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ABSTRACT

Photoluminescence Mechanism in Silicon Nanostructure

GezahegnAssefa

The optical properties of bulk Silicon are deeply modi�ed if the material is

manipulated at the nano metric size. In particular the growth of nanocrystalline

Silicon(nc-Si) structures constitutes today a promissing approach for the develop-

ment of Silicon based light emitting devices. In this thesis the in�uence of quantum

con�nement on the optical properties of nc-Si is investigated.We basically concen-

trate on the Photoluminescence (PL) of nc-Si. One of the fundamental parameters

describing The PL mechanism of nc-Si is the radiative recombination rate. In order

to examine the mechanism of the PL from the nc-Si the optical transition and the

radiative transition rate are studied based on the quantum con�nement(QC)model.

We �nd that the radiative recombination rate varies as . Where d3��is the diame-

ter of the spherical crystallites. This result shows that the radiative recombination

rate increases with decreasing the size of the nc-Si. As a result, the PL emission

intensity enhanced due to QCE and the PL can be tuned into the visible range.
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CHAPTER 1

Introduction

1.1. Application of Silicon Based Materials

Silicon is the dominant semiconductors in the device technology today. There

are some reasons why Si is the semiconductor material of choice. Among these the

two fundamental reasons are the following. The �rst is the raw material that can

be used to produce Si-wafer (sand) is readily available. The second reason is that it

possesses good mechanical and thermal properties. The bulk of the Si-wafer is, for

example, provides good mechanical support for the fabricated electronic devices,

which reside in the region near the wafer�s surface. An alternate material that

has been suggested for some time is Gallium Arsenide (GaAs). However, the lack

of a native oxide, high processing cost and environmental concerns discourage the

industry from implementing GaAs as a feasible solution.

From the native oxide of Si (SiO2), it is possible to fabricate metal oxide semi-

conductor �eld e¤ect transistors (MOSFETs). MOSFETs, are building blocks of

that makes up complimentary metal oxide semiconductors (CMOS) circuits. With

CMOS technology it is possible to integrate millions of transistors on one chip.

These are known as ultra large-scale integrated (ULSI) circuits. Using Si-based
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ULSI technology, the semiconductor industry has greatly improved the ability to

store, process and communicate information.

Nowadays, the semiconductor industries are working to reduce the cost per

function on a chip. There are few methods to do this. Among these methods

reducing the size of the device with out a¤ecting the e¢ ciency or with better

e¢ ciency (i.e. device scaling) takes the great emphasis.

A variety of Si-based devices were studied, including bipolar transistors [1].

Recent studies suggests that circuit fabricated in CMOS technology are capable of

ful�lling application requirements for RF analog in 1-5 GHz range and for high-

speed digital circuits at or above the 10Gb/s range and higher reliability when

compared to their counter parts [2].

Silicon nanotechnology is up coming and the promising one [3-4]. The Nanosil-

icon (crystalline as well as amorphous) does luminescence. It is this photolumi-

nescence (PL) properties of nanocrystalline silicon (nc-Si) is of major debates in

recent days .

In general, several applications have been predicted for nanocrystals, ranging

form simple dyes to magnetic-resonance-imaging contrast agents [5], components of

electronic circuits [6], and magnetic media [7], in gradients in catalysts and sensors

and so on. All the above applications seek to exploit the tunability provided by

the size dependent properties of the nanocrystals [8].
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1.2. Methods of Fabrication of Nanosilicon

Considering the importance of nanocrystallities in technological applications,

a large number of synthesis methods have evolved in recent years [9,10]. Among

the various ways have been used to form low dimensional silicon, we explore three

of the approaches.

1.2.1. Direct Synthesis of Silicon Clusters

Silicon nanoclusters can be directly synthesized by chemical reaction of suitable

reactants, such as pyrolysis of Si2H6 , formation of nc-Si by laser induced plasma

in Si2H4 , combustion of SiH4, gas evaporation of silicon [9]. The end product is

a suspension of nc-Si in a solvent usually is ethanol.

1.2.2. Nanosilicon Produced by Phase Separation.

This method is the most widely used. Varous techniques have been employed in

this technique. Ion implantation, Low pressure chemical vapour deposition (LP-

CVD), and Sputtering, produces nc- Si in a SiO2 matrix [9]. The di¤erence among

them are related to the degree of purity of the �lm. The purity of nc-Si produced

by ion implantation is better than the other techniques.

1.2.3. Electrochemical Etching of Silicon

Porous Silicon (P-Si) is obtained by the electrochemical etching of crystalline sil-

icon (C-Si) in Hydro�uoric Acid (HF) rich electrolyte [10]. Following the partial
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wafer dissolution, a porous silicon structure is formed where the silicon skeleton is

either by interconnected nc-Si or by thin silicon wires. The etching process is self

regulated. Once the porous layer formed no further etching of porous layer occurs.

The reason for this is the depletion of holes in the etched region of the samples.

The anodic current has to be less than the electro-polishing current, above which

electro-polishing of the silicon occurs and the �nal layer has mirror like nature with

out any porous silicon in it.

1.3. Optical Properties of Silicon Nanocrystals

Bulk Semiconductors are characterized by fully �lled valance band and entirely

empty conduction bands, which are separated by a forbidden range of energies.

Thus, conduction in such materials requires a �nite energy to promote the tran-

sition from the valance band to the conduction band. The gap between valance

and conduction band is of fundamental importance for the properties of a solid.

Most of the solids properties, such as intrinsic conductivity, electronic transitions

or optical transitions depend on it. Any change of the gap signi�cantly alters the

material�s physics and chemistry. Within the framework of band theory of solids,

bulk silicon has indirect band gap, i.e., the energy maxima in the valance band and

minima in the conduction bands do not occur in the same k point. Because the

momentum of a photon is very small compared to the crystal momentum, the op-

tical process should conserve the momentum of the electron. In a direct transition,
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momentum conservation involves states having the same k-values.

Fig 1.1a. Direct transition between valance band conduction bands

In an indirect gap semiconductor momentum is conserved via a phonon inter-

action. Although broad spectrum of phonons is available, only those phonons with

the required momentum change are functional. These are usually the longitudi-

nal and transverse acoustic phonons. So the indirect process is a two step event.

Therefore, indirect optical transitions have very low transition probabilities. In

addition, bulk crystalline silicon is a centro-symmetric crystal that does not show

PL. i.e., it emits light in the infrared region and at a very low e¢ ciency (one photon

emitted for every 107 photo generated electron-hole pair) [11,12].
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Figure.1.1b. Indirect transition between valance band and conduction band.

The situation shown in �g- 1.1b is an indirect transition between the valance

band maxima and conduction band minima for which }! = Ec (k)�Ev (k)� !p,

where !p is the frequency of the relevant phonon that determines the onset of

optical transition.

In semiconductors the absorption of a photon causes the valance band electrons

to be promoted into the conduction band, leaving holes behind in the valance

band. The de-excitation of electrons by making a transition from the bottom of

the conduction to the top of the valence band is a band gap recombination. The

electron-hole bound pairs created during the recombination process are known as

excitons [13]. When an electron-hole pair is created by absorption of photon, the

absorption spectrum contains sharp lines just below the band gap energy. The
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lines are due to excitons levels. Excitonic recombination is an important feature of

PL. Optical absorption in semiconductor nanocrystals is di¤erent form that of the

bulk system. They show much change in their electronic properties down to a very

small size, about 10nm and below [14]. The origin of such alteration of electronic

properties is however still not clear.

Figure.1.2. Schematic diagram of exciton levels in semiconductors
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Figure 1.3 Variation of the exciton binding energy with size

There has been a great increase in research in the �eld of nanocrystals during

the past decades. Even though research on nanocrystals started in the early eight-

ies, a radical progress was observed in the nineties with emergence of improved

techniques for the synthesis of high quality nanocrystals and better instruments

to characterize them. Also, the growing need to reduce the size of the integrated

circuit chips gave the �eld of nanotechnology a great emphasis [15].

The band gap of bulk silicon (' 1:12eV ) is ideal for room temperature opera-

tions; however, the discovery of visible PL at room temperature from porous silicon

(P-Si) [16] has generated much attention in nanocrystaline silicon (nc-Si) because

of the possibility of wide application in opto-electronic devices [12]. When this

idea is realized, devise science will mark a new progress since silicon is a dominant

material in the present day microelectronics technology.
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Recent evidences from the experimental researches has shown that accompa-

nying the reduction in size of nc-Si , the band transforms from indirect to direct

and the band gap energy is blue shifted into the range of visible light owing to

the quantum con�nement e¤ect (QCE) [11,12]. Understanding the role of QCE

in altering optical properties of semiconductor materials with reduced dimensions

is a problem of both the technological and fundamental interest. There is a great

deal of experimental and theoretical evidences that supports the important role

played by QCE, in producing PL [15]. Excitations in con�ned system, like silicon

quantum dots (Si-QDs), as a building block of nano sized silicon, di¤er from the

bulk system due to QCE. In particular, the components that comprise the exciton

energies such as quasi-particle and exciton binding energies change signi�cantly

with the physical extent of the system.

The electron-hole exchange interaction can be considered as a very weak pertur-

bation in bulk semiconductors. It is only weakly modi�es the structure and energy

of the exciton. For instance for exciton in the bulk silicon the exchange splitting

energy is about 150 eV [17] and does not play any role in the optical transitions.

Its value is proportional to the spatial overlap between the electron and holes. In

quantum dots the spatial overlap is increased and the exchange correlation of the

coulomb energy is larger when the size of the crystallites approaches to the bulk

exciton radius and has to expect a drastic change of the e¤ect. Recently it has

been noticed that the electron-hole exchange interaction play a vital role in the

description of the basic optical properties of nonocrystalline assemblies [18].
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The characteristics of the PL are changed as the wavelength of emission [19]

changes from ultraviolet wavelengths to infrared wavelength. A speci�c character-

istic normally applies to a discrete set of wavelength and has resulted in a grouping

of wavelengths into three bands to describe these characteristics. These are the

�red�, �blue�, and �infrared�bands. The PL of the blue bands is obtained when

the sample contains a large amount of oxygen [18], which has been achieved by

oxidation, rapid thermal oxidation.

Nanocrystal quantum dots (NCQDs) are chemically synthesized semi-conducting

particles that show discrete atomic-like electronic level structure and optical tran-

sition. NCQds usually consists of a crystalline semiconductor core, often no longer

than just a few nanometers in diameter and a surrounding shell. The shell provides

the con�ning e¤ect for the core electrons. They are building blocks for a range of

photonic applications. Their absorption and emission wavelengths can be tuned by

controlling their size as well as their constituent materials. Recently, e¤orts have

been made to design NCQds that emit light in the near infrared spectral range

[20] due to their importance in optical networking applications and many other

optoelectrnic uses.

The mechanism responsible for nanosilicon light emission is the matter of great

controversy; however, there are di¤erent models to explain its luminescence. Ba-

sically they can be grouped into three categories. These are the quantum recom-

bination model, the surface state model, and the molecular recombination model

[21].



11

The �rst two models rely on the QCE. Where as the third model is based

on the molecular species such as polysillane chains or siloxen rings present in the

nanosilicon (amorphous phase) and are responsible for PL [11].

Di¤erent theoretical and experimental works has been done in order to explain

the size dependent properties of semiconductor nanocrystals. These works are pri-

marily based on the E¤ective Mass approximation (EMA) method [22], Empirical

Pseudopotential Approach (EPA)[23], and Tight-Binding Scheme [24].

1.4. Thesis Outline

In this thesis we study the optical transition between the HOMO-LUMO states

of silicon nanocrystal. For this study the PL is considered due to the radiative re-

combination of photo-carriers due to the QCE (quantum recombination model).

The thesis is organized into �ve chapters. Chapter 2 discusses the pseudopotential

calculation for the Hamiltonian of Ns-QDs�. Chapter 3 discusses how the radia-

tive recombination rate is related to the size of the QD. We use the empirical

pseudopotential approach to calculate the Hamiltonian and the optical transition

probabilities of silicon nanocrystal. Because in our calculation the wavefunctions

of the nc-si can be composed of energy band states of the bulk, the HOMO and

the LUMO states, and by assuming that the electronic properties are mostly rely

on the valence electrons rather than the core electrons. Chapter 4 contains the

result and discussion, and chapter 5 gives the summary and conclusion.



CHAPTER 2

The Pseudopotential Method

In this chapter we present the form of pseudopotential required for the elec-

tronic band structure calculations of Silicon quantum dots.

On the microscopic scale, solid state materials are made up of a crystal lattice

of atoms. The crystal lattice is a highly ordered system that is composed of a

repeating pattern of atoms. Because there is a potential energy associated with

each atom, it follows that an electron in the crystal lattice will experience a periodic

potential due to the repetition of atoms in the crystal. Quantummechanics predicts

that a �nite number of states are available to an electron in the lattice. The �nite

state comes from �nite number of energy levels associated with each atom in the

crystal. To make calculations regarding macroscopic properties of solids, it is often

necessary to understand the potential that an electron felt in the periodic lattice.

Assuming that the inner electrons (core electrons), screen the outer valence

electrons from the central nuclear charge and they are tightly bound to the nucleus,

the e¤ective potential by an electron in a crystal is weak compared with coulomb

potential of the ion core. We also assume that the nucleus passes no energy to

the electrons, which then allows the decoupling of the motion of the nuclei and

electrons motions. The core electrons are treated as if they were frozen in atomic

12
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like con�guration. As a result, the valence electros are thought to move in a weak

one-electron potential called pseudopotential.

The pseudopotential method is introduced to explain why the e¤ective potential

on an electron in a crystal is weak as compared with the coulomb potential of the

ion core. Since the pseudopotential is an extension of orthogonalized plane wave

(OPW) method, it requires that the free electron wave function  k be orthogonal

to the atomic core state. According to the orthogonality requirement there exist a

Bloch function 'k which is orthogonal to the atomic core function �k, and which

looks like 'k as well as having some components of core state is expressed as

 k = 'k +
X
�

b��k;� (2.1)

Where �k is a normalization core state,bk are orthogonalization coe¢ cients.

The sum is taken over all atomic core states. For silicon the summation over � is

a sum over all core state 1s22s22p6: The constants are determined using the fact

that the crystal wave function is constructed to be orthogonal to the core wave

function. We have,

Z
��k;� kdr = 0; (2.2)

b� = �
Z
��k;�'kdr; (2.3)
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 k = 'k �
X
�

�Z
��k;�'kdr

�
�k;�: (2.4)

Since  k is an exact valance wave function it satisfy Schrödinger�s equation

with eigenvalue "v (valance state energy).

H k = "v k (2.5)

H

 
'k �

X
�

�Z
��k;�'kdr

�
�k;�

!
= "v

 
'k �

X
�

�Z
��k;�'kdr

�
�k;�

!
(2.6)

H'k �
X
�

�Z
��k;�'kdr

�
H�k;� = "v'k �

X
�

�Z
��k;�'kdr

�
"v�k;� (2.7)

For exact core level, H�k;� = "c�k;�

H'k + ("v � "c)
X
�

�Z
��k;�'kdr

�
�k;� = "v'k: (2.8)

De�ning a new potential VR as

VR =
("v � "c)

P
�

�R
��k;�'kdr

�
�k;�

'k
; (2.9)

VR represents a short range, non-Hermitian repulsive potential.

Equation (2.8) can be written as
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(H+ VR)'k = "v'k: (2.10)

Equation (2.10) can be thought as a wave function of the pseudo-wave function

'k, with energy eigenvalue of the true energy of the crystal wave function  k.

Due to the orthogonalization requirement, the repulsive potential VR provides a

partial cancellation of the attractive periodic potential, and leads to a potential

weak enough to do nearly free description. The pseudopotentioal (Vp) is then the

sum of the actual periodic potential Vc and VR:

Vp = Vc + VR (2.11)

For silicon atom of electronic con�guration 1s22s22p63s23p6 the core consists

of four s-state electrons and six p-state electrons. The core electrons of s-states

have much lower energy than the valence electrons; as a result Vcand VR nearly

cancel each other. Where as the core p-state pushes the valence electrons away

from the core due to their large energy, i.e., there exists less cancellation of Vcand

VR terms. In general the smoothly varying pseudopotential is su¢ cient to describe

the electronic structure of a complicated multidimensional physical system using

the nearly free electron model.

From the result obtained in equation (2.11) the self interacting electron clouds

within the plasma of the crystal can be simpli�ed in to one-electron problem with

the following Hamiltonian.
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H = �}
252

2m
+ Vp; (2.12)

H'n;k = En;k'n;k: (2.13)

The solution to the Schrödinger Wave equation in a periodic lattice is a Bloch

function which is composed of a plane wave component as well as a cell periodic

part that has the periodicity of the lattice. The pseudo-wave function (with the

nth band and the wave vector k) is the wave function of electrons in the periodic

lattice, and can be expanded in complete orthogonal sets of plane waves:

UG;k =
1p


ei(G+k)�r; (2.14)

'n;k =
1p



X
G

an;k (G) e
i(G+k)�r: (2.15)

Where G, is reciprocal lattice vector describing the periodicity of the lattice

which satis�es G �R = 2�n; n 2 z where R is the Bravais lattice vector.

Substituting the expansion of 'n;k (r) in equation (2.14) in to Schrödinger equa-

tion, and utilizing linearity of the Hamiltonian, we obtain,

X
G

an;k(G)HUG;k = En;k
X
G

an;k (G)UG;k (2.16)
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Multiplying equation (2.15) by a particular wave UG;k and integrating over all

spaces, then

X
G

an;k (G)

Z
U�
G0 ;k

HUG;kdr = En;k
X
G

an;k (G)

Z
UG0 ;kU

�
G;kdr: (2.17)

De�ning a new Hamiltonian HG0 ;G as HG0 ;G =
R
U�
G0 ;k

HUG;kdr and using

orthogonality of basis sets
R
U�
G
0
;k
UG;kdr = �G0 ;G, equation (2.16) can be written

as:

X
G

an;k (G)HG0 ;G =
X
G

an;k (G)En;k�G0 ;G: (2.18)

It remains now to �nd the eigenvalue and eigenfunction of the square matrix

HG0 ;G, because equation (2.17) can exist to for each value of the electron wave

vector k. Using the form of the plane waves given in equation (2.14) HG0 ;G can be

written as:

HG0 ;G =
1




Z
e
�i
�
G
0
+k
�
�r
�
�}
2m
O2
�
ei(G+k)�rdr+

1




Z
e
�i
�
G
0
+k
�
�r
V0e

i(G+k)�rdr;

(2.19)

HG0 ;G =
}2

2m


Z
jG+ kj2 ei

�
G�G0��r

dr +
1




Z
e
�i
�
G
0
+k
�
�r
V0e

i(G+k)�rdr: (2.20)
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The �rst term of equation (2.20) has a value if G = G
0
and it is equal to the

normalization volume introduced earlier. Therefore, the �rst term can be written

using the Kronecker delta and t he second term is some form of pseudopotential

de�ned by:

Vp =
1




Z
e
�i
�
G
0
+k
�
�r
V0e

i(G+k)�rdr: (2.21)

Therefore,

HG0 ;G =
}2

2m


Z
jG+ kj2 �G0 ;G + Vp (2.22)

The potential V0 should be the linear combination of atomic potential Va, which

is located at R, i.e.

V0 =
X
R

Va (r�R) (2.23)

Substituting equation (2.23) into equation (2.21), we obtain:

Vp =
1




X
R

Z
Va (r�R) ei

�
G�G0��r

dr (2.24)

Performing the transformation, r �! r+R , then we obtain

Vp =
1




X
R

e
i
�
G�G0��R Z

Va (r) e
i
�
G�G0��r

dr: (2.25)

The term
P
R

e
i
�
G�G0��R is known as the geometrical structure factor S. and

G�G0
= q is another reciprocal lattice vector, with the property R � q = 2�n,



19

n 2 z. Since the atomic sites are constructed from the Bravais lattice and the

basis, then the summation over the atomic site can be replaced by two summations.

X
R

X
T

eiq�(R+T) (2.26)

Since for N Bravais lattice in the crystal, equation (2.26) can be written as

S (q) = N
X
T

eiq�T: (2.27)

Silicon has a face centered cubic Bravais lattice with a two atom basis, hence

the summation in equation 2.27 contains two term

S (q)= N
�
eiq�T + e�iq�T

�
; (2.28)

S (q) = 2N cos (q �T) : (2.29)

Then the potential Vp becomes

Vp =
2N



cos (q � T )

Z
Va (r) e

iq�rdr; (2.30)

Where
R
Va (r) e

iq�rdr = Vff (q) is the Fourier transform of atomic potential

and is known as psedopotential form factor. Equation (2.30) can then be written

as:
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Vp=
2N



cos (q �T)Vff (q) : (2.31)

Equation (2.31) is a general form of pseudoptential of silicon.This q-dependent

pseudopotential is then used to calculate the energy band structure of silicon along

di¤erent crystallographic directions. In the next chapter we shall use a Hamiltonian

of the form H = � }2
2m
O2 + Vp (r) ; where Vp (r) is the Fourier transform of the

pseudopotential described in equation (2.31).

Fig. 4.1 The Fourier transform of the pseudopotential.

To simplify the problem further, model potentials are used in place of the

actual pseudopotentials. Fig.2.2 summarizes the various models those are usually

employed.
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(a) Constant e¤ective potential in the core region:

V (r) =

� Ze2

4�"0r
: r > rc

Ze2

4�"0rc
: r � rc

�
(b) Empty core potential

V (r) =

(
�Ze2
4�"0r

: r > rc
0r > rc

)
(c) Model potential due to Hein and Abarenkov:
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V (r) =

(
Ze2

4�"0r
: r > rc

A : r > rc

)
Fig. 2.2. Model pseudopotentials.



CHAPTER 3

Optical Transition and Radiative Recombination Rate

In this chapter we present the theoretical study of optical transition between

HOMO- LUMO states of the silicon quantum dots. Since the PL is dependent on

the radiative recombination rate of the transition; we discuss how the recombina-

tion rate depends on the size of the dot.

3.1. Model of Optical Transition

The indirect band gap of bulk silicon causes a very long radiative life time (in

order of millisecond) for excited electron-hole pairs. Most of the excited electron-

hole pairs recombine non-radiatively, giving no luminescence.

In this thesis we focus on the quantum con�nement model to explain PL. We

considered that the photoemission occurs inside the nc-si particles with energy gap

larger than that of the bulk silicon due to QCE. In fact there are long debate con-

cerning the PL mechanism of nc-si, we focus on the role of quantum con�nement

in the luminescence. For PL from these systems, Qin and Jia [25] suggested a

common mechanism model, the so-called the quantum con�nement luminescence

center (QCLC) model, which claimed that the photoexcitation of electron-hole

pairs occurs mainly in the nc-si. The photoexcited electron-hole pairs tunnel into

23
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the luminescence centers (LCs) in the surrounding medium and radiatively re-

combine there. According to this model, the nc-si particles has recombination

center inside the nanocrystal or outside the nanocrystal (inside the surrounding

matrix). If the nanocrystal has a recombination center inside, the electron and

the hole recombine non-radiatively. These nanocrystals are dark nanocrystals.

Bright nanocrystals are those which are free from recombination centers. In these

nanocrystals the electron and holes recombine radiatively giving PL.

Figure.3.1 Schematic diagram of nc-si in amorphous matrix. The system in the

�gure has three electron �hole pairs excited of which one recombine non-radiatively

and two radiatively. i.e, the internal quantum e¢ ciency of this system is which is

about 67 %.

Perhaps the most fundamental issue in dealing with nanocrystals is determining

their structure. Before any theoretical calculations are performed, the geometry

of the nanocrystal must be de�ned. However, this can be a di¢ cult task. Serious

problems arise from the existence of multiple local minima in the potential energy
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surface of these system; many similar structures can exist with extremely small

energy di¤erences.

In order to formulate and describe the PL phenomena from nc-Si structures,

we consider nc-Si as ensemble of nanomertic size spherical particles, having a well

de�ned size distribution. The optical band gap widening in the crystallites is con-

sidered due to QCE in nanoparticles. We assume that both photo excitation and

photo emission processes for electron hole pairs occur in the nanosilicon particles.

Fig.3.2. Direct transition between the HOMO and LUMO states during PL emis-

sion from nanosilicon crystallites.

Path A: On excitation with high energy photons, photo carriers are generated

in side the crystallites and then relaxed.

Path B: The relaxed carriers recombine to ground states radiatively giving PL.
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3.2. Radiative Recombination Rate

Optical transition between the lowest unoccupied molecular orbital (LUMO)

and the highest occupied molecular orbital (HOMO) is induced due to the illumi-

nation of light. Since light is an electromagnetic �eld (EMF), it is assumed to be

of the form

E (t) = E
�
e�i!t + ei!t

�
(3.1)

The transition between HOMO-LUMO state of N identical atoms, the wave

function of which are the pseudo-wave functions and. The wave functions are then

described by Bloch wave functions as

'l (r) =
1p


eik�rUl (k) (3.2)

'h (r) =
1p


eik

0 �rUh

�
k
0
�

(3.3)

Where 
 refers to the volume element over which the integration is carried out.

The Hamiltonian which describe the interaction of the electromagnetic �eld

with the electronic state is given by

H =
e

mc
P �A (3.4)
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Where P = �i}5 is the linear momentum operator and is the vector potential

of the electromagnetic �eld.

Equation (3.4) can be written as

H = � ie}
2mc

(A � 5+5 �A) (3.5)

The matrix element of the transition is given as

Hhl (r)=

Z
'�h (r)H'l (r) dr (3.6)

By substituting equations (3.2), (3.3), (3.4) into equation (3.6) we obtain

Hhl (r) = �
ie}
2mc


�Z
e
i
�
k�k0

�
�r
Uh (k)A � 5Ul (k) dr +

Z
e
i
�
k�k0

�
�r
U�h

�
k
0
�
iUl (k)A � kdr

�
(3.7)

But for direct transitions k = k
0
, thus we obtain

Hhl (r) = �
ie}
2mc


h
U�h (k)

�
A � 5Ul (k) +

0
iUl (k)A � k

�
dr
i

(3.8)

The second term of equation (3.7) gives zero since the Bloch functions Uh and

Ul in the Brillion zone in two di¤erent bands is orthogonal. And therefore

Hhl (r)= �
ie}
2mc


[U�h (k)A � 5Ul (k) dr] (3.9)
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The momentum operator (some times called the electric dipole transition ele-

ment) is given as

Phl = �
i}



Z
U�h (k)5 Ul (k) dr (3.10)

Therefore, equation (3.9) can be rewritten as

Hhl (r) =
e

mc
A �Phl (3.11)

The oscillator strength fhl; which is the measure of the radiative probability

of a quantum mechanical transition between two atomic levels, is related to the

momentum matrix element as

fhl =
2

m}!hl
jPhlj2 (3.12)

Where !hl is the frequency of the external EMF with energy equal to the

HOMO-LUMO energy gap. The emission and absorption of light by a charged

carrier, where an electron or hole is essentially a scattering phenomenon between

initial state � h� and �nal state �l� . The light (EMF) is the time dependent

perturbation which induces this event. The transition rate form the initial state

to �nal state is given by the Fermi�s Golden rule as

1

�hl
=
2�

}
X
l

��Hhl

��2 � (Ehl � }!) (3.13)
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Where Ehl = Eh � El, which contains both the kinetic and potential energy

components. The Delta function now explicitly contains the photon energy with

the minus sign representing absorption and the plus sign representing emission.

Substituting equation (3.11) into equation (3.13) we obtain:

1

�hl
=
2�e2A2 cos2 �

}m2c2

X
l

jPhlj2 � (Ehl � }!) (3.14)

Equation (3.14) can be written in terms of the oscillator strength in equation

(3.12) as:

1

�hl
=
�e2A2 cos2 �

mc2

X
l

fhl� (Ehl � }!) (3.15)

Considering the continuum limit the total recombination rate can be taken as

the integral over the frequency d!:

1

�hl
=
�e2A2 cos2 �

mc2

Z X
l

fhl� (Ehl � }!) d! (3.16)

In the volume there are many states but only those states whose energy dif-

ference matched with the frequency of the external EMF would contribute for the

transition and for PL. So this would happen for Ehl = �}!hl . From the property

of the delta function, equation (3.16) can be written as

1

�hl
=
�e2A2 cos2 �

mc2

X
l

fhl (!hl) (3.17)
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It is found experimentally that the oscillator strength in the nanocrystallites is

dependent on the crystallites size as the inverse power law [26,27]

fhl�
1

d�
(3.18)

Where d is the diameter of the spherical crystallites and the power exponent

� depends on the material property as well as range of the crystallite size being

used, and the value of � is 5<� <6.

If we assume that each atom in the crystallites contributes at least one pho-

toexcited carrier to the crystallite, the number of photoexcited carriers Np in the

crystallites is proportional to its volume.

Np � 
 (3.19)

For spherical crystallites of diameter d, the volume 
 is proportional to the

cube of the diameter


 =
4

3
�d3 (3.20)

Combining equations (3.17) and (3.18), we arrive at

Np � d3: (3.21)
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Therefore, there are Np transitions over the volume of the quantum dot and for

every transition the oscillator strength is proportional to d�� (eq.3.18), so the total

oscillator strength over the volume is proportional to Npd��. i.e.,
P

l fhl (!hl) =

Npd
��: So equation (3.17) is reduced to

1

�hl
� �e2A2!hl cos

2 �

mc2
d3��: (3.22)

Taking an arbitrary proportionality � constant which can be determined by con-

sidering di¤erent properties of the quantum dots, equation (3.22), can be rewritten

as:
1

�hl
= �

�e2A2!hl cos
2 �

mc2
d3�� (3.23)

One can consider all other parameters as a constant except the size of the nc-Si

d, it is possible to write the equation (3.23) as:

1

�hl
=

�

d��3
(3.24)

Where � = � �e
2A2!hl cos

2 �
mc2

which is a parameter that can be determined by

studying electronic states; intensity of the incident light and the dielectric function

of the amorphous matrix of the nanocrystallities.



CHAPTER 4

Results and Discussion

In this chapter, we will present the result obtained in chapter 3 and discuss

the size dependence of the radiative recombination rate we obtained in equation

(3.24).

In order to obtain an insight of the e¤ects of size on the PL spectral pro�le in

nc-Si, we use a model as in �gure 3.2. The PL emission in visible range is observed

when optical transitions between HOMO-LUMO gaps are induced. The photoex-

citation is due to the illumination of light, and the photoemission occurs when the

photocarriers (electrons and holes) recombine. The electron-hole recombination

time (life time of exciton) is strongly dependent on the particle size. The radiative

transition in nc-Si may be with or with out phonon mediation depending upon the

crystallites size. The power exponent of the oscillator strength is larger for the

zero phonon assisted case. The Phonon participation decreases as the size of nc-Si

decreases, because the band gap changed from indirect to direct due to QCE.

The radiative recombination rate is the most important property in connection

with the photoemission e¢ ciency. If the radiative recombination rate is relatively

high, a pair comprised an excited electron and hole can recombine via radiative

32
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emission process. If the radiative recombination rate rate is low, on the other hand,

non-radiative recombination events degrade the performance of light emission.

The radiative recombination rate in nc-Si may be with or without phonon

mediated depending upon the crystallites size and the nature of the nc-Si (presence

of impurity states). As the crystallite size decreases there is no phonon mediation

because of the QCE. The QCE changes the energy level spectrum in the bulk

material into a discrete level structure namely the sub-band structure. This leads

to the enhancement of the oscillator strength of the exciton through increased

spatial overlap of between the electron and holes. The strong spatial con�nement

in the nc-Si implies that for the excitons created in the nc-Si, there is an increase

in the radiative recombination rate of the radiative nc-Si. As a result, the quantum

e¢ ciency of the system increases. On the other hand non-radiative recombination

in the non-radiative nc-Si decreases and the quantum e¢ ciency of this process goes

to zero.

We calculate the radiative recombination rate in equation (3.24). Our result

shows that the radiative recombination rate (��1) depend on the size of crystallites

as. Since the power exponent of the oscillator strength is greater than 3 as obtained

experimentally by Ranjan and et.el, our calculation shows that increases as the size

of the crystallite deceases.

As seen in the previous studies [16], that the PL of nc-si can be readily ascribed

to the QCE, the PL being depend on the size of the particles following the law

E = 1:17 + 3:73
d1:39

[28]. Where E is the energy of the emitted photon and d is
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diameter of the particle. According to this experimental result the photon energy

emitted increases as the size o the nc-Si decreases. Our work is incon�rmity with

this result.

Figure 4.1. The radiative recombination rate as a function of the size of the nc-Si

for two values of ( � =5.5) and =(� =5.75)

Figure 4.1 veri�es that for silicon quantum dots having the same properties, the

radiative recombination rate increases as the size of the dot decreases. This shows

that there exists a strong PL form lower sized nc-Si particles. Recent observation
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of PL from nc-Si particles by Calcott and et al [29] shows that the PL energy

increases as the size of the particle decreases, as shown in the �g. 4.2. Similarly,

in �g. 4.3 we can see that the energy gap between the HOMO and LUMO state

increases as the size of the Qds reduces. The increase of the gap energy refers that

the photocarriers during optical transitions at least gains energy in the order of

the energy gap, so as they can emit light in visible spectrum. Our result is in good

agreement with these results.

Fig.4.2. PL peak energy as a function of particle size (adapted from ref. [29])
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Fig.4.3 The energy versus equivalent diameter.(adapted from ref [29].)



CHAPTER 5

Summary and Conclusions

In this work we have presented the e¤ect of radiative recombination rate on

the PL of nc-Si using the quantum con�nement model. The role of quantum

con�nement model is to treat the nc-Si as the atomic like structure. The model

enables us to observe clearly the PL from nc-Si with out surface pasivation. Even

if the PL from nc-Si can be enhanced by pasivating the surface with hydrogen or

oxygen, in this work we studied the PL of pure nc-Si by calculating the radiative

recombination rate.

The pseudopotential method discussed in chapter two gives an overview of the

methods used to study the size dependent properties of semiconductor nanocrystal.

It is a simple approach to understand the band gap variation of nanocrystal with

size and provides a very good description of experimental results.

The wavefunction we use for the HOMO-LUMO state consistes of components

of the bulk states in the Brouillon zone, so it is convenient for the analysis of the

transition property. Thus our method is suitable for studying the strength of PL

caused by the QCE.

P-Si and other systems containing nc-Si have been extensively studied experi-

mentally as well as theoretically. The combination of experimental and theoretical
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results enables us to develop a consistent picture of nc-si luminescence. The strong

PL of nc-Si is due to exciton con�nement energy, the type of recombination process

(radiative or non-radiative) and the optical transition oscillator strength (which is

inversely proportional to the exciton life time). All these quantities can be traced

continuously and smoothly from the bulk silicon PL (infrared spectrum) to the

visible spectrum.

Our result shows that the decrease in the size of the nc-Si decreases the exciton

life time due to QCE giving strong PL. This is in good agreement with experimental

results for P-Si [29].

In conclusion, our work presents a new approach for the PL mechanism of nc-Si.

Our theoretical result con�rms that low dimensional crystallites manifest strong

PL. For the future, using this approach it is possible to study e¤ects of surface

pasivation on PL of nc-Si and other related issues. So it is open for further studies.
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