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Abstract

Visible photoluminescence from nano-silicon is one of the most attractive and de-
batable issue in recent years. Studying photoluminescence and understanding its
mechanism has tremendous attention due to optoelectronic applications. When the
size of quantum dots decreases the surface area to volume ratio increases and localized
surface states appears in the forbidden region. Exciton energy states are also exists
in the same gap region. It is important to examine the combined effects of exciton,
localized surface states and quantum confinement effects. We have explicitly inte-
grated these effects in a phenomenological model to obtain analytical expression for
the photoluminescence spectra. Initially, we explicitly calculated the exciton binding
energy and we incorporate the exciton contribution then combined it with quantum
confinement model and surface states to see its effect on photoluminescence. Ac-
cordingly, we observed that taking the effect of exciton states into account explains
almost accurately the experimental photoluminescence data. The results obtained us-
ing MATLAB programming. Calculations take place at room temperature on small
quantum dots (1 - 5 nm). In conclusion, our results are quite new and it reflect some
of the feature that has quite close correspondence with the experimental. The results

are also in conformity with other theoretical and experimental investigations.
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Chapter 1

Introduction

Silicon is the most widespread semiconductor in modern microelectronics technologies
[1]. Tts natural abundance, low cost, and high purity, as well as the high electronic
quality of the Si/Si0, interface, have led to its overcoming dominance in microelec-
tronic devices. Still, the use of silicon in optoelectronics remains highly limited. This
state of affairs has remained, in fact, almost unchanged because of a fundamental
property of the silicon band structure, 'indirect band gap’ as shown in figure 1.1. The
indirect radiative inter-band transitions in bulk silicon strongly inhibited because an
emitted photon cannot satisfy the momentum conservation law for transitions from
the conduction band minimum to the top of the valence band. The photon wave
vector is about three orders of magnitude less than that required for the transition
between the conduction band minimum and valence band maximum. This difference
in k-space is ka = 0.86 x 27/a [2], with a being the lattice constant of silicon, equal
to 5.43 A. The electron-hole radiative recombination in the bulk material has for-
bidden unless additional mechanisms make the momentum conserved by relating the
recombination process. The most probable means to have a radiative indirect transi-
tion without breakdown of the momentum conservation law is via phonon absorption
or emission. However the electron-phonon interaction is weak; consequently, phonon
assistance is a low-probability (and hence slow) process. This leads to a substan-
tial increase of the total recombination time, and a decrease of the recombination

probability compared to the direct radiative transitions in direct gap semiconductors.
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Figure 1.1: Band structure of bulk silicon.

The discovery of visible-range emission from nanocrystalline [3] in the early 1990s
suggested that some of the problems associated with the silicon band structure might
be overcome in nanoscale crystallites hosted in a wide-gap dielectric matrix like S70,,
in order to create a strong confining potential for carriers inside the nanocrystal. Elec-
tronic states localized within the nanocrystal and the momentum distribution spreads
due to the Heisenberg uncertainty relations. In other words, the wave functions con-
sist of plane waves with all possible wave vectors including both k ~ ka for holes and
k ~ 0 for electrons, respectively. Thus, the momentum conservation law not violated
in this case, which yields a nonzero probability of the direct radiative transition even

in the absence of phonons.

1.1 Energy quantization and band gap of silicon
quantum dot

A nanocrystal is a crystal with at least one dimension measured in nanometer scale.
Nanoparticles are of great scientific interest as they are effectively a bridge between
bulk materials and atomic or molecular structures [1]. Bulk materials have size inde-

pendent physical properties whereas nanomaterials show strong size dependence on



their optical, electronic and thermodynamic properties. This is due to quantum con-
finement, hence quantum dots (QDs) obtains a very high surface area to volume ratio.
One of the most important features of low-dimensional semiconductor structures is
the confinement driven quantization of energy spectrum of charge carriers. The effect
of quantum confinement becomes stronger as the confinement dimension increases
and the size of a structure decreases. While bulk materials have a three-dimensional
energy band structure, one-dimensional confinement of quantum wells leads to a two-
dimensional energy band structure near each quantized energy level in the well and
two-dimensional confinement of quantum wires leads to a one-dimensional energy
band structure near each quantized energy level in the wire. On the other hand,
three-dimensional confinement in quantum dots lead to a discrete (atomic-like) lower
part of the energy spectrum [4]. The quantum confinement in different directions also
changes wave functions describing the behavior of electrons and holes. As a result,
the number of states per unit energy, the density of states, changes as a function of

energy E of the particles shown in figure 1.2.

Figure 1.2: Electronic density of states of semiconductors with 3, 2, 1 and 0 degrees of
freedom for electron propagation. 2, 1 and 0 degrees of freedom referred to as quantum
wells, quantum wires and quantum dots respectively.



Generally, the density of states depends on the dimension of the nano-structure and

the corresponding wave dispersion relation.

A particle behaves as if it were free when the confining dimension is large compared
to the wavelength of the particle. During this state, band gap remains at its orig-
inal energy due to continuous energy state. However, as the confining dimension
decreases and reaches a certain limit, typically in nanoscale, the energy spectrum
turns to discrete. As a result, band gap becomes size dependent. Specifically, the
effect describes the phenomenon results from electrons and holes being squeeze into a
dimension that approaches a critical quantum measurement, called the exciton Bohr
radius. In addition to the quantum confinement, lattice contractions and surface
passivation can also alter the band-gap of a material. Several models have proposed
in order to describe band structure of semiconductors. Among those different mod-
els, effective mass approximation (EMA) is the simplest model which describes the
band-gap of nanostructures specially quantum dots. Hence, the simplest model of an
infinitely strong confining potential (i.e. infinitely high potential barriers at the dot
boundary) it is possible to estimate the energies of electrons and holes localized inside
the nanocrystal as proportional to R~2, where R is the nanocrystal radius. Thus, the
optical gap is

Ey(R) = B + 4 (1.1.1)

R2

where A is some positive constant, and A/R? represents the total energy of the non-

interacting electron-hole pairs inside the dot.

However, as different experiments shows; when the size of nanocrystals decreases the
optical band gap shift to the blue rang of visible spectrum, this blue-shift energy
determined from such experiments, did not obey the law A/R? following from the
simplest quantum-mechanical model. The dependence is rather ~ R~7 [5]. Figure

1.3 shows such dependence.

Therefore, after careful observations and calculations researchers expressed the optical

band gap of quantum dot according to quantum confinement model as
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Figure 1.3: Calculated optical band gap energies for various silicon crystal with re-
spective to their diameter d (crosses). The continuous line is an interpolation and an
extrapolation of these results by a d='3 law [5].
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where d is diameter of quantum dots, where as 3 and v are quantum confinement

parameters.

1.2 Excitons and photoluminescence from silicon
quantum dot

When an excitation takes place in a semiconductor by absorbing a photon a bound
electron-hole state, exciton, is created. It is the overlap of wavefunctions that de-
scribes an electron and a hole. In fact, free electron and free hole are created when-
ever a photon of energy greater than the energy gap is absorbed in a crystal. The
threshold for this process is hv > FE, in a direct process. However, in the case of

indirect band phonon-assisted process is takes place, at this time the threshold is



lower by the phonon energy hf). Excitons can be formed by photon absorption at
any critical point Vi(e.(k) — €,(k)) = 0. For bulk crystals, the electron-hole pair
treated like hydrogen atom. The exciton energy levels appear just below the minima

of conduction band, as shown in figure 1.4 [4].

Figure 1.4: FExcitons energy levels.

However, for small quantum dots, the electrons and the holes are in close proximity.
Hence, the exciton energy states are described by solving the quantum mechanical
problem of a particle in 3D box. Or the bound electron-hole states can be calculated
by solving the schrodinger equation for particles (electrons and holes) with effective
mass m;, as well as a mutual interaction potential given by inter-particle spacing and
affected by shielding due to the finite polarizability of the material, since as the dot
size becomes smaller than exciton Bohr radius, R < apg, the quantum confinement

effect dominates.

Photoluminescence (PL) is a process in which a substance absorbs photons (Electro-
magnetic radiation) and then re-radiates photons. Quantum mechanically, this can
be described as an excitation to a higher energy state and then a return to a lower
energy state accompanied by the emission of a photon. In other word, it is the emis-
sion of light beam from semiconductors mainly when electrons and holes recombine

i.e. when the wavefunction describing an electron and hole overlaps. When electrons



in the valance band exposed to a high-powered laser they will leave their orbits until
the average energy drops to the bottom of the conduction band. Usually at this stage
attraction of the holes overcomes the electrons and they recombine at the same time
emits photons of energy equal to band gap energy. The recombination shows up as a

peak on the emission spectrum usually at the band gap energy.

In general, as researchers found out silicon nanocrystals are capable of emitting elec-
tromagnetic energy in the visible spectrum, for instance; S. Tripathy et al. [6] studied
the photoluminescence spectra from silicon nanocrystallites grown by pulsed plasma
technique on quartz substrates and the photoluminescence spectra is shown in figure
1.5.
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Figure 1.5: Room temperature Raman spectra of (a) nanocrystalline silicon prepared
by pulsed plasma processing and (b) porous silicon prepared by anodic etching using
488 nm line of Art laser [6].

This is in contrast with bulk silicon, in which energy of inter-band transition corre-
sponds to the band gap energy of 1.12 eV. In other word, energies of the emitted
photons increases as the nanocrystal size decreases. Such an increase in optical band
gap usually called a ’blue-shift’ because the photon energy shifts toward the shorter

wavelength side of the visible spectrum.



1.3 Quantum efficiency

The indirect band structure of bulk silicon leads a low probability for radiative re-
combination, which in turn means that the e-h radiative lifetime is long (of the order
of some milliseconds). An e-h pair has to wait on average a few milliseconds to re-
combine radiatively. During this time, both the electron and the hole move around
and cover a volume of the order of 10 pum? [11]. If they encounter a defect or a
trapping center, the carriers might recombine nonradiatively. Typical non-radiative
recombination lifetimes in bulk silicon are of the order of some nanoseconds. Thus,

the internal quantum efficiency

n= Frad/(rrad + Fnr)

Where I',..q and I',,,. are the probability for radiative and non-radiative recombination
rates respectively, is the measure for the probability of the total de-excitation, which
radiatively recombined; is about 107%. This is the reason why bulk silicon is a poor
luminescent material. Many strategies have explored over the years to overcome this
limitation and some of them have based on the spatial confinement of the carriers,
others on the introduction of impurities, the use of quantum confinement, and the
use of Si-Ge alloys or super-lattices. It is known that the indirect band structure of
bulk silicon changed to direct when the dimension reaches a few nanometer scale. At
this time the probability for radiative recombination, get over the non-radiative one.
On the other hand, the confinements of e-h pair in real space leads to a spread of the
wave function in the reciprocal space and then radiative recombination can occur in a
first-order process [12]. The radiative recombination time 7 of a first - order radiative

process defined from the Fermi golden rule as

1 16m2  ne? .
- = ——53E. | (ise | p| fov)

T 3 h2m2c°
Where | ige) is the initial state of the electron in the conduction band and | fgy)
is the final state in the valance band (i.e. the hole state). F, is the energy of the
transition and n is the refractive index of porous silicon. In the case of crystallites,

the above equation takes into account the 3D confinements of an exciton. In strong



confinement regime (R < ag), the wave function of the exciton is well approximated

by the product | igc) | fav)-

1.4 Linear optical properties of silicon quantum
dot

Optical absorption coefficient («), oscillator strength (f ) and dielectric function (e)
are some of linear optical properties of silicon quantum dots. The direct optical
absorption coefficient («) is proportional to the number of optical transitions per
volume and time elements [7]. The coefficient calculated from simple optical principles
and it is given by the absorbed energy per unit time and volume divided by the
absorbed energy per unit time and volume divided by the energy flux 2w A%2v%e,n, /c,
where A, and n, are the amplitude of absorbed light and refractive index of silicon
nanocrystallites. The energy flux is equal to optical energy density given by the
square of the wave amplitude per wavelength interval, 2r A%v%e,n?/c? divided by the

light velocity in the quantum dots ¢/n,..

The optical properties of an ordered arrangement of nanocrystallites are evaluated
within the independent-particle approximation and using the Bloch representation of
the artificial supercell, the composite medium of nanocrystals and vacuum, crystal.

The imaginary part of the dielectric function (o = x,y,z) [§]

Im eon(w) = 2;‘;? = Z Z >5(Ec(k) ~By(k) — k) (14.1)

2m | (ck | vy | vK) |?

(k) =

Ccv

(1.4.2)

contains optical transitions between valence (Jvk)) and conduction (|ck)) band states
with the oscillator strengths f2%(k) taken at N k-points in the Brillouin zone (BZ). €,
is the volume of the supercell. Interestingly, the luminescence intensity is related to
the absorption coefficient through an energy balance relation as long as the structures

of the nanocrystallites have not changed in the excited state.
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The nanocrystal size influences not only the energetical positions of the optical tran-

sitions but also their oscillator strengths. This clearly demonstrated in Fig. 1.6.

Figure 1.6: Oscillator strengths of the optical transitions (vertical lines) versus the
transition energies for Si crystallites with varying size. The normalized absorption
spectrum Im e(w) /f (solid line) is plotted to envelope the oscillator strengths. The
number of atoms indicated for each crystallite. A triangle indicates the HOMO-LUMO

gap [9).

It presents the optical transitions at the center of the irreducible part of the Brillouin
zone. The oscillator strengths f2%(k), a measure of the relative strength of the elec-
tronic and/or optical transitions, calculated according to eqn. 1.4.2 plotted as vertical
lines against the transition energies. It is particularly useful as a method of comparing
transition strengths between different types of quantum mechanical systems. Figures
1.6 clearly show the quantum size effects on the electronic wave functions. Silicon
nanocrystals with diameters above 1.5 nm a tail of weak transitions appears just
above the HOMO-LUMO gap. The oscillator strengths of these transitions are much
smaller than the maximum oscillator strengths of about 0.4. The occurrence of the
tail can be interpreted as an indication of the development of bulk properties with

increasing nanocrystal size.
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1.5 Nonlinear optical properties of silicon quan-
tum dot

Recently, in addition to the study of linear optical properties, a nonlinear optical
property of silicon quantum dot attracts researchers’ interest for photonic device ap-
plications, particularly in all-optical switching. Peoples have reported enhanced opti-
cal nonlinearity for porous silicon at different wavelengths. The third order nonlinear
effects are generally characterized by nonlinear absorption 4 and nonlinear refractive

index ny and described by

all) =a,+ pI

and

n(l) =n,+no(I)

Where «, and n, stands for linear absorption and refractive index respectively. The
3 and ny values are used to evaluate the imaginary I'm (x®) and real Re (x®) parts

of the third order nonlinear susceptibility. Hence, its real part is obtained from

Re (x®) = 2n2e,cnq

Where ¢, is the permittivity of free space and c is velocity of light whereas the effective

refractive index n, is obtained to be 1.7.

Intensity dependent changes in optical properties like refractive index, third-order
nonlinear susceptibility (shown in Fig. 1.7), and nonlinear absorption are the promi-

nent ones.

It is observed through the z-scan technique that the real part of the third order nonlin-
ear optical susceptibility Re (X(3)) ~ 1.4x 10 %su is of the order of magnitude higher
than the corresponding imaginary part Im (x®®) ~ 0.7 x 10~ %su. This indicates
that the nonlinearity is mostly refractive. The absolute value of x® is significantly
larger than the bulk Silicon value ~ 6.0 x 10~ *2esu [10]. This enhancement of x in

the case of low-dimensional structures is attributed to various mechanisms, but the
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Si-ne radius(nm )

Figure 1.7: The variation of x® with silicon nanocrystals (quantum dots) radius (R).
The solid dots are experimental data and the dashed curve is the theoretical fit.

effect of quantum confinement is the main reason for such enhancement. The higher
values of nonlinear absorption in silicon quantum dots compared to that of crystalline
bulk silicon are due to either multi-photon absorption or saturation of single-photon

absorption.

1.6 Silicon quantum dot for photonic applications

The aim of recent investigations are towards the development of photonic applications
in which multi-layer porous silicon structures are used to fabricate Bragg reflectors,
Fabry-Perot filters and micro-cavities [10]. The fabrication and optical characteriza-
tion of dielectric porous silicon multi-layers with periodic variation of refractive index
as a function of depth is possible through etch process. These complex multi-layers
structures have used to create interferential filters and/or narrow band reflectors
formed by dielectric films. Bragg reflectors and Fabry-Perot devices fabricate on the
bases of these multi-layers that help to tune and narrow down the p-emission band.
Other application of porous silicon multi-layers includes planer wave-guides in in-
frared and visible region. Commercial application presently hindered by scattering

loss and absorption in the porous medium.

The Fabry-Perot devices help to fabricate porous silicon micro-cavities, which act

as confinement region for emitted photons and modify the photon density of states
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that finally lead to alterations of spontaneous emission characteristics. The effect
of micro-cavity manifested in many ways: (i) A 16-fold increase in intensity, (ii)
Strong narrowing of emission band, (iii) Decrease in the luminescence decay time
constant, and (iv) Strong directional emission from the micro-cavity. These features
are evidence through angular resolved photoluminescence measurements and time-

resolved excitation spectroscopy.

Porous silicon Schottky diodes have studied with yielding efficiencies 10~*. These
types of diodes are use to achieve porous silicon light emitting diodes (LEDs) with
improved performance. The current voltage characteristics proved to be independent
of the type of metal used for the electrical contact. Devices based on Si homo-
junctions have fabricated for providing more adequate carrier injection mechanism
for efficient electroluminescence (EL) and slower degradation. Micro-cavity LEDs are
very useful to achieve efficient EL. In 1996 attempt was made to integrate a porous
silicon LED with Si electronics and it was possible to turn the LED on and off by
applying small current pulse to the base of the transistor. Finally, arrays of such

integrated structures fabricated.

The very large value of the surface to volume ratio for sponge porous structures
of Si  500m2cm 2 makes them highly chemically reactive. This feature of porous
silicon exploited for sensors applications to sense humidity, organic molecules, ethanol,
nitrous oxide etc. Biosensors based on porous silicon micro-cavities are very useful
for distinguishing bacteria and viruses because these cavities have strong response
to DNA molecules and lipids. Through parametric distinction of physical properties
(integrated PL as sensing parameter, refractive, and PL peak) such biosensors are

used to measure concentration of polar species.

Nano-silicon is a good candidate for developing two-dimensional photonic crystals
(2D-PC) by anodic electrochemical dissolution method. This method is technologi-
cally friendly, simpler, cheaper, and faster and wafer scalable. These 2D-PC made
from porous silicon has air columns in the Si-matrix that acts as macro-pores. They
can fill with active materials to form either enhanced LEDs or nonlinear media. An-
other application of porous silicon is in fabricating porous silicon Fibonacci quasi-

crystals. In these structures, the localization of light waves helps for many nonlinear
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applications. Researchers observed that the electric field intensity of optical modes
shows local field enhancement effect, which is due to the weak localization of modes.
This investigation is very important from fundamental physics point of view as the
time resolved propagation measurements on porous silicon Fibonacci quasi-crystals

demonstrate the presence of localized photon states.

1.7 Thesis objectives

In this research work, our main aim is to calculate exciton binding energy and see
its effect on optical band gap and photoluminescence spectra of small sized silicon

quantum dots.

Specifically, we devote
= to derive an expression for exciton binding energy using effective mass appro-

ximation and quantum confinement model together.

= to derive an expression for optical band gap by taking exciton energy states in

the band gap into account.

= to derive an expression for photoluminescence intensity by taking exciton and

surface states into account.

= to generate photoluminescence spectra by considering exciton states, discuss

our results, after that summarize, and conclude our study.
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1.8 Thesis outline

Based on our objectives, in this research work, we analyze the influence of exciton
binding energy on photoluminescence spectra and photoluminescence peak of sili-
con quantum dots by integrating surface states and quantum confinement model to

explain experimental data.

The thesis organized in to five Chapters. In chapter 2, we deduce the exciton binding
energies of excitons in silicon quantum dots using effective mass approximation to-
gether with quantum confinement model for two limiting cases based on the ratio of
quantum dots and exciton Bohr radius. In chapter 3, we formulate a phenomenolog-
ical model to generate photoluminescence spectra of silicon quantum dot by taking
the existence of surface and exciton energy states in the band gap into account. In
chapter 4, we report the results we obtained for optical band gap and photolumines-
cence spectra together with the experimental plot side by side in order to compare
our results with the experimental data and we also explain our results and finally, we

summarize and conclude our study in the fifth chapter.



Chapter 2

Calculation of exciton binding
energy

Researchers have been tried to find out an expression that assures the position of
lowest energy level of an exciton in a quantum dots. Therefore, in this chapter we
are going to express the position of exciton energy states of silicon quantum dots
using effective mass approximation and quantum confinement models, expression for
exciton binding energy and other form of band gap dependencies on dot size by

considering exciton states.

To do so, let us model the excitons in silicon quantum dot as particles in a spherical
infinite potential well of radius R. That is, for energy £ > 0 they move in simple

central potential given by:

o for0<r<R,
Vi(r) =

oo otherwise.

The wave function has known only non-zero in the region 0 < r < R. In this region,
they are subject to the physical boundary conditions that they are well-behaved at

r =0, and zero at r = R. Writing the wave function in standard form

U(r,0,9) = Rny(r)Yi,m(0,9)

16
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The Hamiltonian of a particle in a spherical infinite well potential is

~-r * 20 L
H=gnlontior el V0

Therefore, the Schrodinger equation in the region 0 <r < R is

R 9% 20 I
—a. ¢(I’,9,¢) = Ew<r797¢)

2m [ﬁ ror hQ’I‘Z]
It implies that, the radial function R, ;(r) satisfies

I(1+1)

r2

dQRn,l 2 an,l

k2 —
dr? r dr +(

VR, =0

where

B 2mE

2
k 2

Defining the scaled radial variable z = kr, the above differential equation can be

transformed into the standard form

I(1+1)

22

d? R, N ngnJ
dz? r dz

+[1 - |Ru; =0

The two independent solutions to this well-known second-order differential equation

are called spherical Bessel function and spherical Neumann function , and written

L 1 d ., sin(z)
i(z) = 2~y ()
1 d ., cos(z)

ni(z) = =2 (== —)'(

zdz z
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We knew that, the spherical Bessel functions are oscillatory in nature, passing through
zero many times. However, the n;(z) functions are badly behaved (i.e., they are not
square-integrable) at z = 0 , whereas the j;(z) functions are well-behaved everywhere.
It follows from our boundary condition at » = 0 that the n;(z) are unphysical, and

that the radial wave-function R,,; is thus proportional to j;(z) only.

Taking the lowest allowed state jo(kr) and using the boundary condition that
Jo(kR) = 0, the lowest value of k is given by

71'2

k2. = (2.0.1)

Therefore, the band gap of quantum dot will be

2 2 22
E;QD = €.(kmin) — €0 (kmin) = €.+ h—k:2 (€, — h—k2 ) = Bk o

— ; 2.0.2

where €., €, and p are energy of the minima of conduction band, energy of the maxima

of valance band and the reduced mass respectively, with

1 1 1
—=—+ (2.0.3)

where m} and mj are effective mass of electron and hole respectively. Here we assumed
that effective mass of electron and holes are unaffected by finite size (many atoms in

the nanocrystals).

We have two confinement limits for an exciton in quantum dots depending upon the
ratio between the radius R of quantum dots and Bohr exciton radius apg, i.e. when
R/ap > 1 and R/ap < 1. Hence, we look at the energies of an exciton in each such

liming case.
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2.1 Energies of weakly confined excitons

When the radius of quantum dots much greater than Bohr exciton radiusi.e. R > ap
the exciton said to be weakly confined. In this confinement regime, the character of
the exciton as a quasiparticle conserved well while the translational degrees of freedom
are confined with little energy increments [14]. Therefore, for such confinement case
the use of effective masses, center of mass motion and dielectric screening are a valid

approximation but particle walls will have limited effect on exciton binding energy.

let us consider the Mott-Wannier excitons where electron and hole attracted to each

other by Coulomb potential

V(r) = (2.1.1)

EyT

where ¢, is the relative static permittivity and r the distance between electron and
hole. This leads to the bound stats of the system with energies lower than the minima
of conduction band. In bulk semiconductors, the problem is that of the hydrogen atom

and the exciton states have energies given by the Rydberg equation

pie’

En = By = 2h2e2n2

(2.1.2)

Therefore, in weakly confinement regime the Hamiltonian of the confined exciton

given by
P2 P2 2
H=_¢ ho___°© (2.1.3)
2m:  2mj  e|re—rp|
and the size dependent exciton energy is then given by
E* h2 2
By = BV — 200 4 2 XomL (2.1.4)

n2 2M R?
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Actually, this exciton energy consists of contribution due to centrosymmetric Coulomb
potential resulting in e-h binding and contribution due to the motion of the combined
e-h state with total mass M = m}+m; with an angular distribution given by quantum
numbers m,l and x,,,; is the roots of the Bessel function. Therefore, the lowest energy
state of the exciton found when n =1, m =1 and [ = 0 i.e. when x,,; = 7 and it is

expressed as

h2?
Fia1s = E;’“”“ — Epy + TEE (2.1.5)

On the other hand, it has written in terms of exciton Rydberg energy E7j,y, energy

difference between bound and unbound electron-hole pair, [15] as

U * w o Tap
Elsls = Eg — ERY[l - M(?)ﬂ (216)

Note, this energy of an exciton in its lowest state is equally probable anywhere in the

nanocrystal.

where ETy is given by

This energy contributes to all optical properties as a result quantum efficiency of

nano-silicon enhances.

2.2 Energies of strongly confined excitons

When R < ap ’strong confinement regime’; the exciton Bohr radius for silicon is ~ 4.9
nm [13] which is a fairly small number among semiconductor quantum dots because

of the relatively large effective mass of the charge carriers in silicon, the confinement
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effect dominates and the electron and hole will be viewed as individual particles
predominantly in their respective ground states with only little spacial correlation
between them [14]. In this confinement regime, unlike to weakly confined exciton
we can take the effect of confinement potential V(re,ry) into account. Hence, the

Hamiltonian of an exciton strongly confined in a quantum dot of radius R given by

2 2 2
P Py e n
2m:  2m} e |re—rp|

e h e h

H= V(re,rn) (2.2.1)

where re and ry, are the positions of the electron and hole respectively, and

o ifr.,r, <R,

V(te,rn) = {

oo otherwise.

Exciton binding energy follows from solving schrodinger equation by taking the con-
finement potential into account. So, the position of the lowest exciton energy state

has expressed [16] as

w2 h?
Elsls = Ebulk +

AB \ 1% *

Where the second term corresponds to the sum of the single-particle ground state
energies (kinetic energies), the third term to the Coulomb attraction and the last one

for spatial correlation between the two particles.

On the other hand, using the band gap energy expression from eqn. 2.0.2 we find an

alternative expression for the lowest exciton energy state as

Erg, = B0 — 1.786(%9)E}Y — 0.248E}, (2.2.3)

From such expression, we understood that the exciton binding energy should be
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By = 1.786(%9)E}§Y +0.248E%, (2.2.4)

The energy levels of bound electron-hole states will be affected by the dot size, since

the wavefunctions of both the electron and the hole have been quantum confined.

Now, using the band gap energy from quantum confinement model (eqn. 1.2.2) we
have obtained the following band gap expression, by taking the effects of exciton

binding energy into account.

QD' _ rbulk B AB\ 1% ¥
Ef7 =E"" + i 1.786(§)ERY — 0.248E%y (2.2.5)

We use this expression in the next chapter to drive an expression for the photolumines-
cence spectra. It is important to note that, no one has incorporated this contribution
before to investigate the optical behavior. We believe that the photoluminescence
peak originates from this and the shift in the photoluminescence peak may have some

connection to this effect.



Chapter 3

Analytical treatment of
photoluminescence intensity

Of all the forms of silicon containing quantum dots, porous silicon is the one that
has attracted the most attention to date, mostly because of its intense visible pho-
toluminescence. Numerous models have proposed to explain its photoluminescence,
including quantum confinement, surface states, defects in the oxide, and even specific
chemical species. Presently, although a detailed understanding of the photolumines-
cence has yet to be achieved, it is usually accepted that the band gap opens because of
quantum confinement, which pushes the photoluminescence in to the visible region of
light spectra for crystal sizes below 5 nm [17]. Therefore, in this chapter we are going
to discuss effects of exciton energy states on photoluminescence peak and formulate
a phenomenological model to obtain analytical expression for the photoluminescence

spectra from silicon quantum dots.

3.1 Effect of surface states on photoluminescence

When the valence electrons 3s? 3p? of a silicon atom form hybrid orbitals sp® to
make bonds with neighboring atoms, their energy levels split into bonding and anti-
bonding states. The valence electrons have accommodated in the bonding state, so
the anti-bonding state is empty. Since in a crystal many atoms make bonds with
each other to arrange themselves periodically, these energy levels have broadened

to make bands: the valence band and the conduction band, respectively. These are

23
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electronic states in a bulk crystal. However, on the surface there exist dangling bonds
(unpaired hybrid orbitals), which are similar to the hybrid orbitals of isolated atoms,
whose energy levels will be located between the bonding and antibonding states, or

within an energy gap see figure 3.1.

: Si : : Surface-State Bands
E::tr;m Surface-State

Conduction Band
Anti-Bonding Sta

. Bulk Conduction Band

Ip == —
f Dangling-Bond State
35 i

Anti-Bonding Suglgtt:!
e

Atomic  sp® Hybrid -
Orbitals ~ Orbitals Bonding State

Surface-State

Dangling Bonds | Valence Band

(Sectional Views) i

Si(111)-7% 7 Clean Surface Si(111)-y 3% 4 3 -Ag Surface

Figure 3.1: A schematic energy diagram for atoms and molecules, and also the bulk
and the surface of a silicon crystal.

In fact, the dangling-bond states on a clean Si (111) surface lie around the middle
of the band gap [18]. In addition, as mentioned in chapter one, surface to volume
ratio increase as the crystal size decreases hence; the influence of surface states on
the photoluminescence from smaller crystals will be highly enhanced. Therefore, the
role of surface states, especially for low crystal size should be included into account

during the study of photoluminescence mechanism.

Wolkin et al. [17] obtained photoluminescence spectra at room temperature by using
a pulsed excitation nitrogen laser (337 nm) and/or a continuous excitation HeCd laser

(325 nm).
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Figure 3.2: Room temperature photoluminescence spectra from porus silicon samples
with different porosities kept under Ar atmosphere (a) and after exposure to air (b).

Accordingly, figure 3.2 (a) shows the photoluminescence spectra of five types of
oxygen-free pours silicon samples with different porosities. Stable red, orange, yel-
low, green and blue spectra have observed as increasing the order of porosity. The
results have obtained and measured during the samples kept in the Ar environment.
Whereas, figure 3.2 (b) shows how the spectra were modified after the samples had
been exposed to air for 24 h and they observed that oxidation introduces states in
the band gap which pin the transition energies. In addition, below about 3 nm in
size, oxide passivated nanocrystals are luminesce at lower energy than hydrogen pas-
sivated nanocrystals [19]. Calculation shows that the size of the band gap and the
corresponding spatial pattern of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), depend upon the electronegativity of
the passivating layer at such small size. In oxide, terminated nanocrystals the HOMO
is sketch to the surface and resides in weakened Si - Si back bonds on interfacial Si
atoms directly bonded to oxygen.

Therefore, we realized that as the silicon exposed to air oxygen make a bond with
the dangling bond and the SiO, layer cover the surface as shown in figure 3.3, the
same is true when the dandling bond makes a bond with Hydrogen, and surface
states appears in the band gap. Consequently, the photoluminescence peak shifted

(modified) due to surface states. Therefore, surface passivation has remarkable effect



26

Figure 3.3: Silicon nanocrystals embedded in SiOs.

on photoluminescence intensity.

We formulate a model for photoluminescence intensity by taking the effect of sur-
face and exciton states into account in the coming section. In addition, we give a

quantitative expression for the photoluminescence intensity.

3.2 Formulation of a model to generate photolu-
minescence spectra

The study of silicon quantum dot is a very active field of research due to the inter-
esting fundamental physical properties and the promising applications in advanced
electronic and optoelectronic devices [10]. The optical properties have studied inten-
sively for frequencies near the fundamental energy gap of the dots with respect to
photoluminescence. Here we are going to formulate and describe the photolumines-
cence spectra from silicon quantum dot. To do so, let us consider silicon quantum

dots as an ensemble of having a well defined size distribution function n(d).

On excitation with high-energy photons, photocarriers have generated inside the crys-
tals and then a fraction of these photoexited carriers relax non - radiatively to the
surface states. Subsequently, the relaxed carriers recombine to ground states radia-

tively giving photoluminescence. So, the intensity of photoluminescence at particular
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photon energy becomes proportional to the population of occupied surface states and
the oscillator strength. The number of surface states Ny in a quantum dots is pro-
portional to the number of atoms on the surface and hence, surface area A of the
quantum dot. Additionally, if we assume that each atom in a quantum dots con-
tributes at least one photoexited carrier, the number of photoexited carriers N, in

the quantum dots are proportional to volume V.

The rate of transition from an excited carrier to the localized surface states is pro-
portional to the product of the number of excited photocarriers and the number
of available empty surface states in steady state condition, the population N, of
photocarriers in surface states participating in photoluminescence processes becomes

proportional to the product, i.e.

N, ~AV (3.2.1)

For a quantum dots of diameter d we have V ~ d® and A ~ d?. So we get

N, ~ d° (3.2.2)

In the strong confinement regime, blue shift in band gap energy is quite significant
compared to weak confinement limit. Along with the blue shift of the band gap and
excitonic levels, particle size reduction also causes an enhancement in the oscillator
strengths (f ). That is, optical transition probability in a bulk semiconductor is
proportional to the probability of finding an electron and a hole in the same unit cell of
the crystal. Hence, the oscillator strength of the exciton, f.,, is inversely proportional
to a%. In the case of quantum dots transition probability is proportional to the spatial
restriction of carrier motion in the quantum dots volume due to externally imposed

quantum confinement [15], i.e.
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Now, taking the oscillator strength into account, the radiative transition probability

in a quantum dots of diameter d becomes

P(d) ~ f N, ~ d* (3.2.3)

Now, the photoluminescence intensity from an ensemble of quantum dots size d having

size distribution n(d) will be given by

1(d) ~ P(d) n(d) (3.2.4)

The emitted photon energy from the quantum dots should be lower than the band
gap energy of quantum confinement model by an amount of the localization binding
energy F, of the surface states and the exciton binding energy Ej. Hence, the emitted

photon energy from quantum dots will be

B, = Egulk +AE—-E,— E, (3.2.5)

According to quantum confinement model, the band gap up shift modeled as AE =
8

=, where 8 and v are constants due to quantum confinement effect, their magni-

tudes strongly depend up on the band gap calculation method being employed. We
transform Eq. 3.0.6 from d to AE dependence [20] as

[(AR) = / 1(d) n(d)5(AE — %) dd (3.2.6)
taking
| (d— d,)?

oV 2T 202
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Where d, and o are the mean dot size and standard deviation respectively. Therefore,

we obtained an expression for the photoluminescence intensity as

R P (C S L A
O_\/%(E)Wexp[_ 252

I(AE) ~ ] (3.2.7)

Eq. 3.0.9 gives general expression for photoluminescence intensity from silicon quan-
tum dots ensemble. It is clear from the above expression is that the photoluminescence
intensity depends strongly on the quantum confinement parameters # and v. We took
~v=1.39, =373 eV and Eg“”“ = 1.12 eV at room temperature [5]. The localization
binding energy E has taken to be the order of phonon energies, which is about 0.05

eV for optical phonons.

It is important to note that earlier researchers have taken oscillator strength as pro-
portional to d% but we used d%. Now, we use eqn. 3.2.9 along with exciton contribution
to generate photoluminescence spectra for different size of quantum dots using MAT-
LAB programming (added as appendices). We then compare our result derived from

the model with the experimental and simulation results of others.



Chapter 4

Results and discussions

Together with Silicon nanocrystals, silicon nanowires used to model the optical and
photoluminescence properties of porus and crystalline silicon. However, despite the
large amount of experimental data available, Mruno et al. ’s [21] understanding of the
electronic properties of silicon nanowires and porus silicon is almost confined to single-
particle calculations done with semiempirical methods or with the ab initio density

functional theory (DFT), usually within the local density approximation (LDA).

In Fig. 4.1 (a) Mruno et al. compare the quasiparticle electronic gaps with the ex-
perimental data obtained by Ma et al. through scanning tunneling spectroscopy, for
different silicon nanowires (grown along the [112] and [110] directions) with diameters
ranging from 1.3 to 7 nm and shown in Fig. 4.1 (b), they also compared the silicon
nanowires quasiparticle with the experimental photoluminescence gaps of porus sili-
con, they observed that the quasiparticle gaps largely overestimate the experiment.
Here, we mentioned this results since researchers are recently trying to broad their
field of study towards quantum wire some what to quantum well than quantum dots
but our study deals about quantum dots, anyhow from such results we understood
that the optical band gap of silicon quantum wire and quantum dots are almost have

the same variation as the crystal size decreases specially less than 5 nm in diameter.
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Figure 4.1: a) (Color online) QP gaps for [100] (circles), [111] (squares), and [110]
(diamonds) Si-NWs as a function of wire size compared with experimental results
(triangles) from scanning tunneling spectroscopy (STS). The gray region represents
the LDA electronic gaps from [110] (bottom) to [100] (top) wires. b) (Color online).
FEzcitonic gaps for [100] (circles), [111] (squares), [110] (diamonds) Si-NWs, and
experiments (triangles). Down- and up-pointing triangles correspond, respectively, to
the photoluminescence data of Zhang and Bayliss and Wolkin et al. in PS samples.
The gray region represents the quasiparticle electronic gaps, from [110] (bottom) to
[100] (top) wires.

4.1 Results of optical band gap when exciton states
are taken into account

In experimental work carried out over the past two decades on silicon nanocrystals,
the optical band gap dependence on the dots size measured and discussed extensively.
Some of such experimental works result presented together with our models result for

the sake of comparison in figure 4.2.

In fact, there is a large spread in the calculated values of the optical band gaps as a
function of nanocrystals diameter. Among several factors influencing the accuracy of
the optical band gap measurements, the following are dominant [2]. First, it is difficult

to determine exactly the dot sizes and the size distribution in a luminescent ensemble
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Figure 4.2: a) Size dependence of silicon quantum dots band gap, according to QCM
with and without taking exciton into account (our result). b) Experimental data on the
size dependence of the optical gap of silicon crystals. Hydrogen - passivated surface
Wolkin et al. and Garrido et al. (blue squares); SiO - bonds at the surface Wolkin
et al., Kanemitsu et al. (diamonds); deposition on quartz substrate Ledouzx et al.
(filled triangles); nanocrystals embedded in SizNy matriz Kim et al. (empty triangles)

[2].

of nanocrystals. Second, using the mean size in an ensemble of nanocrystals in a
diagram, as Figure 4.2 (b) can be misleading. Since, it is possible that the observed
photoluminescence peak does not correspond exactly to the mean size but instead
to the largest photoluminescence rate. Third and more practically, the nanocrys-
tal studied by different research groups have prepared by different methods. As a
result, the nanocrystals have different surroundings, surface bonds, and shapes, all
of which could lead to scatter in the experimental data and nanocrystal-nanocrystal

interactions can play a dominant role in the emission spectrum.

When we compare our plot by taking exciton effect along with quantum confinement
model (figure 4.2 (a)) explains almost accurately the Wolkin et al. and Garrido et al.

(blue squares) experimental data. Therefore, taking the appearance of exciton energy
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states, band of exciton energy levels, in the forbidden region into account leads to a

better explanation, even if the above constraints did not allow us to predict the exact

theoretical explanations.

4.2 Results of photoluminescence intensity when
exciton states are taken into account

4.2.1 Photoluminescence intensity versus dot size

Different experiments have performed on Silicon nanocrystals to see the effect of
quantum confinement and surface states. Figures 4.3 and 4.4 shows the photolumi-
nescence spectra of different samples studied with their size distributions as measured
by time-of-flight mass spectroscopy (TOFMS) together with results of our model i.e.

normalized photoluminescence intensity versus dots size, for experimental and results

of our model for two set of samples.
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Figure 4.3: Normalized PL intensity versus dot size for the first set of samples. a)

Results of our model b)Experimental [22].
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Figure 4.4: Normalized PL intensity versus dot size for the second set of samples. a)
Results of our model b) Ezperimental [22].

When we looked at those pictures, we realized that the photoluminescence peak shifts
towards left or to the smaller wavelength of visible spectrum (blue shifted) as the dots
size decreases, which is expected. Researchers’ understood that width of size distri-
bution and the average size of quantum dots are realities that cause such shifts. We
also find out that the existence of exciton states in the forbidden region have remark-
able effects for such shifts. Therefore, taking the formation of band of exciton energy
states in the band gap into account leads to the accurate formulation of photolumi-
nescence spectra and the interpretation of the blue shift of photoluminescence peak
especially when the quantum dots size less than 2 nm in conformity with different
experimental and theoretical results. Note that the data we took from G. Ledoux et
al. (2000) [22] research work i.e. the maximum positions and the bandwidths and

our data are reported in table 4.1 and 4.2 respectively for the sake of comparison.
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Table 4.1: Characteristic parameters and PL properties of the different silicon
nanocrystal samples studied [22].

Sample Average size PL Max. (V) PL Max._ (W) PL Max. (nm) | PL Max. {nm)
identifier {nmj Experimental results of our Experimental results of our

model model

A 344 1.82 16178 680 728 496

B 346 203 1.6131 510 T30.728

c 3.88 1.75 1.5278 710 T7r3.774

D 405 1.65 1.4993 750 789 339

E 4. 45 1.55 1.4427 800 822318

kK 2.8 1.95 1.86130 635 646965

L 3.2 1.71 1.6799 725 T00.352

M 3.6 1.44 1.5919 860 T45.848

M 4.8 1.35 1.4025 900 847 613

Table 4.2: Our model’s results as compared with PL properties of different silicon
nanocrystal samples.

4.2.2 Photoluminescence intensity versus wavelength

Just like former section, figures 4.5 and 4.6 shows the photoluminescence spectra of

different samples studied with their size distributions as measured by time-of-flight

mass spectroscopy (TOFMS) together with results of our model. From such plots,

we understood that as the average size of the sample decreases the optical band gap

increases so that the photoluminescence peak shifts to the shorter wavelength range

of visible spectrum. Since, the luminescence energy is directly proportional to the
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optical band gap and inversely proportional to wavelength. Therefore, as the optical
band gap increases the luminescence energy increases or wavelength decreases mostly
to the shortest wavelength of visible spectrum. However, when exciton effects taken
into account i.e. the theory we developed by considering the band of exciton energy
states in the band gap explains the experimental data better than without taking

such band of states.

Here it is important to note that the exciton binding energy (E}) is the energy width
of strongly confined exciton, band width of strongly confined exciton energy states,

since the average size of our samples are less than 5 nm (d < ap).



Chapter 5

Summary and conclusion

5.1 Summary

The study of silicon nanostructures (quantum dots) is a very active field of research
because of the strong room temperature photoluminescence and the observation of
quantum size effects. Nanostracturing silicon is also an effective way to turn silicon
into a photonic material since as different experimental and theoretical predictions
indicated that the indirect band gap of bulk silicon changed in to direct band gap
and the optical band gap increases as the crystal size decreases (especially when it
reaches few nanometer size). When an electron in the valance band of such quantum
dots gets sufficient photon energy excites and leaves a hole behind then the excited
electron gate couple with the corresponding hole such pair is said to be an exciton
and creates energy states in the forbidden region. For repeated such excitation the
number of exciton states in the gap region increases and form little band. Such band
of energy states in the band gap act as an alternative destination for an electron
excites from the valance band. Hence, the existences of such states in the forbidden

region have their own effects on optical band gap and consequently on all physical
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properties of silicon quantum dots and their effects observed as a blue shift in the

photoluminescence peak.

To realize the effect of such band of exciton energy states on the band gap and other
properties, we analytically expressed the photoluminescence intensity by taking the
appearance of such exciton energy states in the band gap into account in addition to
surface states and quantum confinement effects in order to describe the experimental
photoluminescence spectra from silicon quantum dots. Accordingly, we observed that
taking such band of states in the band gap lead to a better theoretical explanation

of the photoluminescence data from different experimental techniques.

5.2 Conclusion

Recent studies show that the density of states of silicon nanostructures is atomic like
rather than bulk. This discrete structure in the density of states has direct link with
the exciton energy. The exciton energy levels modify the band structure of nanosys-
tems. As a result, the optical properties also modified. At lower temperature, these
effects become more prominent. Due to the contribution of exciton the electrolumi-
nescence and photoluminescence spectra shows sharp peak with small kinks. As the
size of the quantum dots decreases the effect, become more robust. Our observation

is in agreement with many experimental and theoretical observations [23] - [25].

Based on our study, taking the effect of the existence of exciton energy states in the
forbidden region on optical band gap describes better the experimental photolumines-
cence data from silicon quantum dots developed by several experimental techniques.

Therefore, our study shows that the importance of exciton energy levels in predicting
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the photoluminescence data from silicon quantum dots using quantum confinement
and surface state models together. Hence, the result we obtained could apply for

controlled light emitting properties in photonic material production.

Here we have looked at room temperature photoluminescence for silicon quantum
dots. Temperature dependent optical behavior with surface passivation for different
nanostructures is worth to look at. Our model is quite general phenomenological

model in which temperature dependence be incorporated.



Appendices

It is important to note that when we plot the graphs, we used the following numerical

data.
° me, = 9.11 x 1073 Ky

° h = 4136 x 1071° eV s

o c = 2998 x 108 m/s

o & — 1168

. g0 = 8854 x 1072 Fm™!
o m' = 0.40m,

o mi = 054m,

° ag = 0.05292 nm

o Epy = 5 x 136eV = 0.0229¢eV

me €&

A : A MATLAB program to plot optical band gap Vs size
d=1:0.15:8
egl =1.12+4 3.73./(d." +%?)
eg2 = 1.12 +3.73./(d." 139) — 0.2./(d./2) — 0.005679
plot (d, egl, 'r: 0, d, eg2, 'b— %)
legend ('QC'M with out taking exciton into account’, 'QCM with taking
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exciton into account’)
xlabel ("Dots size ( nm)'), ylabel ('Band gap ( eV'))
A MATLAB program to plot normalized photoluminescence intensity versus
size of the first group (A — E)
d=1:0.15:6
de = 3.73./(d." ¥3%) — 0.2./(d./2) — 0.055679

ia = exp (—(((3.73./de).N 07194 — 3.44)." 2)./1.02)
ib = exp (—(((3.73./de).” O™ — 3.46)." 2)./0.63)
ic =exp (—(((3.73./de)." %191 — 3.88)." 2)./0.61)
id = exp (—(((3.73./de).” 07191 — 4.05)." 2)./0.62)
ie = exp (—(((3.73./de)." 719 — 4.45)." %), /0.78)

plot (d, ia, 'r:«', d, ib, 'b: . d, ic, 'g— K, d, id, 'k — =, d, ie, 'm — .2')
legend ('d, = 3.44 nm/, 'd, = 3.46 nm/, 'd, = 3.88 nm/, 'd, = 4.05 nm/, 'd, =
4.45 nm')

xlabel ('Dots size (nm)'), ylabel ('Normalized PL intensity (a.u)")

A MATLAB program to plot normalized photoluminescence intensity versus

size of the second group (K — N)
d=1:0.15:6
de = 3.73./(d.) 13) — 0.2./(d./2) — 0.055679
ik = exp (—(((3.73./de). 07191 — 2.8) " 2)./0.86)
il = exp (—(((3.73./de). OT191 — 3.2).~ 2)./1.08)
im = exp (—(((3.73./de). *T19 — 3.6)." 2)./1.16)
in = exp (—(((3.73./de).” *T9 — 4.8)." 2)./1.16)
plot (d, ik, 'r:*', d, il, 'b: ., d, im, 'g— ', d, in, 'k — =)
legend ('d, = 2.8 nm/, 'd, = 3.2 nm/, 'd, = 3.6 nm/, 'd, = 4.8 nm/)
xlabel ('Dots size ( nm)'), ylabel ('Normalized PL intensity (a.u)’)
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D : A MATLAB program to plot normalized photoluminescence intensity versus
wave length of the first group (A — E)
d=1:0.15:6

de = 3.73./(d." 199) — 0.2./(d./2) — 0.055679

el = 112 +3.73./(d." 139) — 0.2./(d./2) — 0.055679

[ =1239.931e — 9./el

ia = exp (—(((3.73./de). OT19 — 3.44) . 2)./1.02)

3.73./de).” 07194 _ 3.46). 2)./0.63)
)
)

).

ib = exp ).
3.73./de). 07191 — 3.88)." 2)./0.61

).

).

). )-
3.73./de).> 0719 _ 4.05). 2)./0.62
3.73./de).) 019 — 4.45) . 2)./0.78)

(_
ic=exp (—
id = exp (—

(_

(((
(((
(((
ie = exp (—(((
plot (1, ia, 'r: ', 1, ib, 'b: ) 1, ic, 'g— ¥, I, id,"'"k — =, 1, ie, 'm — .2')
legend ('d, = 3.44 nm/, 'd, = 3.46 nm/, 'd, = 3.88 nm/,d, = 4.05 nm’, 'd, =
4.45 nm')
zlabel ('Wave length (' m)'), ylabel(' Normalized PL intensity (a.u)’)

E : A MATLAB program to plot normalized photoluminescence intensity versus

wave length of the second group (K — N)
d=1:015:6
de = 3.73./(d." '39) — 0.2./(d./2) — 0.055679
el = 1.12 + 3.73./(d.) 139) — 0.2./d — 0.055679
[ =1239.931e — 9./el
ik = exp (—(((3.73./de).N O-T19 —2.8)." 2)./0.86)
il = exp (—(((3.73./de).” OT19% — 3.2)." 2)./1.08)
(3.73./de). 07191 — 3.6). 2)./1.16)
in = exp (—(((3.73./de). 01191 — 4.8)." 2)./1.16)
plot (1, ik, 'r %' 1, il,"b: ", 1, im, 'g — *, 1, in, 'k — =)
legend ('d, = 2.8 nm/, 'd, = 3.2 nm/, 'd, = 3.6 nm/, 'd, = 4.8 nm/)
zlabel ('Wave length ( m)'), ylabel ('Normalized PL intensity (a.u)")

im = exp (—(

(
(



Glossary

e 2D-PC - Two - dimensional photonic crystal
e AFM - Atomic Force Microscopy

e CB - Conduction Band

e DFT - Density Function Theory

e EL - Electroluminescence

e EMA - Effective mass approximation

e HOMO - Highest occupied molecular orbital
e LDA - Local Density Approximation

e LED - Light Emitting Diode

e LUMO - Lowest unoccupied molecular orbital
e NC -Nano-Crystalline

e NW - Nanowire

e PL -Photoluminescence

e PSi - Porous Silicon

QCM - Quantum Confinement Model
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QD - Quantum Dot

QP - Quasiparticle

STS - Scanning tunneling spectroscopy
TOFMS - Time - of - flight mass spectroscopy
VB - Valence Band

QCM - Quantum Confinement Model
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