 1200 1100 1000 900 800 700

-1
Wavenumber (cm™1) Wavenumber(cm™")

(a) Brewster incidence. (b) Normal incidence.

Figure 4.36: FTIR spectra of as-grown SRSO/SRSN MLs grown by reactive approach
as a function of SRSN sublayer thickness.

in the Si-N peak intensities with respect to those of Si-O ones (peak positions are
marked in the upper axis of Fig. 4.36). Similar trend is observed for SRSO/SRSN
MLs with SRSN grown by the co-sputtering method on varying the sublayer thick-
nesses.

The effect on the emission behaviour of STA SRSO/SRSN by varying tsrsy is
shown in figure 4.37.
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" {6.0x10° | tSmrsSN peak peak peak
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Figure 4.37: PL spectra and the peak positions of STA (1min-1000°C) SRSO/SRSN
ML with varying tsrsny grown by reactive sputtering approach. Table indicates the peak
positions obtained after gaussian curve fitting on each of the PL spectra.

The PL intensity shows a non monotonous trend with increasing SRSN sublayer
thickness. The intensity increases with increasing tgrsy, reaching the highest at 8
nm and decreases for tgrgny =10 nm. The table reports the values of the three peak

maxima in all the samples under investigation. The results of gaussian curve fitting
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on these PL spectra indicate that there is only one low energy peak when the tgrsn

is the lowest (=1.5 nm), and the presence of three peaks is observed for all other

LSRSN-
The peaks are blueshifted with in-
creasing tgrsny and the positions of peak
3:6x10° ' ' "] (b & ¢) reach the highest value for the
3'0)(10: | two highest tggpgy. Similar trend of PL
E 2'5X109 s | intensities and peak shifts with varying
z = ~aa | fopsy is observed in MLs with SRSN
é 1'5X109 grown by co-sputtering approach (not
E ;:z:za shown here). This blueshift may indi-
00 cate a better confinement provided by

1.2 1.4 1.6 1.8 20 SRSN barriers with increasing tsgrsny
Energy (eV) thereby preventing overgrowth of Si-np
Figure 4.38: Influence of tgpgny on the ab the interface of SRSO and SRSN sub-

PL spectra of SRSO/SRSN ML grown by layers. The absence of peak (c¢) for the
reactive sputtering approach, after CA (1h-

lowest ¢t and the gradually increas-
1100°C). WESL LSRSN & Y

ing appearance for higher tgrgn con-

firms the attribution of this peak to
SRSN sublayers. The samples were also subjected to CA to observe the influence
of tspsn emission properties after such annealing (Fig. 4.38). The PL after CA
is largely quenched, but tsrsy plays a role in the emission intensity of CA MLs
as well. The increase of PL intensity around 1.5 eV with increasing tsgrsy is seen
accompanied by a blueshift of the peak position. Similar to our arguments on STA
emission behaviour, this increase in peak intensity can be attributed to the SRSN
barrier leading to a greater confinement of the Si-np formed within SRSO, with in-
creasing tgrsn. Consequently, the size of the Si-np decreases resulting in a blueshift

and an enhanced emission.

4.9 Optimizing annealing treatments

It has been demonstrated in section 4.6 on nitrogen annealing that the SRSO/SRSN
MLs are advantageous over SRSO/SiO, MLs by achieving higher emission properties
at a lower thermal budget either by using short time annealing at high temperature
(eg. 1min-1000°C [STA]) or longer time at low temperatures (eg. 16min-700°C).
Besides, a high density of Si-np is formed after STA resulting in higher absorption
behaviour than SRSO/SiOy MLs. It has been reported that the passivation of silicon
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solar cells by forming gas (FG) annealing enhances the efficiency of low cost solar
cells [Sana 94, Sopori 96]. This is due to the elimination of dangling bonds which act
as trapping centres for charge carriers. Here, the hydogen atom plays a vital role in
the activation of the radiative recombination centres. Hence a series of investigations
were carried out by annealing under FG and also seeing the effect of preceding or
succeeding this FG annealing by N, annealing.

Since the deposition temperature is high (500°C), we may reasonably suspect
that one of the contributing factors to the enhancement (7.4 times) in intensity of
the ML with 100 patterns as compared to 50 patterns after STA (ref. Fig. 4.35a)
may be a consequence of the longer time spent in the deposition chamber. For in-
stance, in a 100 patterned ML, the first 50 patterns are subjected to double the time
inside the deposition chamber than the 50 patterned ML under the plasma which
alternates between (argon + hydrogen) and (argon + nitrogen). It was calculated
that 100(3.5/5) ML spent an excess time of 4.75h under high temperature (500°C)
than 50(3.5/5) in the deposition chamber. This time spent in the chamber at 500°C
may be considered as a low temperature annealing of the already deposited layers
while the top layers are being deposited. Though the conditions in the deposition
chamber for the excess time is not exactly the same in annealing chamber, long time
annealing of 4.75h under forming gas flow at 500°C (4.75h-FG) was chosen to see
if there could be any influence of such long time on emission intensity of 50(3.5/5)
ML. The choice of FG annealing is also because it relates more closely to the de-
position chamber ambience than annealing only under nitrogen flux. In addition,
investigations on the influence of other shorter time FG annealing on enhancing the

emission were also made.

4.9.1 Forming gas annealing versus annealing time

Figure 4.39a shows the PL spectra of 50(3.5/5) SRSO/SRSN ML obtained after
annealing at 500°C under FG atmosphere with ¢4 between 0.5h-1.5h in steps and a
continuous long time annealing (4.75h-FG).

As reported above for the case of annealing under Ny flow (ref. Sec. 4.6), we
observe the presence of the three emission peaks in the spectrum after FG annealing
also. We focus our analyses on the most intense peak centered around 1.7 eV. An
increase in annealing time favours emission with the highest intensity recorded after
4.75h-FG. Interestingly, it can be noticed that the STA and 4.75h-FG annealing
treatments show similar intensities. This implies that an interplay between the cou-
pled processes *Np-short time /high temperature’ or "FG-long time/low temperature’

could result in similar emission intensities. Moreover, the annealing process allows
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Figure 4.39: (a) Effect of annealing time under forming gas on the PL spectra of
50(3.5/5) SRSO/SRSN ML and, (b) PL peak maximum with regard to time of annealing
in SRSO/SRSN MLs with different tsrsy. (Inset) Recalling the influence of tspsny on PL
from STA (1min-1000°C/N3) samples.

the control over emission peak position.

Figure 4.39b shows the PL peak maximum of FG annealed 50(3.5/tsrsn) MLs
where tgrsny varies between 1.5-10 nm. The samples were annealed sequentially
between 0.5-5h. Tt can be observed that the time of annealing shows minimal in-
fluence on the PL intensity. Thus, 0.5h is a sufficient annealing time for achieving
considerable emission.

Since T4=500°C favours exodiffusion

of hydrogen, further investigations un-

024] 503505 ~ der forming gas annealing were per-
| ——a78hFG | .
30'20 100355 ¢ formed by reducing T4, to understand
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T ATEhFG the role of hydrogen in passivation of
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dangling bonds. Similar intensities were
obtained even by reducing the T4 fur-
ther down to 380°C (not shown here).
It was observed in both the cases, that
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Figure 4.40: Comparing the PL spec- it tsrsy till 8 nm and decreases with
tra obtained after STA and 4.75h-FG an-
nealing processes in 50 and 100 patterned

SRSO/SRSN MLs. STA (Inset of Fig. 4.39b). Figure 4.40

further increase in tgrgy as observed in

shows a comparison of PL spectra be-
tween 50 and 100 patterned MLs after STA and 4.75h-FG. The emission intensity
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increases for the 50 patterned sample after 4.75h-FG, whereas for the 100 patterned
sample STA leads to the highest intensity. Moreover, one can notice a blueshift of
the spectra between 4.75h-FG and STA

4.9.2 Short time annealing (STA) + Forming gas annealing

Since FG annealing results in emis-
sion equivalent to STA (1min1000°C-

Ny) in 50 patterned ML, the next set 50(3.5/5)
of investigations focussed on enhanc- 0.04 1 !
ing the emission from STA sample by E 0.03
succeeding STA with a low temper- 2 |
% o,

ature F'G process. 2 S

. —, 001F —=—STA+05hF.G.

Figure 4.41 compares the PL o —e—STA+1hFG.
; ——STA+15h F.G.

spectra obtained from 50(3.5/5) ML o00r

1.6 1.8 2.0

after STA+FG annealing with PL " 1'4Energy (eV)

spectra obtained from STA sample.

It can be seen from the figure that if Figure 4.41:  PL spectra obtained from
STA treatment is done preceding FG 50(3.5/5) ML after STA + FG annealing.
annealing, it results in a detrimental
effect on the emission intensity as compared to that obtained by FG annealing or
STA alone.

It is interesting to note that the PL peak position remains the same, and is
not blushifted as observed in the previous case with FG annealing. This can be
attributed to the initial STA that almost completes the reorganization of the matrix
with the formation of a high density of Si-np that would crystallize upon subsequent

annealing treatments.

4.9.3 Forming gas annealing + Short time annealing (STA)

Figure 4.42 shows the PL spectra obtained from 50(3.5/5) SRSO/SRSN ML which
was subjected to an initial annealing in FG and then succeeded by STA. The figure
also presents the spectra obtained after annealing only by STA (1min-1000°C/Ny).
Since it was seen that 0.5h in FG is sufficient to obtain considerable emission, such
a treatment was first employed on SRSO/SRSN ML prior to STA treatment.

The emission intensity of 50 patterned ML annealed with 0.5h FG +STA treat-
ment and only 0.5h in FG are similar (ref. Fig. 4.39a). Investigations were carried

out, with varying t4 under FG flow followed by STA (not shown here) and it was
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noticed that the intensity obtained after 4.75h-FG + STA is higher than that of
100(3.5/5) STA ML (Fig. 4.42). This suggests that the time spent under 500°C in
4.75h-FG process in 50(3.5/5) has a similar effect of the 4.75h excess time spent by
100(3.5/5) in the deposition chamber.

One possible reason could be the ex-

odiffusion of hydrogen at such high tem-

0.28| so@sis) perature (500°C) resulting in Si dangling
v- STA

0.24 | —+—(0.5h-FG)+STA /
—o— (4.75h-FG)+STA X
| 100(3.5/5) ;
0201 1005

bonds that reorganize to act as nucleat-

u)

ing sites in the SRSO sublayers. Hence,
a STA (1min-1000°C in N;) treatment

that follows after this time and temper-

PL Intensity (a.
o
N

ature of exposure is sufficient to result in

a high density of Si-np. Thus, we may

12 1.4 1.6 1.8 7 20
Energy (eV)

say that the emission intensity increases

with increasing density of nanoclusters
Figure 4.42: Investigating the PL spectra
obtained from 50(3.5/5) SRSO/SRSN ML af-
ter FG+STA. (The PL spectra obtained after patterned sample.
STA (1min-1000°C N3) from 50 and 100 pat- These results indicate that the time
terned MLs are also given in dotted lines for
comparison).

resulting in emission enhancement of 50

spent at high temperature (500°C-either
in deposition chamber or in post fabri-
cation process) prior to STA has a huge
influence in favouring emission. The different peak positions of 100(3.5/5) STA ML
and 50(3.5/5) 4.75h+STA ML, can be attributed to the different annealing processes
employed on these two MLs. Thus, these studies demonstrate the possibility of en-
hancing the emission of a SRSO/SRSN ML by reducing the material (50 patterns
vs. 100 patterns) subjecting to a pre-thermal treatment before STA.

4.10 Understanding the origin of photoluminescence

A detailed investigation on various annealing treatment on the PL spectra in the
previous sections suggested various possible origins for emission. It was seen in
section 4.6 that mostly all the PL spectra obtained from samples annealed under
N5 atmosphere had three peaks. From the peak positions in all the investigations
above, we might attribute a range of positions for these peaks named as (1,2,3) in
100(3.5/5) ML and (a,b,c) in 50(3.5/5) ML. They are,

- Peak (1) (a) and (b) :1.2-1.45 eV

- Peak (2) and(c): 1.50-1.7 eV
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- Peak (3) and (c): 1.8-1.95 eV

Different names are given for the three peaks in 100(3.5/5) and 50(3.5/5) ML
since the origin of these three peaks in both the cases may be different. It can be
seen that the position of peak (c¢) is sometimes the same as peak (2) or sometimes
as peak (3) leading to confusions on the origin of this emission. Hence, further

investigations were made in an attempt to understand the origin of PL emission

4.10.1 Role of defects in the matrix

In order to see the influence of SRSN sublayers on the emission of peaks, 50(3.5/3.5)
SRSN/SiOy MLs were grown and subjected to STA, CA and FG annealing. The
PL spectra obtained from SRSO/SRSN MLs can be compared with SRSN/SiO;
and SRSO/SiOy MLs in order to identify the contribution of SRSO, SRSN and
SiO4 sublayers independently. Figure 4.43 compares the PL spectra obtained from
SRSO/Si0y, SRSO/SRSN and SRSN/SiOy MLs with 50(3.5/3.5) configuration after
STA and CA. It can be noticed from the spectra of CA annealed samples that the
SRSN/SiOy ML exhibits a weak PL around 1.9 ¢V while that from SRSO/SRSN
ML is quenched as demonstrated before (ref. Fig. 4.25). This PL peak appears
in a region usually related to the optical transitions in the SiO, matrix due to the
presence of defects [Gourbilleau 09, Delachat 09].

The lower part of the figure 4.43
shows the PL spectra recorded from
STA MLs. It can be noted that both SROVSO

CA —A-sTA

SRSN/Si0, and SRSO/SiO, emit PL at /\ | =5 e

the same peak position (around 1.9 eV),
—+— SRSO/SRSN
the latter being very weak. This indi- * S:RSO’SWZ
— SRSN/SIO,
cates that besides SiO,, SRSN sublay- i :
ers also contribute to emission around
1.9 eV in SRSN/SiOy ML. The PL in-
tensity of SRSN/SiO; increases with an-

nealing temperature while the peak po-

1 1 1 1

STA —=— SRSO/SRSN
—e— SRSO/SIO,
—— SRSN/SIO,

PL Intensity (a.u)

sition remains fixed at 1.9 eV (See inset

of Fig. 4.43). From figure 4.40 one can
remark that that this peak around 1.9

eV is not seen in 50(3.5/5) ML, while - 43: DL from 50(3.5/3.5)
. e e igure 4.43: spectra from . .
in 100(3.5/5) it is significant. Moreover, SRSO/SRSN, SRSO/Si0, and SRSN/SiOs
even under N, annealed STA samples, MLs after STA and CA treatments.

1!2 1f4 1!6 1f8 2!0 212
Energy(eV)

this peak was noticed with increasing
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volume of SRSN in the material and was seen only in 100(3.5/5) ML (Ref. Fig.
4.35b) or 50(3.5/tsrsN=5nm) after gaussian curve fitting (not shown here). In order
to verify the influence of annealing under FG and SRSN volume on this PL peak
intensity, SRSN/SiOy ML was also subjected to FG annealing (Fig. 4.44). The
SRSN sublayer thickness in this ML is lower (=3.5 nm) than in SRSO/SRSN MLs

investigated above in section 4.6 and still the peak around 1.9 eV is present.

In both figures 4.43 and 4.44, 1.9
eV peak is present in SRSN/SiOy MLs

0.006| SRSNISiO, despite the two different annealing pro-
—=—30min-500°C F.G.
0005 Te RS0 RS Gy cesses employed. In the case of N
> | Y
S 0.004 annealing, since the SiOy defects are
>
‘@ 0003 mostly passivated after CA, we can rea-
Q
£ 0002 sonably assume that the dominant con-
0o 0.001 . . . . . .
tribution of this emission is from SRSN
0.000

sublayers which also to emit in the same

Energy (eV)

energy range as S5i0Os. In the case of FG
Figure 4.44: PL spectra obtained from FG annealed samples the dominant contri-
annealed 50(3.5/5) SRSN/SiOs. bution of luminescence comes from de-

fects in SiOs, since the temperature is
lower for defect passivation. These observations help us to attribute the peak (3) of
SRSO/SRSN PL spectra to be the contribution of SRSN sublayer.

The presence of nanocrystals were found neither in XRD spectra of SRSN/SiO,
[Nalini 12| nor in the TEM images of SRSO/SRSN thereby indicating the emission
from SRSN sublayer is not from Si-np. It can be seen that there is a blueshift in
the central peak position from 1.57 eV after STA to 1.75 eV after FG annealing in
50(3.5/5) SRSO/SRSN ML (Ref. Fig. 4.39a), whereas for the two different annealing
processes under Ny or FG flow employed on SRSN/SiOy MLs there is no change in
the peak intensity and the position remains fixed around 1.9 eV. Theoretical model
has predicted that for a given defect, the peak position is fixed and cannot be
controlled with ease [Kim 05]. This peak position around 1.9 eV can therefore be
ascribed to the defects in SRSN sublayers.

Besides these defect related PL, it can be said that in a SRSO based ML, replac-
ing SiOy by SRSN sublayers favours Si-np emission also, at a reduced thermal budget
(STA in SRSO/SRSN versus CA in SRSO/SiOy MLs). Thus, SRSN sublayers con-
tribute significantly towards emission around 1.9 eV (peak 3) and between 1.5-1.7
eV (peak 2) due to defects in the matrix, and by favouring the Si-np formation

respectively.
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4.10.2 Effect of Si-np Size distribution

The origin of peak (2) has been attributed to Si-np following the quantum confine-
ment effect throughout our earlier discussions. In order to confirm this, investiga-
tions were done relating the experimentally obtained Si-np size with the Delerue law
[Delerue 93|. The size of Si-np in a 3.5 nm SRSO sublayer has been estimated to be
3-4 nm from experiments in chapters 3 and 4, leading to a peak position of about
1.6 eV with the Delerue law. This peak position can be related to peak (2).

The peaks (1, a & b) between 1.2-1.45eV is seen mostly only in N, annealed
samples. This peak is seen to redshift with increasing t4, similar to peak (2). Since
increasing t4 may lead to increasing Si-np size, we may suppose that these peaks
also follow a quantum confinement model. Using the Delerue’s law to identify the
peaks between 1.2-1.45 eV range results in particle sizes ranging between 5.5-13.5
nm. Though, we may suppose the possible formation of 5.5 nm Si-np due to some
overgrowth at the interfaces, but 13.5 nm for the lowest energy is impossible since
we do not observe a breakdown of multilayer structure to result in such big Si-np.
The TEM image of 100(3.5/5) ML which has peak (1) at low emission energy (1.24
eV) confirms that we have perfect alternations of the two sublayers, and EFTEM
also confirms the presence of Si-np restricted to SRSO sublayer. Therefore, this
peak cannot be attributed to such big Si-np even at SRSO interfaces. From our
XRD, TEM and EFTEM observations, we have confirmed the absence of Si-np in
SRSN either in crystalline or amorphous form. Thus, it can be said that this peak
is not necessarily related to Si-np in SRSO or SRSN sublayers but has some other

origin such as interference which will be analyzed in the next chapter.

4.10.3 Effect of surface microstructure

The surface microstructure of STA and FG annealed samples has been investigated
by optical microscopy performed on 50(3.5/5) SRSO/SRSN ML (Fig. 4.45). It
can be noticed that, with N, annealing the sample surfaces show the appearance of
circular spots as already shown in figure 4.21 on 100(3.5/5) CA sample.

The surfaces of both STA and CA annealed samples are similar and show the ap-
pearance of circular spots after annealing. Moreover, there is no significant change in
the size of these spots with annealing. The surface microstructure of STA 50(3.5/5)
ML is similar to 100(3.5/5) ML, but the size of the circular spots increase for CA
100(3.5/5). The influence of STA and CA on the PL intensity are the same on
the 50 and 100 patterned MLs, despite the pronounced surface difference after CA.

Concerning the FG annealed samples, there is no difference on the surface structure
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50(3.5/5)
As grown 1min-1000°C N, 1h-1100°CN,

0.5h-500°C-F.G. LTA-FG-500°C LTA-FG +STA

Figure 4.45: Surface microstructure of 50(3.5/5) ML after N , FG and No+FG annealing
as observed by optical microscope.

whatever the annealing time or the number of patterns (not shown here). Thus, we
can say that the surface microstructural changes after annealing does not influence

the emission intensity, and may only reflect the exodiffusion paths for gases.

To conclude on our analysis in this section on the possible origin of emission, we
may attribute the peak between 1.50-1.7 €V (peak 2) to Si-np in SRSO sublayers and
1.8-1.95 eV (peak 3) to SRSN sublayer contribution due to some defects. However
at this stage it is difficult to understand the type of defects in SRSN sublayers. The
origin of the low energy peak still remains unclear. The possibility of interference
effect or the presence of another kind of emission centers leading to this emission

will be analyzed in chapter 5 by theoretical modeling and simulations.

4.11 Summary on SRSO/SRSN MLs

A detailed analysis on the structural and optical properties of SRSO/SRSN MLs was
made. It was shown that the structures of the MLs obtained with SRSN grown by
reactive sputtering approach and co-sputtering approach are the same, and exhibit
similar trend in emission properties.

Ellipsometry : Results from ellipsometry simulation give the refractive indices
and total thickness of the ML within 5% error and indicates the appearance of voids
on the ML surface after annealing. An increase in refractive index accompanied by
a decrease of the thickness on annealing suggests the densification process.

XRR and TEM: The XRR spectra shows the presence of repetitive patterns
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in the ML and TEM images also reveal a perfect alternation of the SRSO and SRSN
sublayers. The pattern thicknesses estimated from XRR and TEM are in agreement
with each other thereby demonstrating XRR is a sufficient technique to estimate the
pattern thickness of a ML. High density of Si-np even after STA (1min-1000°C /Ny
annealing) is witnessed from HRTEM and EFTEM images. The Si-np are formed
only in the SRSO sublayers.

FTIR: The combined contribution of the longitudinal and transverse optical
modes from SRSO and SRSN sublayers is seen in the FTIR spectra. The blueshift
of the Si-N peak indicates an increase in Si-np and nitrogen content with annealing.
Similar blueshift and changes in peak intensity associated with the formation of
Si-np is observed in the Si-O related bonds.

XRD: The investigations on as-grown, STA (1min-1000°C) and CA (1h-1100°C)
SRSO/SRSN MLs reveal the presence of Si-np in as-grown state crystallize upon
annealing.

Absorption coefficient : The CA sample has absorption coefficient higher
than that of as-grown or STA sample over the whole energy range. However, at 3eV
the STA sample also possess high a ~ 10* cm™! comparable to the CA sample.

PL: An extensive investigation on the emission behaviour of the ML, was made

resulting in following observations and understandings:

e An interplay between time and temperature of annealing : low time/high
temperature (1min-1000°C) & long time/low temperature (16min-700°C) lead
to similar PL intensities. Among these STA (1min-1000°C) is identified to be
better owing to a lower thermal budget than 16min-700°C.

e The highest PL is obtained after STA (1min-1000°C) and almost totally quenched
after CA (1h-1100°C).

e The highest PL is attributed to the presence of a high density of amorphous
clusters, and the quenching is related to the detrimental effect of SRSN sub-

layers on emission properties with annealing.

e Most of the PL spectra can be decomposed into three emission peaks whose
origin were investigated. The central peak between 1.5-1.75 eV is attributed
to the Si-np 1.9 eV to the defects in SRSN sublayers. The peak at the lower
energies is still under investigation and the possible contribution of optical and

geometrical effects on this peak is suspected.

e The pattern thickness, SRSN sublayer thickness as well as the time spent in

the deposition chamber are found to be important factors that control the
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emission intensity.

e It is found that significant PL intensities can be obtained by annealing under

forming gas at temperatures as low as 380-500°C during 0.5h.

4.12 Conclusion

A thorough investigation of SiN, materials indicated that the refractive index of
the layer is the most important indicator of the material properties. It is possible
to obtain similar structural and optical properties with the two kinds of deposi-
tion approaches for silicon nitride layers investigated here (reactive sputtering and
co-sputtering). Significant emission intensities were obtained by using SRSN in a
multilayer structure. A short time annealing treatment under nitrogen flow (STA,
1min-1000°C) on SRSO/SRSN MLs results in the highest emission intensities which
is attributed the high density Si-np. The presence of Si-np and therefore emission
after STA in SRSO/SRSN MLs contrary to SRSO/SiOy MLs reflect the advantages
of SRSN in favouring the Si-np formation in SRSO sublayers with a faster kinet-
ics. Similarly, it is shown in this chapter that annealing under forming gas even at
low temperatures enhances emission intensity of the ML. Enhancing the emission
intensity of the SRSO/SRSN MLs either by STA or by FG annealing reflects the
advantages of this material over SRSO/SiOy which requires 1h-900-1100°C for Si-np
formation leading to emission, with regard to thermal budget for photovoltaics or
even photonic applications. The density of Si-np after STA in SRSO/SRSN ML (al-
most 10%Y np/cm?) is higher than the Si-np density achieved after CA in SRSO/SiO,
ML.

Hence, a preliminary experiment to test these two samples for electrical conduc-
tivity was made. Figure 4.46 compares the dark current curves of (3.5 nm SRSO/5
nm SRSN) with our (3.5 nm SRSO/3.5 nm SiO,) MLs.

The resistivity was calculated to be 2.15 and 214 MQ-cm in the SRSO/SRSN and
SRSO/Si0Oy MLs, respectively at 7.5 V. Since the thickness of the SRSO sublayer is
the same in both cases (3.5 nm), this decrease in the resistivity of the SRSO/SRSN
MLs can be ascribed to the substitution of SiOy by SRSN sublayers. This two-fold
enhanced conductivity paves the way for further improvement of the SRSO/SRSN
MLs’ conductivity, for example, by decreasing the thickness of this SRSN sublayer.
Thus, this chapter successfully demonstrates the advantages of SRSO/SRSN over
SRSO/Si0Oy MLs with a control over thermal budget for device applications.
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Figure 4.46: I-V curve of STA SRSO/SRSN versus CA SRSO/SiOs.
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Chapter 5

Photoluminescence emission modeling in Si-based

thin films

5.1 Introduction

The emission properties of Si-based thin films can be tuned by playing with various
factors such as refractive index, total thickness, sublayer thickness, type of emitters,
concentration of emitters etc., as demonstrated in chapters 3 and 4. The results
of the previous chapters suggested that there might be several kinds of emitters
in the thin film that contribute to the position, intensity and shape of emission
peaks. A thin film is assumed to be a multi-wave interferometer such as the plane
parallel plate, of thickness d and a refractive index n. Therefore, the reflection
and transmission coefficients at the air-film and film-subtrate interfaces, and the
phaseshift due to the optical path within the thin film may lead to the interference
effects in PL. Such effects were observed in cathodoluminescence studies of SiO,
thin film on Si substrate and investigated as early as 1970s and 1980s [Mitchell 73,
Holm 82|. Tt has been pointed out that oxide films thicker than 200 nm exhibit
interference effects [Nesheva 02]. Besides, it has also been reported in SRSO films
that thickness, refractive index, interface states, along with other experimental set-
up parameters such as angle of the incident pump, its power density etc., also play
a role in the photoluminescence spectra [Ternon 04b, Ferre 05]. Therefore, in this
chapter emission modeling will be performed accounting for the following parameters

that are broadly classified into two parts:
1. Incident pump: wavelength, amplitude, angle of incidence.

2. Emission: thin film thickness, refractive index, population profile of emitters

in the ground and excited states, distribution of emitters in single layers and
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multilayers, absorption and emission cross-sections.

For all the simulations, it is considered that the thin film is located between the

semi-infinite Si substrate and semi-infinte air medium.

5.2 Incident pump profile

5.2.1 Methodology : Matrix formulation for Isotropic layered

media

The incident Electro-Magnetic (EM) wave of the Ar laser is described by the electric
field vector (E), magnetic field vector (H) and the wave vector (k) perpendicular
to each other (Fig. 5.1). The calculations are perfomed in the cases of TE wave
(E, # 0,E, = E, = 0). Figure 5.1 is a typical illustration of our thin films of
thickness d, with two interfaces between the air and the substrate. The refractive
indices of the three media (air, thin film and substrate) are denoted as nq, ny and ng
respectively. The incident angle of the propagation wave vector, ? is denoted as 0;,.
The incident wave undergoes absorption, transmission and reflection phenomena and
the intensity of the total EM wave that comes out of the sample is collected (in the

PL set-up and in simulations) with an angle of collection in the range, 0.t £23°.
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Figure 5.1: Schematic representation of external and internal components of our thin
film samples under investigation. in TE mode. 0, = 45° and O.pect= £23°.

The electric field amplitude of the incident plane wave is given by,
E,(z) =E(z)e!«t=52) Eqn (5.1)
where (8 is the z component of the propagation wave vector and w is the angular
frequency. The repartition of the incident pump field in this thin film is simulated
using transfer matrix formulation [Yeh 88, Weber 91, Boucher 06] that relates the
amplitude of the field on either sides of the thin film.
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As seen from figure 5.1, a part of the incident light is transmitted within the
thin film and a part is reflected back. Therefore the total electric field ﬁ(w) is
a superposition of two waves travelling opposite to each other in the positive and

negative directions of x with fields £, and £_. This can be represented by,
E,(z) = ELe7™® 4 B _e™=A(z) + B(x) Eqn (5.2)

where +k, represent the x component of wave vector, A(x) and B(zx) are con-
stants in the positive and negative directions of x. We consider A(z) and B(z)
at four positions for simplicity: top and bottom of interfaces at x = 0 and z = d

repectively as shown in figure 5.1. These can be written as,

A =A(x=0")and B, =B(x=0") Eqn (5.3)
Ay, = A(z =0%) and B, = B(x = 0%) Eqn (5.4)
Ay=A(x=d ) and By = B(z =d") Eqn (5.5)
Ay = A(x =d*) and By = B(x = d¥) Eqn (5.6)

Therefore, we can quantitatively describe the pump profile depending upon trans-
mission and reflection of the incident wave using Fresnel’s equations. For this, the
components A; which corresponds to the incident pump field and B; the field of the

reflected wave can be linked using the following equation, detailed in Appendix I,

Ay A
( B, >* M < B > Eqn (5.7)

where Bé:O7 considering a semi-infinite medium (no wave travelling towards
the negative direction of z) and M is a product of matrices that link the fields in
medium 1 and 3. The ratio of A; to By gives the reflected amplitude and A; to Aé
the transmitted amplitude. For a known input field A;, the reflected amplitude B;
can be calculated with the global reflection coefficient of all the structure (ry ) due
to the propagation of the wave inside the thin film.

The pump field repartition in the thin film is thus obtained by connecting each

of the components mentioned in figure 5.1 as follows,

A A A:

! — DIIDQ ? = D12 ? Eqn (58)
B B, B,
A A A

“=D;'Dy| 3 | =Dy | 3 Eqn (5.9)



where D, is the passage matrix whose shape depends on the polarization (TE and

TM) and ® | is linked to 2 by propagation matrix e (ref
1s linke } r 1 Il refer

—ike
2 e
Appendix I).

From equation 5.8, the reflected amplitude can be obtained for known A; since,

Al A
21 =D;'D ! Eqn (5.10).
BQ 7nglobAAl

A/
From the values of ( B? >, the stationary field of the pump is obtained with
2

By = rg0A;. Hence,

the following form:
E,(v)= Aye™7h27 4 B,elkes Eqn (5.11)

5.2.2 Incident electric field amplitude, A;

A realistic value for the incident electric field amplitude has to be determined to

be fed as an input for simulations. In the PL experiments, we have access to the

intensity (/) of the laser which is the square amplitude of the incident electric field

(Poynting vector). The intensity of the laser is calculated as 100 mW/mm?= 10°

W/m?, in our case. This intensity is linked to the electric field amplitude E,(x) by,
ceon | Ey(x) | *

I= 5 Eqn (5.12)

From this, the amplitude of the incident electric field is calculated by,

21
E,(z) = o Eqn (5.13)

where, n = refractive index of air = 1, ¢ = 2.99 x 10%m/s is the speed of light
and €, = 8.85 x107'2 C?/N.m? is the dielectric constant.

Thus, the amplitude of the electric field calculated from equation 5.13 leads to
a value of 8x10® V/m. This value is fed as input A; in the code developed by our

team!.

5.2.3 Pump profile in the thin film

The pump profile is simulated with regard to the angle of incidence, thickness of the

film, and complex refractive index. The complex refractive index which vary as a

!Dr. J. Cardin and Prof. C. Dufour devoloped the code for simulations.
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function of wavelength consists of the real part n and imaginary part k, known as

the extinction coefficient. This is represented by,

Complex refractive index n = n(\) —ik(\) Eqn (5.14)

Figure 5.2 shows the shapes of simulated n(\) and k() by using the parameters

from our ellipsometry results on the corresponding thin film, as the input.

200 400
Wavelength (nm)

600 800 1000

Figure 5.2: The variation of complex refractive index (n = n(\) —ik(\)) of a thin film,

as a function of wavelength.

The pump wavelength was fixed at 488 nm in all the simulations, relating to the

Ar laser used in the PL experimental set-up.

(a) Influence of Angle of incidence

The simulations consist of focussing
the pump on a 500 nm thin film
with complex refractive index de-
scribed in figure 5.2. The pump pro-
file is investigated as a function of
depth (z) from the film surface, for
two angles of incidence: normal in-
cidence and 45° incidence (Fig. 5.3).

This figure clearly indicates that
the incident pump intensity oscil-
lates between maxima and minima
along the depth (z). As a con-
sequence, even if the emitters are

homogeneously distributed within a
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Figure 5.3: Pump intensity profile with regard
to its angle of incidence on the thin film.

thin film, they are subjected to a variable pump profile.
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From the two cases shown in this figure, it can be noticed that the angle of

incidence influences the intensity and position of the pump maxima. This indicates

that with 45° incidence used in our PL experiments, the pump intensity is lower

than that obtained in normal incidence.

(b) Influence of thickness

The influence of the film thickness (d) on the pump profile was investigated for three
cases: d = 300 nm, 500 nm and 1000 nm (Fig. 5.4).

1.4x10°

~ 1.2x10°
1.0x10°
8.0x10*
6.0x10*

4.0x10*

Pump intensity (W/m

2.0x10*

0 200 400 600 800 1000
Depth (x) from film surface in nm

Figure 5.4: Influence of total film thickness on
the pump profile.

In all the three cases shown in
this figure, the angle of incidence
was fixed at 45°, and the refrac-
tive index is as described before (ref.
Fig. 5.2). It can be seen from figure
5.4 that only by varying the total
thickness there is a change in the
position and intensity of the pump
profile. This can be related to the
reflection in the film denoted as 7,
in equation 5.10, which is a func-
tion of film thickness. These results
clearly indicate that the mean pump
intensity varies non-monotonously
with thickness (Tab. 5.1).

Thickness (d) nm | Pump intensity range W/m? |

300 1x10*-8x 10
500 2.5 x 10%- 1x10°
1000 2 x 10* - 9.5 x10*

Table 5.1: The pump intensity range for the three thicknesses investigated.

(c) Influence of complex refractive index

The influence of the real part and imaginary part of the complex refractive index

on the pump profile were investigated.
(c1) Real part (ns):

To witness the contribution of n, on the pump wave that travels from medium

1 (air) to medium 2 (thin film), simulations are made by considering three SRSO

monolayers with 500 nm thickness and three different refractive indices (ny, = 1.48,
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1.6 and 2.1). We assume that, there are no losses in the film due to absorption
and hence set ko=0. Figure 5.5 shows the pump profile variation with n,, along the

depth (z) from film surface.

The result indicates that the inten-
sity of the incident pump and the posi-

tion of maxima varies with the refractive 16x10°F M= T AN A48
. 1. . 1.4x10° -

indices of the material. The mean pump -

. ] ) ) £ 1.2x10°F

intensity varies monotonously with re- 2, 0l

>
fractive index in the three cases investi-  ‘@s.oxi0*t

[}

8 i
gated (Tab. 5.5). The lower index re-  3°%%°

o
o . ) ) E4.0x10*F
_ a
sulting in the highest intensity. The pe o
. : : 0.0 | ! ! | 1 1
riod of the pump profile also varies with 0 100 200 300 400 500 600
no. We can thus suppose the variation Depth (x) from the film surface in nm

of emission intensity with refractive in- __
) o ) Figure 5.5: Pump profile versus real part of
dex is not a sole contribution from Si-np  thin film refractive index (ny).

density, but also the effect of the inci-

dent pump intensity that varies.

| Real part (n,) of refractive index | Pump intensity range W/m? |

1.48 1.4x10*-1.5x 10°
1.6 1.1 x 10%- 9.5x10*
2.1 2.3 x 10* - 7.9 x10*

Table 5.2: The pump intensity range for the three thicknesses investigated.

(c2) Imaginary part (ks):

In order to investigate the effect of losses, the extinction coefficient k5 of the thin

film was varied while keeping n, fixed at 1.6 (Fig. 5.6).
Figure 5.6a shows the pump profile for three cases : ko= 0, 0.01 and 0.1 and figure

5.6b illustrates the envelope of the pump maxima and minima taking ks = 0.1 as a
typical example. It can be seen from figure 5.6a that there are no losses when k=0
and the intensity of the pump maxima and minima are constant with depth (z).
With increasing values of extinction factor ko: (i) the envelopes of the pump maxima
and minima decrease with depth (x) and (ii) the difference between (Envelope) .
and (Envelope);, decreases. This indicates that with increasing losses, the pump
intensity decreases. These factors would influence the excitation of emitters along

the depth of the thin film, and consequently on the emission intensity.
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(a) ng = 1.6 and k2= 0, 0.01 and 0.1. (b) Envelope of pump maxima and minima: An
illustration.

Figure 5.6: Pump profile versus imaginary part of thin film refractive index (ks).

(d) Interplay between emitter distribution and pump profile for mono-

layer and multilayer configurations

In addition to the pump profile variation with various factors described above, the
configuration of thin film (i.e. monolayers or multilayers) would also have a large
influence on the distribution of excited emitters. In the case of a monolayer, we
consider a uniform distribution of emitters (Fig. 5.7). As can be seen from the
figure, in a SRSO monolayer with uniformly distributed Si-np, the emitters that are
at the maxima of the pump are easily excited, whereas those are minima may be
less excited. Consequently, the emission intensities also would vary depending on

the location of emitters along the pump profile.

9x10" | —— Pump profile

.Zg 8x10* F Emitter at pump’s
maxima
'§ 7x10"
=3 " @
- 6x10" | SRSO film with random
= > )
g 5x1 foid Distribution of emitters
2 4
- |
£ 410 Emitter between pump
g. 3x10* b maximaand minima
& 2x10'} U Emitter at pump’s
4 minima
10

i 1 L 1 i Il 1 1 i 1
0 200 400 600 800 1000

Depth (x) from film surface (nm)

Figure 5.7: An illustration of the pump profile variation in a thin film of thickness d(nm)
with distribution of emitters in monolayer configuration.
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In the case of our multilayers, there is a periodical distribution of emitters since
Si-np are restricted only to SRSO sublayers. Figure 5.8 illustrates the case of MLs

comprised of alternative emitting sublayers and non-emitting sublayers.
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. — pump profile
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sublayer
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Depth (x) from the film surface (nm)

Figure 5.8: An illustration of the pump profile variation in a thin film of thickness d(nm)
with distribution of emitters in multilayer configurations.

More emitters would be excited in those sublayers which experience a pump
maxima. Depending upon the sublayer thicknesses, the number of emitters that are
excited varies, as well as the emission intensity. This implies that the population of
the excited state of emitters follows the shape of the incident pump profile, which

will be discussed in the next sections.

As seen from the discussions in this section, modeling reveals that the incident
laser intensity in the PL experiment depends upon various parameters such as the
angle of incidence, thickness, refractive index, type of configurations etc. Since the
pump profile contributes to the emission intensity, these results indicate that the
variations in PL intensity cannot be directly linked to the emitter density in the
thin film.

5.3 Emission modeling

Similar to the pump profile, the emission from thin film is also influenced by various
components such as the thickness of the film, the distribution of emitters, their
population density in the ground and excited states, lifetime of carriers, absorpion
and emission cross sections. Experimental data and literature values are used to
simulate PL curves in order to see the influence of our material parameters on

emission intensity.
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5.3.1 Single emitter modeling

In the same scheme as illustrated in figure 5.1 we now introduce a single emitter

placed at position x, below the sample surface (Fig. 5.9).

Ay B, n,
X= A’z BJ2
A.B,
X=X, & & n;
A, By
x=d Az B,
LN AR

X

Figure 5.9: Schematic representation of the various components of the incident wave and
the wave from a single emitter placed at a distance z. in the thin film.

The emitter is considered as a source travelling in the positive and negative
directions of z, the amplitude of which are given by S™ and S~ respectively.

Let A;= A(x = z.), B, = B(x = x_") be the amplitude of the waves on top
of the emitter and A, = A(x = x}) & B,= B(x = z) the amplitudes below the

emitter. Then at x = z., we may write,
Ay =A + ST Eqn (5.15)
B,=B,— S~ Eqn (5.16)

Equations 5.15 and 5.16 reflect that the total amplitude of waves travelling in
the positive and negative directions is a combined contribution from the pump and
the source.

The field amplitude at the top and bottom of the source can be linked using

matrix formulation as follows:

At 10 —S+ Ab
B, =101 +5 By Eqn (5.17)
1 00 1 1

The fields near the top interface in medium 2 can be linked to that near the
bottom interface using a product of matrices between x = 0 and z., at x. and

between z = x, and d. This is written as,
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Ay ethaze 0 0 1 0 —-S* etka(d—2c) 0 0 Ao
B, | = 0 e tkme 0 1 +S- 0 e~ tha(d=ze) B
1 0 0 1 0 0 1 0 0 1 1
which on simplification gives,
Al2 6ik2d 0 _ef’ikzds‘hk A2
B, | = 0 e iked  pmikadg- By Eqn (5.18)
1 0 0 1 1

Following the principles as detailed in section 5.2.1, the field amplitudes between
medium 1 and medium 3 can be linked while taking into account the presence of

source at r = x, now as follows,

Al 6ik22d 0 _ef’ikzdsﬁk A:?
B, | =D;{'D, 0 eikd  eikedg— | DI'Ds| B, Eqn (5.19)
1 0 0 1 1

This global matrix formulation links the field amplitude at each wavelength and
hence when we consider the case of emission wavelength (source wavelength) in
medium 1, the input wave A; = 0 (since incident wavelength # emission wave-
length). The outgoing wave B is only due to emission from the source which travels
in the negative x direction towards medium 1. Therefore this can be represented as
B,= B,. In medium 3, the outgoing wave A/3 is a contribution only from source
and hence A3= BJ. As described before, we consider a semi infinite medium as the
substrate, therefore there is no wave reflecting back from the susbtrate (B; = 0).
Using these conditions in Eqn 5.19, the two opposite travelling waves arising from

the source, B, and BY can be linked as follows:

0 eikzd 0 _e—ikzdS-l- B;—
By | =Di'D, 0 e hed  eikdg— | DD 0 Eqn. (5.20)
1 0 0 1

The intensities of the source waves travelling in opposite directions are then
calculated with the following equations,
ceon | B, |2

5 Eqn (5.21)

and I, =

We now consider the amplitudes of the single source at x. at the two opposite

ends of medium 2 as u"and u~, then
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ut = Stethe(d=2e) and y~ = e kame Eqn (5.22)

If there are A/ emitters placed at various positions z; (i = 1 to A), then the

fields at the two ends of medium 2 becomes,
ut = Zi\;l Si(z;)e*2d=) at @ = d- Eqn (5.23)
uw =N Si(x;)e ke at = 0F Eqn (5.24)
In order to calculate the emission intensity of A/ emitters, the population rate

equations have to be known and are defined in the next section.

5.3.2 Population rate equations

In order to estimate the population density, the absorption and emission mechanisms
are described by a four level system. This system as illustrated in figure 5.10 is chosen
in order to relate to a Si-np system and to account for the difference in energy levels

between the absorption and emission.
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Figure 5.10: Four level system for modeling absorption and emission.

We assume the absorption of the incident photons (from laser) between energy
levels 1 to 2, fast non-radiative transition in level 2 to 3, reaching of a stationary
regime in level 3 where it stays for a time that defines the lifetime of the carriers, and
finally deexcitation to level 1 either by spontaneous or stimulated emission. If N,
and N;" represent the population density of level i at time ¢ and ¢ + At respectively,
the rate equations of each of the levels using the finite different method can be

written as follows:

dN1 N4

O g Ny + 4 Eqn (5.2
o Cabs. O 1+7_41 qn (5.25)
dN: N.

—Z2 = — 2 4 0 0N Eqn (5.26)
dt T23
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dN3 N 1

—= — — (Oem. — )N E 2
el GO R an (5.27)

dN, Ny 1

—_= —— — )N E 2
dt T4 T (Cend + 7’34) ’ an (529

where, o, and o.,, represent the absorption and emission cross-sections re-
spectively in m?2, 75, is the transition time between levels 2 and 1 and 73, 734 and
741 represent the decay time from their respective levels and ¢ is the photon flux
(photons,/m?).

The photon flux can be related to the emission intensity which in turn is depen-
dent on the number of emitters in level N3. From Nj(z), the number of emitters,
dn. in a small region dx is considered by dividing the whole thickness of the thin film
into numerous steps smaller than the period of the incident pump standing wave

(dx = Tstana/10). The number of emitters in this small region is given as,
dn.= N3(z).A.dx Eqn (5.29)

where A is the area of the laser beam. From this the square amplitude of source

in this discretized small step of thickness dx is calculated as,
S%(z) a dn, Eqn (5.30)

Using the rate equations, and using the initial population as NY= 10*®emitters,/m?,
the photon flux as 8 x 10® V/m and refractive index described by figure 5.2, the

distribution of emitters is visualized through theoretical modeling (Fig. 5.11).
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Figure 5.11: Distribution of emitters with depth in a film of 1000 nm thickness. Left
axis: Number of emitters in a small thickness dr and Right axis: volumic concentration
per m3. (Simulated with Incident pump intensity: 10° W/m?).

The number of excited emitters in a small thickness dx is given in the left axis

and the volumic concentration of excited emitters/m? is given on the right axis of
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figure 5.11. Tt can be seen clearly that the population in the excited state N3 follows

the pump profile with regularly alternating maxima and minima as suggested before.

5.3.3 Dynamical losses and gain

In the framework of this thesis, it is assumed that the real part of refractive index
is a constant, while the imaginary part may depend on the absorption and gain

dynamics according to the following equation,
n=n(\) —ik(\ z)+ig(\ x) Eqn (5.31)

where n(\) is the real part of refractive index which we assume to be unchanged
with the absorption dynamics, k(\, z) accounts for the dynamic losses (absorption)
and g(A, x) is the dynamic gain (emission).

Gain refers to an increase in the emitted electromagnetic intensity due to energy
transfers within the medium as compared to the incident pump. When the gain is
higher than the absorption in the thin film, we may expect to see emission. In order

to simulate the gain and losses few assumptions are made:

e Dynamic losses k(\, z): The dynamic losses which depend on the population

of emitters, can be expressed using the following equation,

k(3 )= Tl V2022 Eqn (5.32)

where o, is the absorption cross section, and N; is the population of emitters

in the ground state.
In order to estimate the absorption cross section (o), and to give a shape to

it, Lorentzian functions are used. Therefore o, can be represented by,
1

14 Lo ) )

(abs)

Eqn (5.33)

Oabs— Oabs.mazx.

where 04p5.mar 15 the maximum value of absorption cross sections, wjj(s) is the
frequency of absorption between levels 7 to j, and Aw is the width of the Lorentzian
curve of absorption.

The parameters in equation 5.32 are obtained by giving a shape to k(\, x) by
fitting the experimentally obtained k() with lorentzian function in the energy range

of investigation (1.1 - 2.05 eV) of the emission behaviours (Fig. 5.12).

e Dynamic gain g(\, z) : Similar to dynamic losses, dynamic gain can also be
represented as a function of emission cross section (0en,is) and the population

of emitters in the excited state (N3) as follows,
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Figure 5.12: The shapes of k(\) and k (A, z). Lorentzian fit of the k(\) obtained through
experiments, gives the shape of k(A z).

Tem(N).N3(z). A
4m

g()\, x)dynamic: Eqn (534)
For a transition between ¢ — 7, the Lorentzian function for the emission cross

sections is represented as,

1

2
2 2
1 _|_ (wij(em,.) w)
szw?
em.)

Eqn (5.35)

Oem.— Oem.max

where e mae 15 the maximum value of emission cross sections, wjj(em.) is the
frequency of emission transitions and Aw is the width of the Lorentzian curve of

emission. Figure 5.13 shows the typical shapes of o(A\)as. and o(N) e,
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Figure 5.13: Illustration of emission and absorption cross-sections for arbitrary inputs.
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In case of multiple emission bands in the material (n kind of emitters), the
cross-sections are considered as a superposition of contribution of all the bands, as
expressed by equation 5.36. In this thesis, the choice of a single absorption band is

made.

1
Oem.— Z?:lo'em.ma:p 3 3 Eqn (536)
w?. —w?
1+ ( S )
(em.)

When the dynamic gain exceeds the dynamic losses, emission peak is evidenced
in medium 1. Figure 5.14 shows the dependence of emission intensity on the thin

film absorption (dynamic losses) and dynamic gain.
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Figure 5.14: Dependence of emission intensity with dynamic gain and maximum emission
cross-section obtained by simulations.

The graph is represented in energy scale to facilitate comparison with previous
chapters. The simulation is done on a SRSO monolayer with arbitrary parameters
for illustration: 1.5 refractive index, 500 nm thickness, 770 nm emission centre (1.61
eV) and 0upsmae = 1072 m?. Figure 5.14(a) shows that when o¢pis.mae = 10720 m?
= Oabs.maz (arbitrarily fixed values), the loss is higher than the gain, and no emission
is witnessed at 1.61eV. While increasing the emission cross-section to 107'"m?, the
PL peak emission is evidenced as shown in figure 5.14(b), due to the positive net
gain. This shows that the balance between absorption and gain plays a dominant
role in the emission intensity.

The PL peak position maximum is located at 1.6 eV which differs from the
position of the maximal gain. This difference in the maximum position of the peaks is
attributed to the optical cavity effect of the thin film. In both the cases investigated,
there are few alternating shoulders situated at similar positions which are indicative

of interference mechanisms in the film.
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5.4 Discussion on the choice of input parameters

5.4.1 Absorption and Emission cross-sections

We assume that the largest contribution towards emission in our SRSO/SiOy and
SRSO/SRSN MLs is from Si-np. Since no Si-np were observed in SRSN, the SRSO
layer is considered to be primarily responsible for emission. It has been reported
that the absorption cross-section of Si-np usually ranges between 10722 - 107 m?
[Khriachtchev 02, Daldosso 06, Pavesi 00, Huda 09, Garcia 03|. From these litera-
ture values, we may assume our SRSO layers to have o, in the above mentioned
range.

The absorption intensity depends on the population of emitters in the ground
state. Therefore, the ground state population N is fixed at 10%0 emitters/m? relating
to the highest possible density of Si-np attainable in our SRSO layers. We keep the
degree of freedom on emission cross-sections and do not link it with o444, during
these simulations. Various simulations were made and as illustrated in figure 5.14,
it was observed that a higher emission cross-section is needed to obtain gain with

our chosen o, values and to witness emission peak in the modeled curves.

5.4.2 Lifetime of Si-np in different MLs

The lifetime of band to band recombinations of electron-hole pairs in Si-np is re-
ported to be 10-100 ps [Wilson 93, Littau 93]. In order to have an estimate of
carrier lifetime in our MLs, PL lifetime measurements? were made on SRSO/SiO,
and SRSO/SRSN MLs after CA and STA treatments respectively since these an-
nealing treatments resulted in the highest emission intensity as demonstrated in
chapters 3 and 4.

Considering the emission peak around 830 nm (~ 1.5 eV) in CA SRSO/SiOs,
lifetime measurements were done by using this as the detection wavelength. Decay
time was estimated to be 88 ps by fitting the experimentally obtained decay curve
with a single exponential decay law.

It was discussed in chapter 4 that the PL spectra of SRSO/SRSN MLs mostly
possess three peaks. The sample chosen for investigations had three emission peaks
centered around 675 nm (~ 1.83 ¢V), 800 nm (~ 1.55 ¢V) and 900 nm (~ 1.37
eV). The decay time detected at each of these wavelengths were estimated to be 51
ps, 56 ps and 51 ps respectively by fitting the experimental and theoretical curves.

These measurements give an estimate of the carrier lifetime, that well suits with

2Lifetime measurements were by Dr. J. Cardin and Prof. Christophe Labbé of our NIMPH
team at CIMAP.
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the values from literatures for band to band recombinations in Si-np. Therefore,
the carrier lifetime (734) is fixed as 50 ps in all the simulations. The time taken for
fast radiative transitions to reach a maximum density of excited carriers (mp3) and
the time to deexcite to ground state (74) are fixed arbitrarily as 100 and 500 ps

respectively.

5.4.3 Absorption and emission wavelengths

The absorption wavelength of Si-np
was estimated by fitting the absorp-

00 tion k() curves (obtained from el-

e Fitvaing 2 model on Specwopmameter st | lipsometry and UV-Vis spectrophotom-

A etry?) using Forouhi-Bloomer model

= |[Forouhi 86]. Figure 5.15 shows the typ-

< 0 ical example of k()\) curves, obtained
with SRSO/SRSN ML,

0T The maximum absorption of the ma-

200 300 400 500 600 700 800 terjal is centered around 260 nm (4.76
Wavelength of absorption (nm) L .
eV). Similar curves were obtained also

Figure 5.15: Extinction coefficient curves as  with SRSO/SiOy MLs. Hence, it is valid
a function of wavelength obtained from ellip-

to link this absorption wavelength at
sometry and UV-Visible spectrophotometry.

260 nm to Si-np absorption as the SRSO
sublayer containing Si-np is the common
sublayer in both MLs.

The emission of Si-np mostly ranges between 720-830 nm (1.5 eV-1.7 eV) as
demonstrated experimentally in our layers in the previous chapters. Hence in the
modeling, the emission wavelength is fixed in this range when assuming the existence
of a single peak in the PL spectra.

As mentioned in the previous sections, the other parameters such as the electric
field amplitude of the pump (Ar laser) and the initial population of emitters are
fixed at 8x10® V/m and 10% Si-np/m? respectively.

5.5 Modeling SRSO/SiO, MLs

Figure 5.16 is shown to remind the PL spectra obtained experimentally from 50(3/3)
SRSO/SiOy 1h-1100°C annealed (CA) ML in chapter 3. As mentioned earlier, curve

3UV-Visible measurements were performed at “Matériaux et Instrumentation Laser” team of
the CIMAP laboratory
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fitting operations show the presence of two peaks centered around 1.4 eV and 1.5
eV in all the CA annealed PL spectra of this material. The second peak around 1.5
eV was explained to be a contribution from Si-np in SRSO sublayers as confirmed
by XRD and APT measurements in chapters 3 and 4, while the origin of peak 1
was interpreted as a contribution from few overgrown Si-np at the interface. It was
also suspected that there may be some optical phenomena such as interference that
affects the shape of the emission spectra. Hence it needs to be confirmed if the two

peaks are a contribution of two kinds of emitters in the material.
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Figure 5.16: Experimentally obtained PL spectra of 50(3/3) SRSO/SiO2 ML.

Moreover, it was seen in chapter 3 that the emission peak intensity follows a
non-monotonous trend with increasing tg,0,. Therefore theoretical simulations are
performed on SRSO/SiOs MLs to address the two major issues that arise from
experimental observations:

(i) What is the origin of two emission peaks - Geometrical/optical effect or
presence of two types of emitters?

(ii)) What is the influence of tg;0, on PL intensity ?

5.5.1 Origin of two emission peaks

In order to understand the origin of peaks, PL curve of 50(3/3) ML was simulated
with an initial assumption that only the emission peak at 1.5 eV (peak 1) is from the
Si-np (i.e. only one kind of Si-np distribution). The factors that influence emission
when there is only a single kind of emitter is investigated which is later extended
to double kind of emitters. Simulations were made by varying thickness, refractive
index, and cross-sections within the range of uncertainity, to compare the shape of
the simulated curves with single and double kind of emitters with experimental PL

curve.
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(a) About photoluminescence from a single kind of emitter in multilayer

configuration

The position and intensity of the emission peaks with regard to variation in thick-
nesses and refractive indices were analyzed, for the case of single kind of emitter in
multilayers. Considering a typical example of a 300 nm film, the range of total thick-
nesses was chosen between 250 to 350 nm in steps of 10 nm for simulations. This
was done to account for the influence of the possible uncertainity in the thickness
determination, on the emission behaviour. Similarly, considering the uncertainity in
refractive index estimation, the real part ny was varied between ny + An for a given
thickness, where An ranges between +0.05 in steps of 0.01.

Figure 5.17 shows the emission

spectra of a multilayer thin film with

2.0x107 250nm thickness . R . R
single kind of emitter leading to the

1.6x10’ appearance of peak (2) of the ex-
’g {2t perimentally obtained spectra. The
< 1.ZX
> thickness of the film is fixed as 250
[2]
3 8.0x10° nm, and the influence of slight varia-
C
=l tions in refractive index is analyzed.

4.0x10°

The results indicate that even
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Figure 5.17: Influence of slight variations in
refractive index, An on emission. An varies be-
tween £0.05 in steps of 0.01. [An = 0 corresponds increasing refractive index, there is a

t0 n1.95cv obtained by ellipsometry (here, n1.95eo= drop in the emission intensity while
1.8)].

can be seen from this figure, that with

the peak position remains fixed. This
decrease of the emission intensity may
be attributed to the profile of the pump within the film since the pump intensity
decreases with increasing refractive indices.

Figure 5.18 shows the influence of refractive index variation on films with four
different thicknesses ranging between 250 nm to 350 nm.

It is interesting to note that, the emission spectra exhibits a non-monotonous
trend of refractive index influence, with varying thicknesses. For the case of 270
nm, the observations are similar to those from figure 5.17, while for 300 nm, An has
a negligible change in the emission spectra and for 330 nm, the trend has reversed
from what was observed for thicknesses lower than 300 nm. With further increase of

total thickness to 350 nm, the emission spectra again show negligible variation with
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Figure 5.18: Effect of total thickness, and refractive index on the emission spectra.

refractive indices. This indicates that the influence of the thickness and refractive

index of the thin film on the emission spectra is not straight-forward.

Figures 5.19(a and b) show the emission spectra and maximum emission peak
intensity respectively, simulated from materials with same refractive index values
but different thicknesses. It can be seen that there is a significant effect on the lumi-
nescence intensity by varying thicknesses in steps as small as 10 nm. These results
caution us regarding the commonly used normalization to thickness for comparison

of intensities in the PL analysis.
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