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Abstract

Bulk silicon (Si) and germanium (Ge) have an indirect band gap transitions; however

when they are miniaturized to nanometeric scale, the energy gap between the highest

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)

increases, and hence the transition changes to direct due to confinement. The HOMO-

LUMO gap determines the excitation of electrons so that the nanostructures will emit

light.

In this thesis, quantum confinement effects for Si and Ge, some methods of calculating

band structures, comparative analysis of photoluminescence (PL) and electroluminescence

(EL) are presented. The thesis focuses on EL and for comparison purpose, some studies

on PL is touched. Both are the emission of energy in the form of light spectrum of different

wavelength by optical radiation, and current or strong electric field.

The dependence of EL on different parameters like size of the nanocluster, applied

voltage, band gap energy, wavelength, temperature, and time for Si are briefly examined.

The dielectric matrix silicon dioxide has unique optical and electrical properties, as a

result the dependence of EL intensity on the above parameters for Si-terminated with

oxygen and hydrogen is included in the thesis; in fact passivation enhances EL and highly

efficient EL is obtained at low operating voltages (< 6V ), it is also observed that EL

degrades with time. The EL and PL intensities occur at the same energy, however the

EL intensity has sharp Gaussian peak and red shifted compared to the PL intensity. To

get our result, we used the idea of quantum confinement model (QCM) and surface state

model (SSM), that can explain PL and EL on pure Si nanostructures, and Si-terminated

with impurities. Our results are consistent with experimental reports.

ix
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Chapter 1

Introduction

Nanotechnology has yielded a number of unique structures that are not found any

where in nature. Quantum confinement, demonstrates the essential features of small size,

the sizes should be < 30 nm for effective confinement. Confinement is so important, be-

cause it leads to new electronic properties that are not present in today’s semiconductor

devices. For instance, the typical quantum dot (QD) which exhibits 0-D confinement is

any where between 3-60 nm in diameter, it can be loosely described as an ’artificial atom’.

QDs are too small and too difficult to isolate in an experiment, but still large enough to be

manipulated by magnetic fields and can even be moved around with scanning tunneling

microcopy (STM) or atomic force microscopy (AFM).

Confinement can also increase the efficiency of today’s electronics. The laser based on

a 2-D confinement layer that is usually created with some form of epitaxy like molecu-

lar beam epitaxy (MBE) or chemical vapor decomposition (CVD). The bulk of modern

lasers created with this method are highly functional, but ultimately in efficient in terms

of energy consumption and heat dissipation.

There are several structures like nanotubes and bucky balls that are academically in-

teresting. A carbon nanotube for instance, has drawn much attention as one of the princi-

pal nanostructures that exhibit some great potential in nano-electro-mechanical systems

(NEMS) [1].
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Silicon (Si) is the material of choice in microelectronic industry. This remarkable

success is due to various factors such as the wide availability of Si and the ease of producing

the natural silicon oxide (SiO2). Si has good thermal and mechanical properties that make

it easy to handle, manufacture, and facilitate the processing of Si based devices. On the

other hand SiO2 is an excellent insulator and can effectively passivate the Si surface.

Also there is a very high etching selectivity of SiO2 with respect to Si. The remarkable

properties of Si and SiO2 make possible the integration of an increasing number of devices

on ever larger Si wafers [2].

In their last report, the international road map for semiconductors (ITRS), states that

total interconnection length for one processor is presently 1.5 km/cm2 but will exceed 5

km/cm2 in about ten years, incurring significant propagation delays, overheating and

information latency. According to the ITRS, present manufacturing technology can not

address this problem after 2010. It has been realized that the integration of optoelectronic

components on all Si matrix would considerably simplify the conception and fabrication

of integrated optoelectronic devices [3]. However Si is a poor light emitter because of its

indirect band gap impedes radiative transitions. Its use in optoelectronics is very limited,

especially for light emitting devices such as light emitting diodes (LEDs) and solid state

(Si) lasers, the latter being a starting point of many optoelectronic devices [4].

Si and Ge are the most common metalloids, the conduction and valence bands of Ge

are based on a combination of theoretical and experimental results [5]. Si is a tetravalent

metalloid and less reactive than its chemical analog carbon, occurs as a pure element

in nature, and the eighth most common element in the universe by mass, more widely

distributed in dusts, planetoids and planets as various forms of SiO2. It is widely used

in semiconductors because, it remains semiconductor at higher temperatures than the

semiconductor Ge and because of its native oxide it is easily grown in furnace and forms

a better semiconductor/dielectric interface than any other material [6].

The threshold of optical absorption at frequency ωg determines the band gap Eg = ~ωg.
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In the direct absorption process, a photon is absorbed by the crystal with the creation

of an electron and a hole. In indirect absorption process, the minimum energy gap of

the band structure involves electrons and holes separated by substantial wave vector k.

Here in a direct photon transition at energy of the minimum gap can not satisfy the

requirement of conservation of wave vector, because photon wave vectors are negligible at

the energy range of interest.

Optical measurements determine whether the band gap is direct or indirect. The

band gap in bulk Ge and Si are connected by indirect transitions, light emission in these

materials are naturally phonon mediated process (spontaneous recombination life times

in the millisecond range) [7]. Silicon nanowire (SiNW) growth with hydrogen passivation

has been demonstrated and extensive experimental and theoretical studies of electronic,

optical, and mechanical properties have been performed. SiNWs have a direct band gap,

with potential applications in electronic, optoelectronic, and chemical sensors [8].

Si is the leading material concerning high density electronic functionality, its band

gap (1.12 eV) is ideal for room temperature operation, and its oxide (SiO2 allows a

processing flexibility to place more than 108 transistors on a single chip). However all

the single transistors and electronic devices have to transfer information on length scales

which are relevant with respect to their nanometeric scale. In bulk Si competitive non-

radiative recombination rates are much higher than the radiative ones and most of the

excited electron-hole (e-h) pairs recombine non-radiatively. This yields a very low internal

quantum efficiency for Si luminescence. As what concerns the lasing of Si, fast non-

radiative process such as Auger or free carrier absorption severely prevent population

inversion at high pumping rates needed to achieve optical amplification [9]. The alloy

composition of Si and Ge remains indirect, there is a little motivation from optoelectronic

device considerations to grow the alloy; however, there has been great interest in this

alloy since it can be a component of Si-SiGe structures and allow hetrostructure concepts

to be realized in Si technology [10].
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1.1 Thesis outline and objectives

In this thesis we study the optical and electrical properties of Si and Ge nanostructures

with more emphasis on electrical properties. The thesis is organized in six chapters apart

from the introduction; chapter 2 deals with quantum confinement and band structures,

in this chapter quantum wells, quantum wires and quantum dots as well as some of the

methods of calculating band structures like the tight binding and the pseudo potential are

discussed. Chapter 3 contains optical and electrical properties of Si and Ge nanostruc-

tures; here emission and absorption of light, recombination rates, EL and PL of porous

silicon are presented. Chapter 4 is concerned mainly about luminescence from Si termi-

nated with O and H. Here more attention is given when Si is embedded in a dielectric

SiO2. Chapters 5 and 6 talks about the formulation of models and results of this work

respectively. The last chapter gives conclusion and future outlooks.

General and specific objectives

The general objective of this work is to study EL intensity using QC model and SSM.

Specific objectives

• To describe the dependence of band gap transitions of Si and Ge on their size

• To study the dependence of EL intensity on different parameters

• To compare and contrast the relation between EL and PL from Si and Ge nanos-

tructures

• To study the effect of applied voltage and current density on the quantum efficiency

and EL intensity



Chapter 2

Quantum confinement and band
structures

2.1 Introduction

In this chapter we will discuss the dependence of band gap energy on the confined dimen-

sions, and some of the methods of calculating electronic band structures.

2.1.1 Quantum dots

Quantum dots (QDs) are nanometer scale ”boxes” for selectively holding or releasing

electrons. They are small physical devices that contain a ”tiny droplet” of free electrons,

small metal or semiconductor boxes that hold a specified number of electrons (QDs gen-

erally look more like pyramids than actual dots). QDs are grouping of atoms so small

that the addition or removal of an electron will change its properties in a significant way.

QDs are semiconductor structures where the electron wave function is confined in all three

dimensions by the potential energy barriers that form the QDs boundaries. Specifically,

QDs are semiconductor structures that confine the electrons and holes to a volume of

order of 20 nm3.

Modern semiconductor processing techniques permit the artificial creation of quantum

confinement (quantum confinement in all three spatial dimensions) of only few electrons;

5
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such a finite fermions QD systems have much in common with the atoms, yet they are

man made structures, designed and fabricated in the laboratory.

The generalization of the Schrodinger equation in three dimension is:

− ~2

2m
∇2Ψ(r) + V (r)Ψ(r) = EΨ(r) (2.1.1)

The solution of the differential eq.(2.1.1) for a particle in 3D infinite trap of volume L3

with impermeable walls with V (r) = 0 is given as:

Ψn(x, y, z) = (
2

L
)

3
2 sin(

nxπx

L
) sin(

nyπy

L
) sin(

nzπz

L
) (2.1.2)

and the corresponding energy eigen value will be

En =
~2π2

2mL2
(n2

x + n2
y + n2

z) (2.1.3)

Eqs.(2.1.2) and (2.1.3) are applicable to electron and hole states in semiconductor”quantum

dots”.

A”hole”(missing electron) in a full energy band behaves very much like an electron

except that it has a positive charge, and tends to float to the top of the band, i.e the

energy of the hole increases oppositely to the energy of an electron. To create an electron

hole pair in semiconductors requires energy at least equal to the energy gap Eg of the

semiconductor.

2.1.2 Quantum wires (nanowires)

Nanowires (also called quantum wires) are 1D molecular structure with electrical and/or

optical properties. In order to have enhanced physical properties, the wires must be

of small diameter, must have high aspect ratio (i.e. the ratio of length to thickness),

and must be uniformly oriented. Nanowires are relatively easy to produce and can have
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different shapes. They are often thin and short ”threads” but can also have other man-

ifestations. The propagation of electromagnetic energy has been demonstrated along a

noble metal stripes with band of a few microns, propagation has also been demonstrated

along nanowires with sub wavelength cross sections and propagation length of a few mi-

cron. Metal nanowires can also be used to ”transmit” photons. The optical properties of

metal nanowires can be optimized for particular wavelength of interest, and non-regular

cross-sections and coupling between closely spaced nanowires allows a tunneling of optical

response.

The term quantum wire describes a carrier confined in two dimensions say Y and Z to

a small dimension d (wire cross-section d) and free to move along the length of the wire X

(qualitatively this situation resembles the situation of the carrier moving along a carbon

nanotube, or silicon nanowire, although the details of the bound state wave functions are

different).

The solution of eq.(2.1.1) in the case of quantum wire of a square cross-section is

Ψnn(x, y, z) = (
2

d
) sin(

nyπy

d
) sin(

nzπz

d
) exp(iKxX) (2.1.4)

and the corresponding energy is

En =
~2π2

2md2
(n2

x + n2
y) +

~2K2
x

2m
(2.1.5)
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2.1.3 Quantum wells (QW)

A physical situation that often arises in semiconductor devices is a carrier confined in one

dimension, say Z to a thickness d and free in two dimensions say X and Y this is called

2D bands or quantum wells. In this case the solution of eq.(2.1.1) will have the form

Ψn(x, y, z) = (
2

d
)

1
2 sin

nzπz

d
exp(ikxx) exp(ikyy) (2.1.6)

and the energy of the carrier in the nth band [6, 11] is

En =
~2

2md2
n2

z +
~2k2

x

2m
+

~2k2
y

2m
(2.1.7)

2.1.4 Density of state in low dimensional structures

An important manifestation of this sub band structure is the density of states (DOS) of

electronic bands. The DOS figures importantly in both electrical and optical properties

of any system. The density of state is the number of orbital per unit energy range. There

fore we can express the density of state for different quantum confinements as:

(i) For a bulk system D(E) = dN
dE

where N = 2.4πK3

( 2π
L

)3

D(E) =
V

2π2
(
2m

~2
)

3
2E

1
2 (2.1.8)

(ii) For quantum well

• Conduction band

D(E) =
∑

i

m∗σ(E − Ei)

π~2
(2.1.9)

where σ is heaviside step function σ = 1, if E > Ei, σ = 0 otherwise and Ei are the

sub energy band levels

• Valence band

D(E) =
∑

i

2∑
j=1

m∗σ(Eij − E)

π~2
(2.1.10)
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(iii) For quantum wire

N =
KL

π

D(E) =
1

2π

√
2m

~2
E
−1
2 (2.1.11)

Figure 2.1: Change in density of state as the number of confining dimension increases

(iv) For quantum dot: The density of state is delta function.

D(E) = δ(E − Ei) (2.1.12)

2.2 Band structures of Si and Ge nanostructures

Luminescence is the emission of light by electrical or optical excitations. To get lumines-

cence spectrum in the visible range the HOMO-LUMO gap has a great influence, which

is related to the band gap energy of the bulk structure, there fore we need to study some

of the methods for calculating band structures.
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In semiconductors the Fermi energy lies in the gap between two bands, i.e there is

an upper most completely filled band called valence band (VB), the unoccupied band is

called the conduction band (CB), the two bands are separated by an energy gap Eg.

In fact nobody can tell either by experiment or calculations exactly what the upper

edge of the conduction band looks like. The calculations need assumptions that might be

enough to determine the band structure in the whole Brillioun zone. Here we present two

standard methods for calculating band structures, the tight binding approximation and

the pseudo potential method.

2.2.1 Tight binding approximations

This is also called the linear combination of atomic orbital (LCAO), in this approximation

we assume that the valence wave functions of crystal atoms are slightly perturbed from

their free state, and we limit on the nearest neighbor approximation and the most essential

of the free atoms.

Si: 1s22s22p63s23p2

Ge: 1s22s22p63s23p23p64s23d104p2

The valence electrons are made up of either s-type or p-type orbital. While this

conclusion is strictly true for the elements in the atomic form, it turns out that even in

the crystalline semiconductors the electrons in the valence and conduction band retains

this s-type or p-type character even though they are ”free” Bloch electrons.

The tight binding method (TBM) uses atomic functions as basis set for the Blochs

functions. The periodic part of the Bloch function is represented by some combinations

of atomic orbital centered at the lattice points.

If ψn(r−R) represents such an orbital centered at R, we could write a Bloch function of

the form:

ψk(r) =
∑
Rn

φn(r −R) exp(ik.Rn) (2.2.1)
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The periodic part of the Bloch function is expanded in terms of atomic-like orbital of the

atoms of the unit cell.

The elements Si and Ge have valence electrons described by s-or p-type atomic orbital.

We assume the solution of the atomic problem

Hatψn = Enψn (2.2.2)

is already known for the atoms forming the crystalline material. This solution leads to

the description of the electronic structure of various atoms. Constructing a Bloch state

given by

ψk(r) =
∑
n,R

exp(ik.R)ψn(r −Rn) (2.2.3)

But this state does not describe the new problem of the crystalline material where now

we have

Hcryst = Hat + ∆V (r) (2.2.4)

where ∆V (r) is additional perturbation coming in due to interaction of neighboring atoms.

The new wave functions are now chosen as the more general wave functions

ψk(r) =
∑

R

exp(ik.R)φ(r −R) (2.2.5)

where φ(r) are not atomic functions, but can be constructed out of the atomic functions.

Expanding φ(r) in terms of atomic eigen functions ψn(r) we have

φ(r) = ΣN
n=1bnψn(r) (2.2.6)

The Schrodinger equation is now

Hψk = E(k)ψk (2.2.7)

Using eqs.(2.2.5) and (2.2.6) for the eigen function ψk in eq.(2.2.7) and multiplying by

ψ∗m(r) and integrating over space we get∫
d3rψ∗m(r)[Hat + ∆V (r)]

∑
R,n

exp(ik.R)ψn(r −R) = E(k)
∑
R,n

exp(ik.R) (2.2.8)
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Since the atomic wave functions are orthogonal we have

∫
d3rψ∗m(r)ψn(r) = δmn (2.2.9)

However the atomic wave functions centered at different sites are not orthogonal i.e∫
d3rψ∗m(r)ψn(r −R) 6= δmnforR 6= 0

In the summation over lattice vectors we separate the terms R = 0 and R 6= 0 to get

(E(k)− Em)bm = −(E(k)− Em)
N∑

n=1

[
∑
R 6=0

∫
d3rψ∗m(r)ψn(r −R) exp(ik.R)]bn

+
N∑

n=1

[

∫
d3rψ∗m(r)∆V (r)ψn(r)]bn

+
N∑

n=1

[
∑
R 6=0

∫
d3rψ∗m(r)∆V (r)ψn(r −R) exp(ik.R)]bn (2.2.10)

where we have used ∫
d3rψ∗m(r)Hatψn(r) = Emδmn

It can be pointed out that the atomic energies Em may correspond to the isolated

atomic energies. This is due to the modification arising from the neighboring atoms. We

have an approximation ∫
d3rψ∗m(r)ψn(r −R) exp(ik.R) ≈ 0

The approximation assumes that there is negligible overlap between neighboring atomic

wave functions, i.e the atomic wave functions are tightly bound to the atoms.∫
d3rψ∗m(r)Hψn(r) = Em +

∫
d3rψ∗m(r)∆V (r)ψn(r)

is called the on-site matrix element. For most potentials the on site integral∫
d3rψ∗m(r)∆V (r)ψn(r) ≈ 0form 6= n
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In semiconductors we have two atoms per basis and for each atom we need to include

at least the outer shell s, px, py, pz functions. Thus the secular equation of the tight

binding quite difficult to solve.

To get some physical insight in to the problem consider a band structure arising from a

single atomic s-level where bs=1. In this case eq.(2.2.10) becomes

(E(k)− Es) = −(E(k)− Es)
∑
R 6=0

∫
d3rψ∗s(r)ψs(r −R) exp(ik.R)

+

∫
d3rψ∗s(r)∆V (r)ψs(r)

+
∑
R 6=0

∫
d3rψ∗s(r)∆V (r)ψs(r −R) exp(ik.R) (2.2.11)

Now let’s denote

α(R) =

∫
d3rψ∗s(r)ψs(r −R)

βs = −
∫
d3rψ∗s(r)∆V (r)ψs(r)

γ(R) = −
∫
d3rψ∗s(r)∆V (r)ψs(r −R)

from orthogonality α(R) = 0, this gives

E = Es − βs −
∑

R

γ(R) exp(ik.R) (2.2.12)

The off-site integrals γ(R) drop rapidly as the separation R increases [11].

2.2.2 The pseudo potential method (PPM)

The PPM is a powerful to solve for the band structure of semiconductors and often used

as a bench mark for comparison of other techniques.

It makes use of information that the valence and conduction band states are orthogonal

to the core states. The the back ground periodic potential is replaced by a new potential
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that are softer than all electron potentials called ”pseudo potential” which is obtained

by subtracting out the effects of core levels. The pseudo potential includes relevant

information to give the valence and conduction band structure. Here we seek a function

which oscillates rapidly inside the core, but runs smoothly as a plane wave in the remainder

of the open space.

Suppose we take

ψv(k, r) = φv(k, r)−
∑

c

< ψc | ψv > ψc (2.2.13)

The schrodinger equation for the valence and conduction band states is

[− ~2

2m
∇2 + V (r)]ψv(k, r) = Evψv(k, r) (2.2.14)

with the orthogonality condition < ψc | ψv >= 0 where ψc are the core states

Hψv(k, r) = Evψv(k, r)

plugging eq.(2.2.13) in eq.(2.2.14) we have

H[ψv(k, r)−
∑

c

< ψc | ψv > ψc] = Ev[ψv −
∑

c

< ψc | ψv > ψc]

Hψv(k, r)−
∑

c

[Ev(k)− Ec] < ψc | ψv > ψc] = Evψv(k, r)

where Ec is the core energy levels.

The Schrodinger equation ψv(k, r) has the same eigen value as the original ψv(k, r)

together with the orthogonality condition, but with new back ground potential. The

original potential V(r) is replaced by the operator

V (r)ψv(k, r) → V (r)ψv(k, r) +
∑

c

[Ev(k)− Ec] < ψc | ψv > ψc (2.2.15)

Denoting VR =
∑

c[Ev(k)− Ec] < ψc | ψv >, we can write the effective potential as

VP = VR + V (r)
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where V(r) is the actual potential and VP is the new potential operator which involves

subtraction of the core energies weighted out with φv(k, r) from the eigen values Ev(k) is

called the pseudo potential.

The pseudo potential VP is a non-localized eigen value dependant operator. The

problem is simplified due to the realization that the pseudo potential is more smooth

than the original starting potential. Since the term −Ec < ψc | ψv > is a position term

which subtracts the strong core effects near the atomic sites leaving the potential region

between the atoms unchanged. The pseudo potential is thus equivalent to a constant

Figure 2.2: The actual potential and the pseudo potential with their corresponding wave
functions [7]

potential plus a weak back-ground potential as far as the valence and conduction band

states are concerned.

Since the valence energies lie above the core energies, the pseudo potential is positive so

that V (r) +VR provides at least a partial cancelation to provide a weak enough potential
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to do nearly free electron calculations for φv(k, r) (the so called pseudo wave function),

treating the pseudo potential as a weak perturbations.

The pseudo potential for a problem is not unique nor exact, but it may be very good

on the empty core model (ECM) we take the unscreened potential to be zero in side some

radius Re [13,14].

V (r) = 0, forr < Re

V (r) = −e
2

r
, forr > Re

2.3 Excitons

Reflectance and absorption spectra often shows structure for photon energies just below

the energy gap, where we might expect the crystal to be transparent. This structure is

Figure 2.3: Exciton levels for transition from VB to CB [7]

just caused by the absorption of a photon with creation of a bound electron-hole pair. An

electron and a hole may be bound together by their attractive coulomb interaction, just an

electron is bound to a proton to form a neutral hydrogen atom. The bound electron-hole

pair is called an exciton. An exciton can move through the crystal and transport energy;

it does not transport charge because it is electrically neutral. Excitons can be formed in
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every insulating crystal. When the band gap is indirect, excitons near the direct gap may

be unstable with respect to the decay in to free electron and free hole. All excitons are

unstable with respect to the ultimate recombination process in which electron drops in to

the hole.

We have seen that a free electron and a free hole are created whenever a photon of

energy greater than the energy gap is absorbed in a crystal. The threshold of this process

is ~ω > Eg in a direct process. In an indirect process, the threshold is lower by the phonon

energy ~Ω. But in the formation of excitons the energy is lowered with respect to these

thresholds by the binding energy of the exciton.

The binding energy of excitons can be measured in three ways:

• In optical transitions from the valence band, by the difference between the energy

required to create an exciton and the energy to create a free electron and free hole.

• In recombination luminescence, by comparison of the energy of the free electron-hole

pair recombination line with the energy of the exciton recombination line

• By photo-ionization of excitons, to form free carriers [7] .

In this chapter we have seen the general QC effects and the band structures of Si and Ge,

the excitation of electrons from one energy level to the other; illumination can also give

rises to new optical and electrical properties, so we need to study these properties.



Chapter 3

Optical and electrical properties of
Si and Ge nanostructures

3.1 Porous silicon preparation

Porous silicon (P-Si) is generally prepared by anodization in a solution of hydrofluoric

acid (HF) and ethanol. Using simple p-type or n-type wafers as a starting material. A

strong photoluminescence (PL) can be achieved under optical excitations. However for

strong electroluminescence (EL), it is necessary to create conditions for efficient carrier

injection into the P-Si network; this can be achieved either by placing a metal contact in

close to proximity of the P-Si layer or by forming a vertical p-n diode [15].

3.1.1 Emission and absorption of light

The emission and absorption of light in semiconductors is very analogous to the same

process that we quite familiar with in atoms, an electron in an excited state of energy E1

makes a transition downwards to an empty state (energy E0) and emits a photon; an elec-

tron in a lower state (energyE0) absorbs a photon and makes a transition to higher state

(energy E1). The energy conservation equation is Ephoton = ~ω = ∆Eelectron = E1 − E0.

The band gap of insulators is what makes them relatively transparent if the incoming

18
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light has a frequency ω < Eg

~ , then it cannot be absorbed by the electrons filling the va-

lence band. The very low absorption of wide-gap insulators is generally due to impurities,

so light penetrates relatively deeply into them [16].

Figure 3.1: Direct and indirect band transitions [15]

Besides to Si and Ge, most semiconductors are in fact indirect band gap materials.

The band structure of a material is intimately dependent on several factors, including

crystal structure, lattice constant, chemical species, bond length, electronegativity, stiff-

ness and elasticity.

Conventionally the band structure of a semiconductor is represented by the dispersion

relation En(k) where E is the energy of an electron (or a hole) at the band edge with

a wave vector k in the first Brillioun zone. The indirect gap also affects absorption of

incident radiation. Photoexcitation of carriers can occur both by absorption or emission

of phonons in indirect semiconductors. The absorption coefficient α has a quadratic de-

pendence on a photon energy and has two branches.

In direct semiconductors no phonon assistance is needed and α shows a parabolic

dependence with incident photon energy. The net result is that when band-to-band ab-

sorption occurs in direct semiconductors, the incident radiation is absorbed in a much
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shallower depth than in an indirect semiconductors the forbidden gap can also mediate

an electron-hole pair recombination. In an indirect semiconductors, a phonon assistance

may still be required making gap state mediated radiative recombination potentially less

efficient than a direct transition [17].

3.2 Luminescence

Luminescence is light that usually occurs at low temperature and thus form a cold body

radiation, which distinguishes it from incandescence. It is a general term which describes

any process in which energy is emitted from a material at different wavelengths [18].

Opto-electronic devices work by exciting electron-hole pairs; when a pair recombines

it emits light. This is called luminescence. It results when there is a significant overlap

(indirect and reciprocal space) in the electron-hole pair wave functions. Whenever there

is such overlap, luminescence is possible; however the strength of the luminescence, that

is light emission rate and quantum efficiency depend on the extent of this overlap and the

transition probability [17].

There are different types of luminescence; here we mention photoluminescence and

electroluminescence. Electroluminescence is the excitation of carriers by electrical current

or strong electric field, often practical method; and photoluminescence is the excitation

of carriers by light it self, it is usually caused by optical radiation [16,18].

Luminescence is further broken down into two categories according to the speed of re-

combination. Direct electron-hole recombination is usually relatively fast: the lifetime

depends on the number of final states available.

The excited electron first makes a transition to such a state, whose energy normally

lies in the gap. Then it makes a second transition to finally recombine with the hole in

the valence band. Often one of these transitions is non-radiative, by this it meant that

the energy given off in the transition appears as heat, not light.
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3.2.1 Recombination rates

The recombination rate for electron hole pairs is given by

dN(t)

dt
= −αrN(t)P (t)

N(t) is the number of electrons and P(t) is the number of holes, αr is a constant that

we could calculate, given our knowledge of transitions between quantum states. It is an

integral involving the electric field, and the initial and final state wave functions.

In addition to this there is a thermal generation rate for e-h pairs.

[
dN(t)

dt
]thermal = αrN

2
i

Now let us say that we are in thermal equilibrium in an intrinsic semiconductor. This is

a steady state, and N(t)=P(t) so

[
dN(t)

dt
]total = αrN

2
i − αrN(t)P (t) = αr[N

2
i −N2(t)]

N(t) = Ni , a constant. Thus Ni has the meaning of the number of carriers in an intrinsic

semiconductor in thermal equilibrium. It is a strong function of temperature. In thermal

equilibrium in general, we have

[
dN(t)

dt
]total = αrN

2
i − αrN(t)P (t) = 0

So N(t) P(t)=N2
i ; the product of electron and hole concentrations (in equilibrium) is

always the same, it does not depend on doping, which is somewhat surprising. Note that

in an n-type material, we would have N(t) >> P (t), and vice-versa for a p-type.

Now let us think about a situation where we shine a pulse of light on a p-type sample.

N(0) will depend on the strength of the pulse, and then it will relax back to its equilibrium

value Nc =
N2

i

Nv
. We have N(t) << P (t), but P(t) is not much changed from its base value,

so let P(t)=Nv

N(t) = Nc + [N0 −Nc] exp
−t
τ

where τ = 1
αrNv

for p-type, and τ = 1
αrNc

for n-type [16].
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3.3 Photoluminescence

Luminescence resulting from optical excitation is called photoluminescence (PL). Typi-

cally for Si nanocrystal (Si-nc) PL extends from 600 nm to 1000 nm [19]. The excitation

source is laser with photon energy larger than band gap energy Eg. Electrons and holes

relax rapidly by interacting with photon or phonon with lattice vibrations → electrons

→ phonon coupling ∼100 fs: much faster than the radiative life time.

PL reaches thermal distribution according to Fermi-Dirac distribution, photon emis-

sion from Eg

f(E) =
1

exp(E−µ)
KBT

+ 1
(3.3.1)

The concentration of electrons in the conduction band is [7].

n(T ) =

∫ ∞

Eg

Dc(E)fe(E)dE (3.3.2)

n(T ) =
1

2π2
(
2m∗

e

~2
)

3
2

∫ ∞

0

E
1
2 [1 + exp

(E − µ)

KBT
]−1dE (3.3.3)

and the concentration of holes in the valence band is:

p(T ) =

∫ Ev

−∞
Dv(E)fh(E)dE (3.3.4)

p(T ) =
1

2π2
(
2m∗

h

~2
)

3
2

∫ 0

−∞
E

1
2 [1 + exp

(µ− E)

KBT
]−1dE (3.3.5)

3.3.1 The photoluminescence of porous silicon

The photoluminescence from P-Si is at wavelength ranging from the ultraviolet to the

infrared [20]. The PL is usually excited by a wavelength shorter than the emission wave-

length with excitation wavelengths typically lying between 260 nm (for ultraviolet emis-

sion) and approximately 520 nm [4]. Alternatively PL can be excited through an up

conversation process by pumping the P-Si at the infrared wavelengths [21,22].

The characteristics of PL changes as the wavelength of emission changes from ultravi-

olet wavelengths to infrared wavelengths. A Specific characteristics normally applied to a
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discrete set of wavelengths in to three bands to describe these characteristics. The main

characteristics of each of wavelength bands called the ’red’, ’blue’, and ’infrared’ bands.

Normally it is very difficult to compare one’s own result of luminescence investigations

with those of another authors due to the use of relative units for intensity. To overcome

this problem, integral features of spectra such as peak areas can be given in terms of an

efficiency. The spectra shown in this work are mapped on an energy scale, and there fore

a peak area is proportional to the emitted energy, not to the number of emitted photons.

The efficiency ηp is defined as the ratio of the light out put power to the in put power,

which is the light in put power in the case of PL or electrical out put power in the case

of EL.

In the literature terms the external quantum efficiency ηE or internal quantum effi-

ciency ηI are often used. Here by ηE is defined as the ratio of the number of emitted

photons to the number of incident photons (electrons), where as ηI is the ratio of the

number of emitted photon to the number of photons directly absorbed by the lumines-

cence centers. These efficiencies fulfill the equation ηp < ηE < ηI . In the PL ηp and ηE

differ by of the energy of exciting to the emitted photons and both are similarly suitable to

characterize the achieved intensity. However in the case of EL and high applied voltages

the use of ηE could give rise to misunderstandings [23].
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3.4 Electroluminescence

Electroluminescence is an optical and electrical phenomenon in which materials emit light

in response to an electric current through it, or to a strong electric field. It is the result

of radiative recombination of electrons and holes in a material (usually semiconductors)

luminescent device such as light emitting diodes (LEDs), or through excitation by im-

pact of high energy electrons accelerated by strong electric field (as with phosphorus in

electroluminescent display).

3.4.1 Practical applications

The most common EL devices are either powder (primarily used in lightening applications

or in thin films) for information displays. Electroluminescent automotive instruments

panel back lightening with each gauge pointer also an individual light source. Electro-

luminescent technologies have low power consumption compared to the competing light

technologies, such as neon or fluorescent lamps. This together with the thinness of the

Figure 3.2: Electron -hole structures in semiconductors [25]

material has made EL technology valuable to the advertising industry. EL manufacturers

are able to control precisely which areas of electroluminescent sheet illuminate and when.

In principle EL lamps can be made in any color. However, the commonly used green-

ish color precisely matches with peak sensitivity of human vision producing the greatest

apparent light out put for the least electrical power in put. Unlike neon the fluorescent
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lamps, EL not negative resistance devices so extra circuitry is needed to regulate the

amount of current flowing through them [24].

The excitation source of EL is electrical current through optoelectronic devices, light

emitting diodes and laser diodes. Microscopic EL mechanism is the same as PL. At room

temperature a single light emission line of width ∼ KBT at the band edge Eg is expected.

Factors that affect the EL are:

• The size of the band gap.

• Constraint relating the lattice matching.

• The ease of p-type doping

3.4.2 Types of electroluminescence

Basically we have two types of electroluminescence; high field EL and injection EL. In

injection EL light is emitted up on recombination of minority and majority carriers across

the band gaps and high luminescence efficiency through out the visible region of the spec-

trum.

Two more phenomena i.e photoelectroluminescence(PEL) and electrophotolumines-

cence(EPL) are also used nowadays. PEL is used whenever the excitation mechanism of

the electric field is influenced by additional irradiation and EPL is the term employed

when the luminescence by irradiation (with UV, X-rays, cathode rays etc) is controlled

by electric fields, leading to the enhancement or to a quenching effect of the luminescence

emission. This is generally termed as Gudden-Pohl effect. The main difference between

EPL and EL is that the EPL is an empty of traps by electric field where as the EL is the

field of excitation of the luminescence centers.
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3.4.3 Fundamental physical processes

There are four fundamental process in EL behavior which may lead to light emission.

These processes are.

(i) Injection of charge carrier in to phosphor layers.

(ii) Acceleration of charge carriers to optical energies.

(iii) Excitation luminescence centers by energetic electrons (impact excitation)and

(iv) Radiative relaxation of luminescence centers.

3.4.4 Injection electroluminescence

In 1952 Haynes and Briggs first reported the infrared EL from a forward biased p-n

junction (or through rectifying contact on a crystal) is termed an injection ”EL”. These

diodes are usually called light emitting diodes and have been widely used since late 1960’s.

Semiconductors with a wide band gap show this type of EL.

The mechanism of light generation in injection EL and high field EL are quite different

from each other. There are two methods with which injection of minority carriers can

occur. In the first method the injection occurs from an electrode (rectifying contact) in to

the crystal. The electrons are accelerated and excite the luminescence centers similar to

the case of high field EL. Only the source of electrons is different. This type of injection

EL can be observed in single crystals of Zinc sulfide or in thin films that have contact

with electrodes.

In the second method, light emission occurs at a p-n junction. At thermal equilibrium,

a depletion layer is formed and diffusion potential Vd across the junction is produced.

When the p-n junction is forward biased, the diffusion potential decreases to (Vd − V )

and electrons are injected from the p-region to the n-region; i.e minority carriers injection

takes place. Subsequently, the minority carriers diffuse and recombine with majority

carriers directly or through trapping at various kinds of recombination centers producing
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injection EL.

The following relation gives the total diffusion current on a p-n junction.

J = Jh + Je + Js[exp(
qV

nKT
)− 1] (3.4.1)

Js = q(
Dhp

Lh

+
Den

Le

) (3.4.2)

where Dh and De are diffusion coefficients for holes and electrons, p and n are the concen-

trations of holes and electrons respectively as minority carriers at thermal equilibrium,

and Lh and Le are diffusion lengths of holes and electrons respectively which is given by

(Dτ )
0.5 where τ is the life time of minority carriers [25].

In this chapter we have studied, the optical and electrical properties of pure Si and

Ge nanostructures like EL and PL, when these materials are terminated with oxygen and

hydrogen, the band gap increases and acquires its own properties; which leads to another

explanation to study EL and PL for such structures.



Chapter 4

Luminescence through impurities in
Si and Ge nanostructures

4.1 Introduction

In this chapter the PL and EL of Si and Ge passivated with oxygen (O) and hydrogen

(H) are presented, but due to its wide applications attention is given to the EL of Si

embedded in SiO2 matrix.

Electron-hole pairs injected electronically or optically can recombine through impurity

centers with enhanced recombination rates compared to that of pure Si crystal, where

recombination is intrinsically very low. The enhancement, in a simplified manner can be

considered as a consequence of relaxed k-selection (momentum conservation) requirement

due to the localization of electron hole pairs near impurity centers. The detailed process

depend on the properties such as the symmetry of impurity state with respect to that of

the wave functions of electrons in the CB and the holes in the VB, the degree of localization

and so on, of the specific impurity center. The energy from the recombination of an e-h

pair can be released by generating a photon or a phonon, or phonons, or through a variety

of other channels. Each of these channels has certain probability and the one that has

the highest probability dominates the nature of a given impurity center. For example

the centers for which the dominant energy release channel is the emission of a photon

customarily termed ”radiative impurity center”, where as those for which the dominant

28
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energy release channels are phonon emission, Auger process and so forth, are termed as

”non-radiative impurity centers.” In Si, the recombination of e-h pairs through impurity

centers is in general non-radiative.

4.2 Silicon nanocrystals in SiO2

While P-Si exhibit luminescence properties, its stability was a deriving force for the in-

vestigation of other structures, where Si nanocrystals would be better passivated. By

forming Si nanocrystals within SiO2, the unstable H2 would be replaced by SiO2. One

way to form Si nanocrystals embedded in SiO2 is to create an excess Si concentration in the

oxide by Si implantation and to induce nanocrystal formation and growth by subsequent

high temperature annealing [15].

Figure 4.1: Visible light spectrum [39]

The optimum passivation time that varies with the quality of SiO2 (fused silica, wet

and dry SiO2 grown process) and the Si implantation depth profile. The effect of passiva-

tion on time for the SiO2 samples implanted with Si ions varies with energy. Passivation

can also induce a blue shift or a red shift of the PL spectrum. The PL spectrum has been

red shifted after passivation of the sample implanted to high excess Si concentration, while

no spectrum shift has been observed at low excess Si concentration. On the other hand

the PL intensity decreases (increases) with a red shift (blue shift) of the PL spectrum.
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Color wavelength(nm)

Red 625-740

Orange 590-625

Yellow 555-590

Green 520-555

Cyan 500-520

Blue 435-500

Violet 380-435

When a larger concentration of Si is implanted, the luminescence signal decreases with

the Si concentration. However the effects of Si-nc size, shape and distribution on the PL

spectra remains complex due to the presence of several radiative transition process [19].

Si/SiO2 interface is one of the most studied interface because of technological importance

Figure 4.2: Different wavelength of electromagnetic spectrum [39]

of thin SiO2 films in semiconductor devices. Gate dielectrics, mask layers, insulators etc.

Many different investigations have shown that a flat interface between Si and SiO2

is formed, this extremely sharp (at single atom level) and extremely stable with the ex-

ternal agents. For this reason Si-nc embedded in a SiO2 matrix have been used to form

light emitting systems with superior properties with respect to P-Si which is formed by

Si nanosctructures with time dependant surface passivation. The quality and stability of

the Si/SiO2 interface in Si-nc embedded in SiO2 is what renders this system superior.

The role of the interface on the electronic and optical properties of Si-nc has been
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recently addressed in various experimental and theoretical studies. The oxidation intro-

duces defect levels in the Si-nc band-gap which pin their emission energy. The defect

levels are due to the formation of Si-O double bond. Similar results can be obtained also

for O connecting two Si atoms (single bond) at the Si-nc surface the assistance of Si-O

vibrations at the interface has been proposed the dominant path for recombination [26].

Figure 4.3: Bond structures of Si and O [26, 41,42]

Si-ncs embedded in a SiO2 matrix are currently attracting great interest as a candidate

system to solve the physical inability of the bulk Si, due to its indirect energy band gap,

to act as an efficient light emitter; the emission is shifted in the visible region due to QC

effects. The radiative recombination of e-h pairs generated inside a nanocrystal embed-

ded in SiO2 is also very efficient at room temperature. Amorphous Si nanoclusters have

also received considerable attention as light emitting material. The electrical properties

are strictly related to the peculiar structure of the active layer, consisting of a very high

density of partially interconnected and very small amorphous clusters. Due to a strong

dependence of current, the electronic conduction cannot be explained by a model based

on tunneling mechanisms [27].

EL is a very important feature for any long optoelectronic technology. Its character-

ization and optimization are essential for the development of all Si light emitting diodes

(LEDs) and eventually of a Si laser. EL has been first reported in amorphous Si be-

cause of the difficulty of electrical pumping of the Si-nc embedded in an insulating matrix
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(SiO2). However when SiO2 is thin enough and appropriate set up is used, EL can also

be observed in Si-nc produced by ion implantation and plasma enhanced chemical vapor

deposition PECVD with low activation voltage.

The electrical carrier injection is usually performed by means of a structure resembling

metal-oxide-semiconductor (MOS) device. Transparent thin electrodes are deposited on

to the Si-nc/SiO2 layer. The size of this electrode is kept small to concentrate the injected

electrons [19].

Si nanocluster embedded in a SiO2 matrices hinder the attainability of stable efficient

electrically driven light emitting devices owing to a huge barrier mismatch between Si

and SiO2. The EL emission crystalline Si nanoclusters must be grown or past-annealed

at high temperature to participate the crystalline Si nanoclusters. The PL peak energy

as a function of diameter of Si nanoclusters can be obtained by fitting the relation ship

between PL peak energy and diameter of Si nanoclusters, the dependence of the associ-

ated energy-gap E (eV) on the diameter d (nm) of the Si nanoclusters can be expressed

as [28, 29].

E(eV ) = 1.17 +
11.6

d2
(4.2.1)

Eq.(4.2.1) can be substituted in the QC model to get the luminescence intensity.
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4.3 EL signal enhancement by hydrogen passivation

Hydrogen is usually a component of acids or gases used for the production of Si-nc by

means of electrochemistry process film deposition. On the other hand Si ion implantation

can be generated in different defects in SiO2 layer. Defects are also observed in oxidized

amorphous Si films deposited by PECVD. Annealing at high temperature (∼ 10000c)

causes the nucleation and growth of Si-nc and eliminate most of the defects. However,

it has been shown that passivation (∼ 5000c) in an environment containing H increases

the luminescence by as much as one order of magnitude. Many studies related that this

strong increase in the luminescence to termination by H of dangling bonds responsible

for non-radiative recombination. H is mobile at temperatures greater than ∼ 4000c, but

diffuses at ∼ 6000c with an accompanying decrease of the PL or EL intensity. Thus a two

step process (anneal at 11000c and passivation at 5000c ) achieves a better luminescence

quality than the one step anneal and passivation both at 1100oc [19].

This section presents the analysis of hydrogenated silicon nanoclusters (H-Si-nc). The

aim is to investigate the structural, electronic and stability of H-passivated Si-nc as a

function of both size and symmetry as well as pointing out the main changes induced by

the nanocrystal excitation.

The nanocluster excitation has been studied calculating pair excitation energies. The

formation of e-h pair under excitation is taken in to account for one electron occupy the

LUMO, thus leaving a hole in the HOMO. Thus the nanocluster excitation occurs with

atomic positions fixed in their ground state configurations, we indicate that E(N, e-h) the

total energy of the nanocrystal calculated with the e-h pair. The difference EA
ex=E(N,e-

h)-E(N);( E(N) being the N-electron ground state total energy) gives the energy needed

for the creation of the pair, and defines the absorption edge.

E(N)=E1 and E(N,e-h)=E2; E1 and E2 being the cluster total energies. It should be noted

that the quasi-particle gap defined as E(N+1)+E(N-1)-2E(N), and calculated from N+1,
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N-1 and N electron total energies, neglect the effect of the coulomb attraction between

electron and the hole; actually this gap is calculated starting from the energies needed

the creation of a hole and one electron separately.

After excitation, due to the change in the charge density, relaxation occurs until the

atoms reach a new minimum energy configuration, in the presence of e-h pair. This mod-

ifies the electronic spectrum, imply that levels involved in the emission process (e-h pair

recombination) change.

The emission energy can be defined as EE
ex=E’(N,e-h)-E’(N) where E’(N, e-h) and E’(N)

are the nanocluster total energies evaluated in the presence and absence of e-h pairs re-

spectively, with atoms occupying the equilibrium position of the excited state with E’(N,

e-h)=E3 and E’(N)=E4 .

There are two interesting points which worth stressing here. The first one concerns

the way in which the ground state structural properties change as a function of the cluster

dimension, while the second is related to how creation of an e-h pair modifies the over all

structures.

The Si-H bond lengths remain practically unchanged for both the ground and excited

state configurations in contrast with Si-Si distances (indicating that the excitation con-

cerns the Si shells rather than being simply localized on the surface).

The presence of an e-h pair in the clusters causes a strong deformation of the struc-

tures with respect to their ground state configuration and this is more evident for smaller

systems. This is what we expect, since for large clusters the charge density perturbation is

distributed through out the structure, and the effect locally induced becomes less evident.

(i) The ground state energy gap decreases on increasing the cluster dimension as expected.

(ii)The excitation of e-h pair causes a reduction of the energy gap which is more significant

for smaller clusters. The smaller the H-Si-nc, the longer the difference between the ab-

sorption and HOMO-LUMO ground state-gap and between emission and HOMO-LUMO

excited state gap [30, 31].
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4.4 Electroluminescence and photoluminescence of Ge-

implanted Si/SiO2 and Si structures

The observation of efficient PL in P-Si has promoted numerous investigations of opto-

electronic properties of nanometer-scale group IV semiconductor clusters. EL has been

reported for P-Si during anodic oxidation. Although P-Si has motivated considerable in-

terest in nanocrystalline semiconductors, there is interest in other related materials which

are more robust in various thermal and chemical ambient and which can readily incorpo-

rated in to Si integrated circuit process, or on to substrates other than single crystal Si

with out significant modification of the circuit process technology.

A number of alternative synthesis approaches have been reported, ranging from

Figure 4.4: Device set up for electroluminescence measurements [40]

synthesis of nanocrystals inorganic solutions from chemical precursors to nanocrystals

embedded in an oxide matrix prepared by consputtering or ion implantation. The latter

approach is quite promising, owing to both mechanical and chemical robustness of the

matrix, as one may expect the nanocrystal-matrix interface to be well passivated from

the external ambient, and thus ultimately enabling better control of non-radiative recom-

bination processes which limit luminescence. In addition the prospects for integration of

these materials into existing Si based solid state devices and circuits is excellent.
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4.5 Transmission measurement of EL

The absorption coefficient α is defined by:

I(x) = I0 exp(−αx) (4.5.1)

where I0 and I are the intensities of the incident light before and after it passes the sample

and x is the effective thickness of the sample. By measuring I, I0 and x, we can determine

α. The attenuation in I is not only by the absorption in the material but also by scattering

at inner surface of voids in P-Si.

The intensity of EL signal is related to α through

IEL = QI0[1− exp(−αx)] (4.5.2)

where Q is the total conversion factor which can be affected by reflectivity, quantum

efficiency of the luminescence, geometry factors etc.

Can constricted wires show EL?

For EL P-Si which allows higher current densities than non-electroluminescent, we

assume that the current flows through the constricted wires where only constrictions are

thin enough to act as quantum barriers. For PL such a structure is in active because the

excited charges can move the low gap regions. However if a current flows through the

wire, the charges are forced to pass a high gap regions. We want to give the argument

that the constriction might be important for EL. It seems probable that the constricted

regions with a high effective gap play the potential part for EL. An argument against

the above discussion could be a large voltage drop over the constriction, for example if

these regions have a lower dielectric constant(ε), in this case we have to argue that we

also expect there a low mobility of charges, thus increasing the dwell time in the high gap

region. Surface states which are proposed to play an important role for luminescence of

Si-nc could even more cause the charges to stick a high gap regions [32].
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4.6 Dependence of EL intensity on temperature

EL in 3D Si/SiGe nanostructures was found almost simultaneously with in the first inves-

tigation of the PL. In many of the Si-based nanostructures with promising PL properties

like Si nanocrystals embedded in SiO2, it is difficult to obtain due to poor carrier transport.

In contrast, vertical carrier transport in Si/SiGe multi layers and 3D Si/SiGe nanostruc-

tures (NSs) is very efficient, and a simple device where Si/SiGe multi layers are embedded

Figure 4.5: EL and PL intensities measured at 950 nm as a function of temperature. The
EL intensity is measured with current density of 0.16 A/cm2 and the PL intensity with a
488 nm pump laser power of 10 mW [34]

in to a p-n diode or similar structure can easily be fabricated. The measured EL spectrum

is broad with a symmetric spectral shape, which is similar to the PL spectra, can be well

fitted by two Gaussian bands separated by ∼45 meV. This separation energy is close to

SiGe characteristic phonon energy, proving that the EL mechanism is nearly identical to

the PL one, that it is due to radiative e-h recombination in 3D Si/SiGe layered NSs. On

increasing applied voltage, we can observe (similar to that in PL spectra under increasing

photo excitation intensity) a noticeable EL spectra shift toward greater photon energies,
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that is a ”blue shifted”. EL intensity as a function of temperature with its initial value

I0 can be fitted by a standard equation:

IEL(T ) =
I0

1 + C1 exp −E1

KBT
+ C2 exp −E2

KBT

(4.6.1)

with two thermal quenching activation energies E1 and E2. Here T is the temperature

and KB is the Bolzmann constant, C1 and C2 are scaling coefficients. The EL thermal

quenching activation energy '130 meV. Interestingly, in the sample, the device current

as a function of temperature depicts nearly exact anti-correlation with the EL intensity

and exhibits an activation energy of ∼140 meV. The activation energy E1 is independent

of the intensity, while E2 depends significantly on the excitation intensity [33].

4.6.1 Temperature Dependence of EL for Si impurities

Si nanocrystals embedded in a SiO2 matrix are currently attracting great interest as a

candidate system to solve the physical inability of bulk Si, due to its indirect band gap to

act as an efficient light emitter. In deed the process of radiative recombination of e-h pairs

generated inside a Si-nc embedded in a SiO2 is also a very efficient at room temperature.

Further more, since the band gap of Si-nc is enlarged with respect to the bulk material

due to QC effects, the emission is shifted to the visible region. Amorphous Si-nanoclusters

have also received considerable attention as light emitting material.

The electrical properties are strictly related to the peculiar structure of the active layer,

consisting of a very high density of partially interconnected and very small amorphous

clusters.

Due to strong dependence of current, the electron conduction can not be completely

explained by a model based on tunneling mechanisms such as direct tunneling. The

voltage dependence and temperature behavior indicate that the electrical conduction can

be ascribed based on the emission trapped electrons towards the dielectric conduction

band at a high electric field values. The well known equation which models this process
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is:

J = A.ε. exp(
−φt − γ

√
ε

KBT
q

) (4.6.2)

where J is the current density, A is a proportionality constant, ε is the electric field, q

is the electric charge, KB is the Bolzmann constant, T is the absolute temperature, φt

is the potential barrier at the trap/dielectric interface (at zero field ), and γ =
√

q
πε0εr

the coefficient regulating the field induced barrier lowering; where as ε0, and εr are the

absolute and relative dielectric constants respectively (εr=4) only at high fields [34].

4.7 Transient properties of EL and its degradation

To investigate the carrier injection and relevant carrier recombination mechanisms, time

resolved measurements of the EL have been generated by spectrally resolved EL decays,

a stretch exponential dependence, which can be described by the function:

I(t) = I0 exp(
−t
τ

)β (4.7.1)

where the decay is described by a time constant τ , the EL life time taken to be 2 to 60

µs for 3.4 nm dot with increasing wavelength and the dispersion factor β(0 < β < 1).

β=0.6 for 3.4 nm dot and β=0.54 for 4.2 nm dot. In the case of single exponential

decay (as for a homogeneous system of luminescent centra) β=1. If the decay consists

of a combinations of several exponential reflecting a dispersion in life times for the same

observation wavelength, then the value of β is less than 1 and decay is faster in the

beginning. Several possible origins of this dispersion have been suggested for P-Si. The

values of τ and β were found to be similar for the EL and PL from similarly prepared

samples, indicating that the same luminescence mechanism is responsible for both EL and

PL.

4.7.1 Electroluminescence degradation

Basically we have two types of EL degradation; reversible and irreversible (permanent)

degradations. When a constant bias is applied to P-Si diodes, the EL intensity and current
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remains constant for a short time (≤1ms) and decrease with time constants in the order

of ∼100ms. The degradation is partially reversible and depends on the pulse current and

duration. At a low operating power recovery is complete and there is no spectral shift,

indicating no structural changes in the P-Si network. The recovery time constant at room

temperature are in the range of tens of seconds, but decrease rapidly with increase of

temperature. By generating data with the expression:

τ−1
r = τ−1

0 exp
−Ea

KBT
(4.7.2)

as for a thermally activated recovery process, we can determine the activation energy Ea.

This was attributed to the thermally activated release of trapped energy carriers from

larger crystallites with lower band gap. Thus the reversible EL degradation has been

attributed to a charging mechanism in the P-Si network and we propose that it might be

assigned to coulomb blockade, caused by the trapping of carriers at larger crystallites with

lower band-gap inhibiting further injection of carriers in to luminescent crystallites. This

interpretation, rather than a mechanism of transient change of passivation, is supported

by a concurrent reduction of the injected current (at a fixed voltage). Since the recovery

process is two orders of magnitude slower than the degradation, a lowering operational

duty-cycle is a serious limitation for potential applications of these LEDs.

Only part of the degradation of the EL from the P-Si LEDs is recoverable. A perma-

nent degradation takes place during the operation as well. One of the possible reason for

the degradation is a local heating in the region of a high porosity, due to a low heat con-

ductivity. The heating causes deterioration of the surface passivation through stimulated

hydrogen desorption, and thus increases the non-radiative recombination [15, 28, 29].

In the previous chapters, we have seen the existing theories and explanations on the

features of Si and Ge nanostructures in general, and the EL and PL spectrum in particular.

Now we have to formulate models to study PL and EL intensities for these structures.
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Formulation of models

There exists two classes of explanation for the origin of the visible PL and EL in P-Si, the

quantum confinement effects and the surface state effects. Here we consider the hybrid

model mixing the them to investigate EL.

5.1 The quantum confinement model (QCM)

This model is based on the electronic confinement in dot like structure of Si. The develop-

ment of this model is based on the effective mass approximation theory. In this model, the

luminescence process is attributed to an energy shift of carriers (electrons and holes)and

is proportional to L−2 L being the Si-nc diameter [19, 30]. We model a nanoclustered QD

by a sphere of diameter L, so that its HOMO-LUMO gap is [4, 35, 36, 37].

En
g = Eb

g +
c1
Lα1

1

(5.1.1)

Quantum wire can be modeled as a cylinder with HOMO-LUMO gap

En
g = Eb

g +
c2
Lα2

2

(5.1.2)

The energy in a QW is parabola, thus we can model it as a hemisphere so that its

HOMO-LUMO gap is

En
g = Eb

g +
c3
Lα3

3

(5.1.3)

where En
g , Eb

g are the energy gaps of the confined and bulk structures respectively in their

geometric domain; L1, L2, and L3 are the diameters the sphere, the cylinder, and the

41
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hemisphere which we model the QD, quantum wire and QW and c1, c2, c3, and α1, α2,

α3 are constants that can be found by empirical fit.

A natural choice to find QDs size is to associate the effective size with the diameter

of the sphere which has the mass density ρ of bulk Si and contains the same number of

Si atoms as the QD in question. Then the diameter is

L(NSi) = (
3

4πρ
)

1
3N

1
3
Si ≈ 3.3685N

1
3
siA

0 (5.1.4)

Assuming that a Gaussian size distribution about the mean diameter L0 for the

nanocrystallites;

I(L) =
1√
2πσ

exp(−(L− L0)
2

2σ2
) (5.1.5)

The number of electrons in a column diameter L participating in the PL process is pro-

portional to L2. The heights of the columns depend only on the growth time and are

approximately the same. Hence

Ne ∼ L2 ⇒ Ne = bL2

For a P-Si sample consisting of a varying column diameters the probability distribution

of electrons participating in the PL process is;

IeL =
1√
2πσ

Ne(L) exp(−(L− Lo)
2

2σ2
) (5.1.6)

IeL =
1√
2πσ

bL2 exp(−(L− Lo)
2

2σ2
) (5.1.7)

where b is a suitable normalization constant. The luminescence intensity can be deter-

mined by the Fourier transform of eq.(5.1.7) to the energy axis as:

I(∆E) =

∫
I(L)δ(∆E − c1

L2
)dL (5.1.8)

I(∆E) =
b√
2πσ

∫ ∞

0

δ(∆E − c1
L2

)L2 exp(−(L− Lo)
2

2σ2
)dL (5.1.9)
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The Dirac delta function facilitates a straight forward integration.

Putting y = c1
L2 and apply the properties of Dirac delta function, the above integral will

be transformed in to the form:

I(∆E) =
1

2

bc
3
2
1√

2πσ

∫ ∞

0

δ(∆E − y)y
−5
2 exp(− L2

0

2σ2
(L0

√
c1
y
− 1)2)

The above integral gives the intensity as a function of ∆E

I(∆E) =
bc31√
8πσ

∆E
−5
2 exp{−L

2
0

2σ2
[(

∆E0

∆E
)

1
2 − 1]2} (5.1.10)

where ∆E is the energy shift due to the confinement given by;

∆E = hν − (Eg − Eb) (5.1.11)

Eg being the bulk band gap of Si or Ge in this sample and Eb is the exciton binding energy,

and ∆E0 = c1
L2

0
, L0 being the nanocrystal mean diameter and σ standard deviations. The

values of Eg ranges from 1.11 eV to 1.17 eV for Si, depending on temperature; however,

we took 1.12 eV for Si and 0.7 eV for Ge which is actually reported in most standard

experiments at room temperature, while the value of Eb varies with nanocrystal radius of

the sample ranging exponentially from 0.05 eV (r=5 nm) to 0.24 eV (r=1 nm).

The EL spectrum is caused by injection of strong electric field ε or current, the energy

associated to this field is:

E = NZeεL

where N is the number of nanocrystallite Si or Ge taken in the sample, Z is the number

of electrons in each atom, ε is the external applied electric field responsible for EL, and

L is the diameter of the single atom; since EL and PL occurs at the same energy, using

the analogy of the PL spectrum model we can write the energy shift as:

∆E = NZeεL− (Eg − Eb) = NZV e− (Eg − Eb) (5.1.12)
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where V is the voltage applied to the nanocrystal sample and e is the charge of electron.

According to the QC model, the emission wavelength and intensity depends on nanocrys-

tal diameter, size distribution and concentration. This model can explain the general ten-

dency of most experimental results such as the blue shift of the luminescence spectrum

with decrease of the Si-nc size. The QC model is highly predictive when the nanoclusters

are isolated from the matrix (e.g; Si-nc isolated from SiO2). Consequently this model does

not give a satisfactory explanation for the evolution of the luminescence spectra for some

experimental parameters such as the PL for sample temperature below 100K, as well as

oxidation or oxygen passivation of samples containing Si-nc. Due to this reason we used

another model for terminated Si-nc [25].

5.2 Surface state model (SSM)

Efficient emission from anodically etched surface layers on Si is a remarkable experimen-

tal effect. The fact that this light is emitted at room temperature raises the prospects

for making Si based device structures. The large energy relaxation between the original

excitation and the luminescence is described in terms of a diffusive drift of the exciton to

a position of the lowest energy in the connected network of cylinders.

Very long relaxation times decreasing luminescence intensity at low temperature (1-30

K) is assigned as a singlet-triplet excitonic effects in the QC model. In terms of surface

state model, the elementary excitations, electrons and holes are frozen out in spatially

separated traps of a given crystallite grain.

The essential difference of the two models lies in the fact that in the pure quantum pic-

ture, the nanometer-sized Si particles have perfect surfaces. The surface Si bonding is

unperturbed and electronic states are like those of quantum wells in conventional semi-

conductor hetrostructures.

In considering luminescence of a particle excited at high energy, there will be a ra-

diative process from the extended bulk like states. This occur prior to trapping in a



45

surface-perturbed level. It is well known that EL spectrum, in particular the relative

strength of the current-voltage (I-V) doublet and exact shape and position of the V-

peak, depends on the doping, temperature, the excitation conditions, and the kind of hot

electron-damage of Si-SiO2 interface incurred prior to taking the emission spectrum. The

relation of I-V characteristics of P-Si to those of bulk Si is so important that we show the

example of EL from a forward biased p-n junction.

Very long times can be expected for the surface state mechanism when both electron

and hole relax to confined and spatially separated states at low temperature. Recombina-

tion is then by tunneling only. Just like for Si-H, the radiative efficiency must decrease in

this case. The surface state model can explain very long times at low temperatures with

out making use of exciton spin state. The spectrum of energy states also distinguishes

the QC model from the surface state mechanism. A QD has unique lowest energy of the

conduction band and highest valence state. The effective gap E∗g is well defined. Only

because there is a distribution of sizes and shapes for the dots, the optical absorption does

not have sharp onset. The surface state model, tail of energy similar to what occurs in

a Si-H. The resulting spectrum should extend over along energy range and should decay

exponentially below E∗g . One finds for P-Si that efficiently luminescing at 1.7 eV the

broad and exponentially decaying absorption tail extending from 2.3 eV down to 1.4 eV.

The absorption spectrum and the fact that the luminescence occurs far down on the

exponential tail require an explanation. According to the QCM the tail is linked with the

distribution of particle size. In terms of SSM, the absorption is a measure of exponentially

decreasing tail states with small additional effects of the size distribution [4].

5.2.1 Interface states model (ISM)

Amorphous SiO2 has a direct band gap larger than 8 eV, which can not contribute to

the visible luminescence spectrum. However, it can attribute to create a nobel electronic

state in the Si-nc/SiO2 interface due to the interconnection of the Si-nc with the SiO2 by
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the oxygen atoms. In this case the exciton can be confined in the interfacial layer between

two regions of higher energy of amorphous and SiO2 and Si-nc. In this model, named the

three region model, the e-h pair produced in the Si-nc by photonic excitations, recombine

at the interface after the emission of one or more phonons.

It is based on these facts that the Si-nc are generally in contact with other elements

such as SiO2. Consequently, the interface always plays an important role in the sys-

tem. However, it could be possible to attenuate the interface effect, for example by

H-terminating the Si bonds at the Si-nc edge when Si-nc are H-terminated, there is evi-

dence that light absorption and light emission occurs essentially in the Si-nc core states.

We combined the ideas of QCM model and SSM to get our result.

In this chapter we formulated the two specified models to study EL and PL intensities

from Si and Ge nanostructures, using the two models let us study the results of EL and

PL emitted from Si and Ge nanostructures.



Chapter 6

Results and discussion

In this chapter we will study the results of EL intensities for Si and Ge nanostructures

as a function of different parameters; We begin from the result of PL intensity, because

we develop our models from the back ground knowledge of PL. We used the ideas and

expression of our models and develop matlab programs to compute the EL intensity as a

function of different parameters and we fit most of our results with experimental results

reported in many experimental researches. All physical quantities in this result expressed

in SI units unless specified.

6.1 Dependence of PL intensity on wavelength for

different σs

Fig 6.1 shows the PL intensity as a function of wavelength for both Si and Ge nanostruc-

tures.

As we can see from the figure, the PL intensity for both nanostructures seems to be al-

most similar since they have the same band structure except a slight change in the band

gap energy. The standard deviation from the mean crystallite (which in fact contains the

dependence of PL intensity on size) influences on the intensity.

47
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Putting different values of sigma suppresses the nature of the luminescence intensity

that would have been on the smaller value of sigma in the spectrum of luminescence

intensity versus wavelength. This is as expected because the PL intensity depends on

Figure 6.1: PL intensity versus wavelength for Si and Ge nanostructures

the emitted photon energy, not to the number of emitted photons. To argue our result is

correct we can compare with the experimental result fig.6.3.

6.2 Dependence of EL intensity on wavelength for

different σs

Fig 6.2 shows the EL intensity as a function of wavelength for both Si and Ge nanostruc-

tures. The fig show most properties observed in PL intensity.
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When we compare our result of fig.6.2 and the experimental result fig.6.3 nearly the

same, yet still it seems to have difference on the nature of the curve; the difference arises

here because we took different values of σ on the axis. If we do for single σ, the nature

Figure 6.2: EL intensity as a function of wavelength for Si and Ge nanostrucures

Figure 6.3: EL intensity versus wavelength taken for comparison [38]

of the curve looks like exactly the same as the result of experimental curve. When we

compare fig.6.1 and 6.2 it seems that the EL spectrum and the PL spectrum have the

same luminescence center, but the EL intensity has more sharp peak than the PL intensity

this is also what experimental result reports.
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6.3 EL intensity and number of sample atoms for Si

and Ge nanostrucutres

Changing the number of atoms means changing the size of the nanocluster, which in turn

changes the EL intensity.

Figure 6.4: EL intensity versus number of Si and Ge nanoclusters

We have to select the number of samples we take based on the applied voltage and

wavelength. For a fixed value of voltage our sample selection should be in such a way that

to get EL spectrum in the visible range. If we choose too large or too small sample for

a fixed voltage, the EL spectrum will lie in the ultraviolet or infrared region respectively,

which has no physical utility for applications.
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6.4 EL intensity and voltage

The EL intensity increases as the voltage applied to the nanocluster increases, yet to

have a spectrum in the visible range we need to select the appropriate range of values

Figure 6.5: EL intensity versus applied voltage for Si and Ge nanoclusters

of voltage. Low voltage (< 6 V) is needed for good quantum efficiency and visible EL

spectrum.

6.5 EL intensity and wavelength for oxygen termi-

nated Si nanocluster

The EL intensity depends on the wavelength, voltage and the amount of O-bonded to Si.

Here wee assume SiO2, Si/SiO2 interface as a nanocluster. The band gap of SiO2, is about

8 eV for 3.7 nm thick crystallite, this large energy gap makes the spectrum out of the

visible range as a result SiO2 acts as an insulating material in which Si can be embedded

in it to reduce the band gap so that for the size the band gap energy of Si/SiO2 is 1.7 eV

which emits light nearly in the visible range. Thus SiO2 layer does not contribute to the
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visible PL or EL, however it is pointed out that this layer creates an electronic state in

an interface region between crystalline Si core and SiO2 layer. The band gap energy of

3.7 nm diameter Si crystallite is about 2.4 eV, which is roughly equal to the peak energy

of the blue-green luminescence spectrum. The band gap of oxygen induced surface state

Figure 6.6: EL intensity as a function of wavelength for O-passivated Si nanoclusters

is lower than that of the crystalline Si core. Our result of surface Si-monolayer decreases

with increasing the oxygen covering. The graphs of fig. 6.6 (a and b), which are based

on these numerical values and plotted according to the QCM and SSM, agrees with the

experimental result of fig. 6.2 .

6.6 EL intensity and wavelength for H-terminated Si

nanocluster

Fig. 6.7 shows the dependence of EL intensity on wavelength for H-terminated Si nan-

ocluster; termination with hydrogen changes the surface effects of Si nanocluster and

deforms the structure; the band gap of H-terminated Si nanocluster is 2.6 eV, due to the

shift in band the the dependence of EL intensity for H-terminated Si-nc is blue shifted
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compared to the pure Si-nc. For Si-H cluster, the radiative recombination decreases since

Figure 6.7: EL intensity as a function of wavelength for H-passivated Si nanoclusters

recombination is possible by tunneling only.

6.7 Dependence of EL intensity on Si-O bonds

Figure 6.8: EL intensity versus number sample Si-O bonds

Fig. 6.8 (a and b) shows the effect of dangling bonds at the surface on the EL intensity.
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The amount of Oxygen terminated and the number of SiO2 sample changes the size of

the cluster, which inturn changes the EL intensity.

6.8 Dependence of EL intensity on applied voltage

for O-terminated Si

Figure 6.9: EL intensity as a function of applied voltage for O-passivated Si nanocluster

The dependence of EL intensity on voltage for O-terminated Si is slightly blue shifted

compared to its dependence on voltage for pure Si nanocluster, this slight difference is

due to the surface effects of the dangling bonds.
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6.9 EL intensity versus Si-H bonds and voltage

Fig. 6.10(a) and and fig. 6.10(b) shows the explicit relation between EL intensity versus

number of Si-H bond and EL intensity versus voltage respectively for SiH4 sample. The

Figure 6.10: EL intensity vs wavelength for H-passivation

presence of e-h pair in the cluster causes a strong deformation of the structures with

respect to their ground state configuration, and this is more evident for smaller systems.

This is what we expect, since for large clusters charge density perturbation is distributed

through out the structure.

6.10 Dependence of EL intensity on temperature and

current density

The EL intensity depends on temperature for both pure Si nanoclusters, O-terminated,

and H-terminated. For pure Si cluster the dependence is given by eq. (4.6.1) with spec-

ified values of E1 and E2, where as for impure Si, it is related to the current density

which in turn has a direct relation to the intensity. Here specially for SiO2 being it is a
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dielectric matrix we need to incorporate the dielectric constant and the barrier potential

at the interface in the current density which is given by eq. (4.6.2). If we observe the

Figure 6.11: EL and PL intensities vs temperature

experimental result of fig. 4.5 and our result fig. 6.11(a), they are almost the same. In

our result the size of the cluster is absorbed in the energy. Fig.6.11(b) shows the time

dependence of EL intensity for 3.4 nm and 4.2 nm QDs at a time constant of 20µs; the

intensity is given by a stretch exponential decay.

Figure 6.12: Current density vs temperature

In general we can summarize our result on the following bases:
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Efficiency and voltage dependence of current density and EL intensity

The increase of η is mainly enhancement of carrier injection efficiency in to luminescent

crystallites. As the voltage increases from 6 V to 12 V (fig.6.10), despite a slight increase

in EQE, the power efficiency decreases. This shows that the power efficiency is very sen-

sible to the applied voltage and that low voltage is necessary to obtain high efficiency.

Oxidation improves the EL intensity, the effect of oxidation is to decrease the current

density.

Spectral characteristics

• EL is red shifted compared to PL

• PL is blue shifted compared to EL

• Termination of Si with H and O (fig.6.6 and 6.7) induces a blue shift in the EL and

PL spectrum

• The EL spectrum shape is similar to the PL one showing that the two phenomena

has the same origin, namely recombination of carriers confined in to the crystallite.

• The range of the spectrum depends on the HOMO-LUMO gap.

Stability

Both EL intensity and current density increases, reaches maximum, and decreases very

slowly as a function of time. In fact, since the EL intensity tends to reach a constant

value, EL can be observed at room temperature for several hours.

Oxidation treatment improves the stability of the EL intensity. The stability of oxidized

device is higher than non-oxidized device. Hydrogen desorption introduces non-radiative

centers where responsible for the degradation of QE. The voltage needed to obtain a given

current density and EL intensity increases with storage time.



Chapter 7

Conclusion and future outlook

QC effect is more prominent in Si and Ge nanostructures, its effect is the enhancement of

radiative recombination rate of excitons with decreasing the cluster size, it also increases

the band gap. PL and EL spectrum are caused by optical and electrical excitations

respectively, has the same luminescence center, and occurs at the same energy; however,

the EL spectra has more narrow Gaussian sub peaks and red shifted than the PL spectra.

A blue shift to the luminescence is observed with decreasing nanocrystal size. Visible light

emission in Si becomes possible with radiative recombination rates. The light generated

by e-h recombination in Si and Ge nanostrcutures is quantified by quantum efficiency.

Generally the HOMO-LUMO gap determines the energy of emitted photon spectrum,

the intensity of this spectrum depends on the size of the nanocluster and the energy

shift due to confinement. The EL intensity depends on applied voltage, current density,

temperature, time, size, and nature of the nanocluster sample taken. It is observed that

the power efficiency is very sensible to the applied voltage, and low voltage is (< 6V )

is necessary to obtain high efficiency and visible EL spectrum. EL always shows either

reversible or permanent degradation with time, stability of EL intensity can be improved

by termination of Si with O or H.

EL spectrum is independent of the applied injection current; however the EL intensity

increases linearly with the applied injection current density.

Our result is inconformity with the experimental results, what makes it new is that
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we formulate models and develop programs for our model (our result is computational)

and we tried to hybrid the QCM and the SSM to explain the EL intensity from pure and

Si terminated QD.

Future outlook

Study on the light emission properties (PL and EL) are the interesting application of Si

and Ge nanostructures; detailed explanation on EL has not been done sofar. Electropho-

toluminescence (EPL) and photoelectroluminescence (PEL) are also used nowadays, the

future work will aim at studying the detail properties and applications of EL, PEL and

EPL and enhancing the stability of EL intensity, increasing the QE both in PL and EL,

and minimizing the EL degradation. Controlling Auger recombination, which is bad for

luminescence, and enhancing radiative recombination will be the future work. EL and

PL spectrum from Si and Ge nanostructures occurs at the same energy, but EL is red

shifted and has narrow Gaussian sub peaks, it is thought that non-radiative recombination

(Auger decay) which is bad for quantum efficiency is responsible for this effect; However,

adequate explanation for it still do not exist, so this will be one of the future work for

researches on EL and PL spectrum from Si/Ge nanostructures.

The models we used sofar can not explain the ion influence-dependant shift of the PL

and EL of the Si-nc, we need to propose another model called reactive nanocluster model.

In this model, e-h pair is created in the Si-nc and generates phonons in order to reach the

interface energy state, which is affected by the interaction of neighboring Si-nc via a thin

SiO2 layer separating two crystals. Thus an increase of ion influence reduces the distance

between adjacent Si-nc and, consequently, the thickness of the SiO2 layer that modifies

the interface energy state; hence one of the future work will be on the formulation of this

model to study PL and EL.
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