ROLE OF SURFACE CHEMISTRY IN MODIFYING THE
OPTICAL PROPERTIES OF SILICON NANOSTRUCTURE

TSEGAYE BELEGE

SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE IN MATERIALS SCIENCE
AT
ADDIS ABABA UNIVERSITY
ADDIS ABABA, ETHIOPIA

JUNE 2010



ADDIS ABABA UNIVERSITY
GRADUATE STUDIES

ROLE OF SURFACE CHEMISTRY IN MODIFYING THE OPTICAL PROPERTIES OF
SILICON NANOSTRUCTURE

BY: TSEGAYE BELEGE ATISME

Materials Science Program

Faculty of Science

Approved by the Examining Board

Supervisor:

Dr. S. K Ghoshal

Examiners:

Prof. Teketel Yohannes

Dr.Mesfin Redi



Acknowledgements

Above all, I would like to thank the almighty God for his endless charity. I am grateful to my
advisor, Dr. S. K. Ghoshal for his critical and constructive suggestion, well planned follow up and
constant support during this research, he was tireless, programmed, and ready to encourage me at
any time when | consult him not only in my thesis work but also in my entire graduate study. As an
advisor he put a lot of impression on me that | never forget whenever and wherever in my academic
life; 1 want to forward my gratitude to professor Teketel Yohhanes for his unreserved academic and
technical support.

I am indebted to express my heart felt gratitude to,my father Belege Atisme, Taye W/Aregay,
Workezeb Belege, Habtamu Belege, Mennon Belege , Abrham Belege for their unlimited love and
support.

| want to express my due appreciation to Addis Ababa University, Materials Science program, for
providing this chance, rendering good office service during my stay, and | want to extend my
acknowledgement to staff members of the program who devote their time for academic matters.
Specially W/o Belaynesh who provide all the necessary materials during the course time.

Next with no words for me to express my heart feeling for her patience, | would like to thank Miss.
Frehiwot Tekle for her great cooperation on conducting many of my affairs directly or indirectly on

my life. Finally I would like to acknowledge Ministry of education for providing me sponsorship.



Table of content

ACKNOWIEAZEMENL. ... ..ttt et et et et et et il
LSt OF taDIES. . ottt vii
LISt O IQUIES. .. e e e e viii
ADSETACT. . .. et e X1

Chapter one

Lo INtrodUCtioN. ... ... e e e e e steessaees et e s sree e e ennee e L
1.1 What are Silicon Nan0CIyStAIITES?........ccviieiee e 1
1.2 Application of SilicONn NANOSIIUCIUIE. ... ..ot e e 2
1.3 Nanostructure fabrication Methods .............coooieiiiiiii e 3
1.4 Quantum confinement and optical Properties. ............oovvieininiiiiiii e O

141 QUANTUM QOTS. ...ttt e e e e e e 6

1.4.2 Quantum WireS (NANOWIIES) ... .. .ttt ettt et et e e e 7

1.43 Quantum Wells (QW ) ... e 8

1.5 OPUCAl PrOPEITY . ... et 9
1.6 PROTOIUMINESCENCE. . ..ottt et e e e e e e e e et eeee s 10
1.7 Objective OF the theSiS. ... ... e 13
1.8 MeEthOdOLIOZY. ... .t e 13
1.9 TRESIS OULIINE. ... eteteet ettt ettt e et e e et e et et e et ettt e e e e e e e aenenas 13

Chapter Two

2. Density of states and theoretical MEtNOUS.............c..cvovieieieecceee e 14
2.1 DeNSIEY OF SEALE. ...ttt et e e 16



2.2 BaNd TR0 Y .. et s 16

2.3 Theoretical MethOdsS. ......oooiiiiii e LT

2.3.1 The Born-Oppenheimer theory..... ..o e 18

2.3.2 First principle modeling of NnanoStruCtures. ...........coviveiiiiiiiiieeii e, 19

2.3.3 Density functional theory (DFT).......cooiiiiiiiiii e 19

2.3.4 Ab intio pseudo potential.............ooiiiiiiiiiii 21
2.3.5Freeelectron gasmodel....... ..o 21

Chapter Three

3. Energy gap and Photoluminescence model for nanocrystalline silicon..........................oooie, 23
3.1 Energy gap Of NAN0-StIUCLUIES ... . ettt et 23
3.2 photoluminescence from nanocrystalline silicon..................oooi 25
3.3 Models for photolUMINESCENCE. ... ....iei e e e e 28
3.3.1 Quantum Confinement MOdel........ ..o, 28
3.3.2.Surface State EFfeCt.......coeinii i 31

3.3.3 The Quantum Confinement Luminescence Center Model................................ 32

Chapter Four

4. Formulation of the Surface State MOdEl ........oooo e e 33

A0 INEEOAUCTION. . oo e e e e 33
Chapter five

5. RESUIES AN DISCUSSIONS. . ... eeeee ettt et e e e e e, 38

DL RESUIES ettt ettt e e e ee e ee e et e eeeeeeaeueeaeeeeeeen seeeeaaeesenneeean eeeneeen see e ueeeneeeeanneeaneeeaneeeenneeene eneeeaeeeenenes 38

LT B Yol U XY o o 1N 55



Chapter Six

6. Summary and Conclusion

RTINS, . ..o e e e e e —————

Vi



List of tables

5.1 Characteristic parameters USed ==-=-=========smmmmme oo oo e e e e e e e eeeee 38

5.2 Characteristic parameters and PL properties of the different nc-Si samples studied [37]-------

5.3 Characteristic parameters and PL properties of the different silicon nanocrystal samples
studied 47

Vii



List of figures

1. Figure 1.1 The use of bottom-up and top-down techniques in manufacturing ------------------------- 4

2.Figure 1.2 Schematic cross sectional view of the mc-Si p-n junction layer stack on a glass substrate
(left) and the SINWs after wet chemical etching (right).[12]-------=-====-=--m=mmmmmmmm e 5

3. figure 1.3. (a) Cross sectional SEM micrograph of the AQNO3/HF etched mc-p+nn+-Si layer on
glass. (b) Planar SEM micrograph of SINWs etched into grains of different orientation; the grain
boundary in the staring mc-Si layer is clearly discernible. (c) Bright-field TEM image of a segment
of a SINW. The rough SINW sidewalls are clearly visible. (d) High resolution TEM image of the
SINW with the lattice fringes clearly visible; the selected area is single crystalline [12] ---------------

________________________________________________________________________________________________________________________ 6
4. Figurel.4.Silicon nanocrystals embedded in SiO, 7

5. Figure 1.5 Schematic of low dimensional StruCture-------=-========mmmmmsm oo 8
6. Figurel.6 Schematic representation of direct (a) and indirect (b) band gap

RT=] (o] o o (o 10

7. Figure 1.7 Raman spectra of free-standing porous Silicon film compared with the spectra

calculated for a sphere with diameter L (solid lines)---------=-===-mmmmmmmmmmm oo - 12

8. Figure 1.8: Room temperature photoluminescence spectra of silicon nanocrystallites. The peak

position can be controlled by the appropriate adjustment of the nanocrystallites Size [19]. ------------

9. Figure 2.1.Density of states for various geometries of semiconductor materials: (a)3-D bulk, (b)
quantum well, a 2-D structure, (¢) quantum wire, a 1-D structure, and (d) quantum dot, a 0-D entity.

The dotted line in (a) is the thermal distribution of carriers. 15
10. Figure 3.1: Band gap as a function of size (Diameter)------=-=-=====mmmmmmmmm oo 25

11. Figure 3.2: Different p-Si structures: nanoporous (left), meso-porous (middle) and

viii



Macro-porous (right). Made of compound semiconductors, but could also be integrated onto
traditional CirCUItS.  ==mmmmemm e e e e 27

12. Figure 3.3 .Schematic representation of one of the possible optical transitions leading to light
emission in semiconductor, band-to-band recombination [33]. -------------=----m-m-mmmmemm oo 29
13. Figure 3.4 Schematic of the effect of the decreased size of the box on the increased energy gap of
a semiconductor quantum dot, and the resultant luminescent color change from bulk materials (left)
to small nanocrystals (right) [35].  --=-=-===mmmmmmmmm oo 30

14. Figure 3.5 An example of QDs sorted by size emitting light of different colors excited
simultaneously by a single excitation wavelength [36].  -----===-=======mmmmmmmmmmm oo 30

15. Figure 3.6.Room temperature PL spectra from P-Si samples with deferent porosities kept under
Ar atmosphere (&) and after exposure to air (b). ====-=======m==m=m=m s 31
16. Figure 4.1.Schematic of possible excitonic paths: a) Excitation: ground states (HOMO) to
excited states (LUMO); b) De-excitation: LUMO to HOMO band recombination; c) Relaxation:

excited states to localized surface states (LSS); and d) Radiative recombination: from LSS to ground

SH A, === oo 34
17. Figure 5.1 Band gap versus size of a pure nanocrystalline silicon ---------=---==-=---e-memeoeeeumo- 40
18. Figure 5.2 band gap versus size of the hydrogen passivated nanocrystalline silicon -------------- 40
19. Figure 5.3 Band gap versus size for oxygen passivated nanocrystalline silicon-------------------- 41

20. Figure 5.4 the band gap energy versus size of the nanocrystalline silicon for pure, hydrogen-

passivated and 0XYgen-PasSiVater ---=-==-==mnmmmmmmm oo e 42

21. Figure 5.5 PL spectra computed for silicon nanocrystallite having normal crystal size distribution

around average mean crystallite diameter, Lo = 3.2 nm at different standard deviation ¢ --------------

22. Figure 5.6 PL spectra computed for Si nanocrystallites having normal crystallite size distribution

with different mean crystallite diameter Lo and fixed standard deviation o = 10% of L, -------------



23. Figure 5.7: Normalized PL intensity versus dot size for the first set of samples Results of our
model (upper) Experimental (lower) [37] -=-==--=mmmmmmmmmm e 45

24. Figure 5.8: Normalized PL intensity versus size for second set of samples Results of our model
(upper) Experimental (Iower) [37]. ==m=mmmmmmmmmmmm s e 46

25. Figure 5.9: Normalized PL spectra versus wavelength for the first set of samples Results of our
model (upper) Experimental (lower) [37] --- = e oo 48

26. Figure 5.10: Normalized PL spectra Vs wavelength for the second set of samples Results of our
model (upper) Experimental (lower) [37] -=-=-===mmmmmmm e oo oo 49

27. Figure 5.11 Normalized PL spectra Vs photon energy from our model first set of samples (upper)
second set of samples (IoWer) -----===-=emmemmmemem e e e e e 50

28. Figure 5.12 PL spectra calculated for fixed mean crystallite diameter, Lo and fixed standard

deviation, o for pure nc-Si having normal size distribution. Our work (upper), TB and PPA schemes

29. Figure 5.13 PL spectra calculated for fixed mean crystallite diameter, Lo and fixed standard
deviation, o for hydrogen passivated nc-Si having normal size distribution. Our work (upper), from
TB and PPA schemes (I0Wer) =-----m-mmmmmm e oo oo e e e e 53

30. Figure 5.14 PL spectra computed for oxygen-passivated silicon nanocrystallite with fixed mean

crystallite diameter, Lo and fixed standard deviation, o having normal size distribution. Our work

(upper), from TB and PPA scheme (lower) ----------- e 54



Abstract

We combine two model used earlier. We vary the fitting parameters C and a (which depend on
surface, geometry, confinement, size, porosity and materials properties). We use surface energy (Es=
0.05eV), binding energy (E, = 0.07eV), C, and o using these as input we generate Eg and PL
intensity spectra. The Eg and PL spectrum are compared with TB and PP data. The position of PL
peak is used to find the band gap and compared with the experiment. The main objective is to use the
already existing model, combining them and use fitting parameters to calculate optical properties
like PL intensity and band gap for varying size. The results show qualitative agreement with the
experiment. This is due to the simplicity of the model. However, we found it is interesting to use the
fitting parameters C and a to show that our model is in good agreement with the experimental

observation.
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Chapter One
Introduction

In this chapter we are going to see what silicon nanocrystallites are, their
application in the real world, some of their fabrication methods and how the optical
properties of nanostructure get affected by quantum confinement and surface passivation.
1.1 What are silicon nanocrystallites?

A nanocrystal is a crystalline material with dimensions measured in nanometers
and a nanoparticle with a structure that is mostly crystalline in the interior. These
materials are of huge technological interest since many of their optical, electronic and
thermodynamic properties show strong size and surface dependence, and can therefore be
controlled through careful manufacturing processes.

Silicon is the material of choice in microelectronic industries. This remarkable
success is due to various factors such as the wide availability of silicon and the ease of
producing the natural silicon from silicon oxide (SiO,). It is the second most abundant
element in the earth’s crust next to oxygen. It constitutes about 28% by mass of the
earth’s crust.

One of the strategic objective of the nanotechnology concept is the development
of new materials having nanometer size which have entirely new physical properties and,
therefore, new functionality. Historically, nanostructured silicon was first produced by
Ingeborg and Arthur Uhlir at Bell Lab in 1950s.They were studying electropolishing of
silicon surfaces using aqueous solution of hydrogen fluoride (HF) found that, at low
current densities, it results in a sponge-like structure. In the 1970s, researchers revealed
the porous nature of material, but intended to use it only as a precursor for making low
dielectric constant layers. Despite the observation of photoluminescence from porous
silicon (PS) at cryogenic temperatures in 1984, wide attention to optical properties of
porous silicon and other nanosilicon-containing system was only after reports on visible
light emission at room temperature by Canham and blue shift of the absorption by
Lehman and Gsele in 1990 [1].

In silicon science and technology the desire for the integration of optoelectronic
devices with silicon microelectronics has led to the search for silicon-based structures

that emit light with a high quantum efficiency value. Among the different approaches



used by researchers, the most recent is fabrication of silicon nanostructure (porous
silicon, quantum dots, quantum wells, nanoclusters), which exhibit strong room
temperature photoluminescence [2].This emission is observed only after a drastic size
reduction and surface passivation of silicon and has been related to a quantum
confinement and surface effect that occurs only when the particle size is smaller than the
exciton radius in bulk (~5nm).The quantum confinement widens the and gap and extends
the wave function in the momentum space, relaxing the k-selection rules [3,4].

There are two different mechanisms to study the electron-hole radiative
recombination: the first assumes that the recombination occurs across the nanostructured
gap, the other hypothesizes that the electron excited across the widened gap relaxes in the
low-lying energy surface states [5, 6].In the latter case a small photoluminescence peak
energy shift with the particle size is observed, whereas, in the other case the band gap
energy scales as an inverse power of particle diameter. Next section focuses on the major
applications.

1.2 Application of silicon nanostructure
Silicon is the most dominant material used for microelectronic devices in today’s
semiconductor technology. The desire to develop integrable devices with decreasing
dimensions results in downscaling by nanostructuring of the base material. Crystalline
silicon in its bulk appearance is commonly not taken into consideration as optical,
magnetic or biomedical material but nanostructuring leading to a dramatic change of the
properties compared to the bulk material is a method to enhance the functionality of
silicon in nanotechnology. Light emitting properties occur due to quantum confinement
effects and biodegradability as well as bioactivity of nanostructured silicon is observed
and applied in many fields of biomedical and pharmaceutical research. Due to the
dependence of refractive index modification on porosity porous silicon is interesting for
optical applications including waveguide technology. The solubility in body fluids
dependent on the porosity renders this material an interesting candidate for potential
biomedical and pharmaceutical applications [7].

Silicon nanostructure with reduced dimensionality such as for example quantum
wires, and quantum dots are attracting increasing attention both as the object of basic

research and as promising materials for the fabrication of devices with new operational



capabilities that cannot be attained using traditional semiconductor materials. These
materials are very important and promising in the manufacture light emitting diodes, high
mobility transistors, sensors, monochromatic light source, wave guides, photonic studies,
data storage devices and etc. The wide spread use of these materials and other related
compound semiconductor materials light wave communication system has result in
intensive research in to the growth of these materials using a number of techniques.
Silicon nanostructure with reduced dimensionality such as for example quantum
wires, and quantum dots are attracting increasing attention both as the object of basic
research and as promising materials for the fabrication of devices with new operational
capabilities that cannot be attained using traditional semiconductor materials. These
materials are very important and promising in the manufacture light emitting diodes, high
mobility transistors, sensors, monochromatic light source, wave guides, photonic studies,
data storage devices and etc. The wide spread use of these materials and other related
compound semiconductor materials light wave communication system has result in
intensive research in to the growth of these materials using a number of techniques.

In many applications of nanostructured materials, such as microelectronics,
optoelectronics, and sensing the ability to fabricate nanostructures with a huge degree of
regularity and uniformity is important in achieving tight control of their property [8].

1.3 Nanostructure fabrication methods

There are a variety of techniques that are capable of creating nanostructures with
various degrees of quality, speed and cost. These approaches fall under two categories —
“bottom-up” and “top-down” [9]. Bottom-up manufacturing involves the building of
structures, atom-by-atom or molecule-by-molecule. Chemical synthesis, self-assembly
and positional assembly are three main approaches in this method.

Top-down manufacturing involves starting with a larger piece of material and
etching, milling or machining a nanostructure from it by removing materials. This can be
done using techniques such as precision engineering and lithography. The prime example
of the top-down approach is seen in the development integrated circuits (ICs), where the
feature sizes of the components have decreased from several microns to dimensions less
than 100nm [10]. Well-known products with nanometer dimensions include digital

versatile discs (DVDs) and DVD-players, sensors, security lights and inkjet printers.



A diagram illustrating some of the types of materials and products that these two
approaches are used for is shown in Fig. 1.

Bottom-up Top-down

Chemical syrthesis ~ Self-assernbly — Positional assembly Lithography Cutting Etching, Grinding
Particles Crystals Experimental atomic Electronic devices Precision engineered
Maleculas Films, Tubes or molecular devices chip masks surfaces
Cosmetics, Displays Quantum High quality optical mirrors
Fuel additives wel lasers

Computer chips

MEMS

Figure 1.1The use of bottom-up and top-down techniques in manufacturing.

Although both approaches provide control over size, shape, composition, and
surface chemistry, the bottom-up approach has more advantages. It facilitates the large
scale, low-cost manufacturing of the dispersible nanomaterials for low temperature
processing, deposition on plastic substrates, mixing with molecular and polymeric
materials in coating and composites, and even interfacing with living organism for
medical application.

The template method is one commonly used approach to obtain ordered array of
one-dimensional nanostructures. As a well established nanotemplate, porous anodic
alumina has been widely used to fabricate many kinds of nanowires and nanotubes;
especially after the great improvement in pore regularity achieved using two step
anodization process [8].Other methods for fabrication of ordered arrays include electron
beam lithography, nanoimprint, and self assembly process. However, there are
fabrications and application restriction for these methods, such as limited pattern area and
low through put, high equipment capital costs, and limited classes of materials that can be
pattern large areas of surface. Additionally, templates method allow for deposition of a
wide range of materials [8].

Moving away from the trial-and-error recipes the field of nanomaterials chemistry
has evolved a fundamental understanding of synthesis with control shape and size [11].

Silicon nanocrystallite can be produced by any of the following methods the vapor-
liquid-solid (VLS) growth mechanism meant that grow from the gas phase by supplying

Si vapor (physical vapor deposition (PVD) methods such as molecular beam epitaxy



(MBE) or electron beam evaporation (EBE), chemical vapor deposition (CVD), laser
ablition etc. Figure 1 shows a schematic of the multicrystalline silicon layer stack on

glass and the SINW configuration after wet chemical etching [12]

me-Si(p) ~ 400 nm

Figure 1.2 Schematic cross sectional view of the mc-Si p-n junction layer stack on a

glass substrate (left) and the SINWSs after wet chemical etching (right).[12]

— | um

(c) (d)
figure 1.3. (a) Cross sectional SEM micrograph of the AQNO3/HF etched mc-p+nn+-Si

layer on glass. (b) Planar SEM micrograph of SiNWs etched into grains of different

orientation; the grain boundary in the staring mc-Si layer is clearly discernible. (c)



Bright-field TEM image of a segment of a SINW. The rough SINW sidewalls are clearly
visible. (d) High resolution TEM image of the SINW with the lattice fringes clearly
visible; the selected area is single crystalline [12]

1.4 Quantum confinement and optical properties

1.4.1 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 generally 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.
Specially, QDs are semiconductor structures that confine the electrons and holes to a
volume of order of 20nm*

Modern semiconductor processing techniques permit the artificial creation of
quantum confinement (quantum confinement in all three special dimensions) of only few
electrons; 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 Schrédinger equation in three dimensions:

Ey(r) = = = V(1) + VI)P(r) wroeemmeermeemrcmercreme e 11

The solution of the differential eq. (1.1) for a particle in 3D infinite trap of volume L*

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

Yo(x,y,2) = (%)% sin (nanx) sin (ny:y) sin ("ZLﬂ) .............. 1.2

And the corresponding energy eigen value will be

W2
E, =——
2mlL2

(22 +ny2 + ny2) oo 1.3

Egs. (1.2) and (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 energy at least equal to the

energy gap E,of semiconductor. The following figure shows the quantum dot embedded
in Si02.

silicon

nanocrystal

Figurel.4.Silicon nanocrystals embedded in SiO».

1.4.2 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
different shapes. They are often thin and short “’threads’ but also have other
manifestations. 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
micron. 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 the form move along the length
of the wire X (qualitatively this situation resembles the situation of the carrier moving
along a carbon nanotube, or nanowire, although the details of the bound state wave

functions are different).



The solution of eq. (1.1) in the case of quantum wire of a square cross-section is

Yon(x,y,2) = (2) sin (nydﬂ) sin (nzdﬂ) exp(iK, X)------------------- 1.4

And the corresponding energy is

E, = :;’:; (ny2 +n,2) + hzzlzz - eI 1.5
1.4.3 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. (1.1) will have the form

1
Y (x,vy,2) = (ﬁ) % sin nzd”z exp(ik,y)-----=-===mmmmmmmmmmmmnan 1.6

And the energy of the carrier in the n™ band [13, 14] is
Rk + Py 17

2m 2m

H 2
E, = Pl +

The following figure indicates the structure of the quantum dot, wire, and well.
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Figure 1.5 Schematic of low dimensional Structure

1.5  Optical property
Because of its 1.12 eV indirect band gap, silicon is characterized by a very poor optical

radiative efficiency and only produces light outside the visible range. Until recent time



several attempts to improve this efficiency have been unsuccessful, but in the past
decades room temperature visible photoluminescence has been observed from porous
silicon surfaces prepared by chemical dissolution [15]. This observation has stimulated an
intense  experimental activity leading to promising results. In particular,
electroluminescence has been reported during the anodic oxidation of porous silicon
films and also during charge carrier’s injection in rectifying junctions. The luminescence
is often interpreted as resulting from the quantum confinement in small size crystallites of
porous silicon. In effect, even if bulk silicon is poor emitter of light, silicon nanostructure
(porous Silicon, quantum dots, quantum wells and nanoclusters) exhibit strong
photoluminescence at room temperature. This is due to quantum size effect which leads
to an increase (the blue shift) of the band gap of the crystallites compared to bulk silicon.
As the size of nanoporous silicon becomes comparable to the Bohar exciton radius in
bulk silicon, the quantum confinement widens the band gap. Thus, quantum confinement
effect changes the indirect band gap nature of bulk Si to direct band gap in nanoporous
silicon. Higher energy shift of energy levels with reduction of the size of semiconductor
quantum dots by gaining the kinetic energy due to spatial confinement of the electrons by
a potential barrier is often referred to as a quantum confinement effect. The electronic
states of silicon nanocrystallites (Si-nc) as compared to that of bulk Silicon are
dramatically influenced both by quantum confinement (QC) and by the enhanced role of
state- and defects-at the surface. The effect of quantum confinement is a rearrangement of
the density of electronic states in energy as direct consequence of volume shrinking in
one, two or even three dimensions, which can be obtained, respectively, in quantum
wells, wires, and dots. The Modification of material properties, especially optical one, by
reducing the dimension makes nanostructuring of a semiconductor an alternative way to
look for new material. In recent years spectroscopic studies show that an increase of the
band gaps [16] and the oscillator strength with decreasing size of the nanocrystallites. As
a result, despite the fact bulk Silicon is a very inefficient light emitter, low dimensional
Silicon shows light amplification characteristics, non linear optical effect as well as
visible light emission. The effect of quantum confinement is changing the indirect band
gap nature to direct band gap. The direct band gap nature has more advantage in that, it is

not phonon assisted. Direct gap transition is K-conserving so that there is no wastage of



energy. This is not in fact observed in indirect transition. The following figure shows the

transition of electron from valence band to conduction band of semiconductor silicon.

Conduction
band edze

Valence

é" band
BN

Figurel.6 Schematic representation of direct (a) and indirect (b) band gap
semiconductor

1.6 Photoluminescence

Silicon nanocrystal (Si-nc) is a topic of great interests in the field of optelectronics
because of its high quantum efficiency of photoluminescence (PL) and relatively large
nonlinear optical responses. The large nonlinear optical response has been reported in
various forms of Si-ncs such as porous Si prepared by electrochemical etching Si-nc
doped SiOxNy deposited by plasma enhanced chemical vapor deposition (PECVD), Si-
ncs doped SiO2 prepared by cosputtering, laser ablated Si-ncs deposited on quartz
substrate, and so on. In these literatures, dependence of the nonlinear optical response on
the size and volume fraction of Si-ncs has been studied in detail. Although the origin of
the large nonlinear optical response is still not fully clarified, the quantum confinement
effects are often believed to be responsible [17].

Very recently many attempts have been made to produce quasi-direct-gap semiconductor
nanostructures made from indirect -gap semiconductors and a great deal of research effort
is focused on nanometer size crystallites or quantum dot made from Si. Strong

Photoluminescence at room temperature from Si nanostructures with diameters less than

10



5 nm has attracted much attention from fundamental physics viewpoint and because of
the potential application to optical devices.

There exist two classes of explanation for the origin of visible PL in porous silicon:(1)
the quantum confinement model in which luminescence is due to electronic confinement
in the columnar like (or dot like) structure of porous silicon, and (2) the chemical model
in which the large surface area presented by porous silicon support luminescing
siloxenes. For H-terminated, photoluminescence spectral shows continuous shift of peak
energy from the bulk band gap to the visible region with a good agreement with the
quantum confinement effect, whereas the photoluminescence spectra of oxidized surface
porous silicon are confined to a specific region [18]. Generally, silicon nanocrystallites
grown by different methods exhibit strong photoluminescence in the red region and
progressively shift towards the blue when the mean size decreases. Depending on the
size, the photoluminescence of silicon nanocrystals can be tuned from the near infrared
(1.38 eV) to theultraviolet (3.02 eV) i.e. as the size of a silicon nanocrystallite structure
decreases, the band gap of the material increases due to the quantum confinement effect

[Fig (1.2)].
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Figure 1.7 Raman spectra of free-standing porous Silicon film compared with the

spectra calculated for a sphere with diameter L (solid lines).
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Figure 1.8: Room temperature photoluminescence spectra of silicon nanocrystallites.
The peak position can be controlled by the appropriate adjustment of the

nanocrystallites Size [19].
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Fig. 1.8 shows a room-temperature photoluminescence spectrum obtained from
various sized silicon nanocrystals, where the tuning of the photoluminescence emission
from 410 to 900 nm is possible by controlling the size of the silicon nanocrystallite and,
as a result, the emission color can be changed by controlling the size of the
nanocrystallite. For example, nanocrystallite sizes corresponding to red, green, and blue
emission are 4.6, 3.1, 2.7 nm, respectively [19].

1.7 Objective of the thesis
Our main objective here in this thesis is to study and investigate effect of size
reduction and surface passivation on the optical properties of silicon nanostructure.
Specifically, we investigate the effect of size and surface passivation on
Band gap energy and photoluminescence of silicon nanostructure where the silicon
nanostructure is passivated with hydrogen and oxygen by analytically estimating the
optical parameter of nanoporous silicon at different size and passivation (i.e. oxygen and
hydrogen passivation).
1.8 Methodology
Our method starts with the developing model that can describe the mechanism of light
emission from nanosilicon (spherical crystallites). This model is based on the quantum
mechanical modeling of the nanostructure and uses the quantum mechanics equestions
and fit our model calculation to the experiments taking data from simulation based on
Empirical Pseudo Potential Approximation (EPPA) and Tight-binding theory. We use
matlab to see the results of our model.
1.9 Thesis outline
In this thesis we study the role of surface chemistry in modifying the optical properties of
silicon nanostructure by estimating the photoluminescence band energy for pure and
passivated nc-Si as a function of size of the dot and photon energy as well as size
distribution. The thesis is organized into five chapters. Chapter 2 discusses the density of
states of confined systems and theoretical methods on nc-Si. Chapter 3 discusses the
different models used to explain the optical properties of silicon nanostructures. Chapter
4 contains our model that is formulated to explain the optical properties. Chapter 5

contains result and discussion, and chapter 6 gives the summary and conclusion.
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Chapter Two

Density of states and theoretical methods
2.1 Density of state

In order to characterize the physical properties like optical transitions, charge transport
etc., the information about the density of states is very crucial [20]. The density of states
depends on the dimensionality of the system and the energy versus the corresponding
wave vector dispersion relation for the system at hand [21].

A general expression for the density of states valid for all types of materials is as a sum
delta functions

G(E) =Yg 6(E — By )mmmmmmrmmmemm oo 2.1
Or
9(@) = X 8(@ — @) mmmmmmmmmm e 2.2

For parabolic approximation of the energy versus the corresponding wave vector
dispersion relation for the electron or hole we can take a simpler form. Therefore, for a
three-dimensional bulk material, the DOS is defined as the number of available electronic

states per unit volume per unit energy at energy E and is given by

3
/
G(E) =Y B 2.3

m2h®
Passing from three-dimensional bulk to two-dimensional structures, (so called quantum
well) the carrier movement is restricted to a plane. Such two-dimensional systems include
thin films, layer structures and super lattices. Now the DOS is modified to the number of

available electronic states per unit area per unit energy and is given by

GUE) = G e 2.4

2 h?
Further reduction in the dimensionality of the system ends up in a quantum wire.
Examples of such one-dimensional structures include nanotubes, semiconductor
nanowires, and nanorods. For a quantum wire the DOS is defined as the availability of

electronic states per unit length per unit energy and is given by
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Finally, for a zero dimensional system (QD), the confinement is along all three
dimensions and the DOS becomes a delta function. Fig. 2.1 schematically shows the

modifications in the DOS as a function of dimension.
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Figure 2.1.Density of states for various geometries of semiconductor materials: (a)3-D
bulk, (b) quantum well, a 2-D structure, (c) quantum wire, a 1-D structure, and (d)

guantum dot, a 0-D entity. The dotted line in (@) is the thermal distribution of carriers.

Transformation from a 3-D bulk system to a 2-D thin film changes the DOS from a
continuous parabolic dependence to a step like dependence. This is due to the
quantization of carrier motion in the thickness direction. Consequently the optical
absorption edge is shifted to higher energy with respect to the bulk and above the
absorption edge; the spectrum is stepped rather than smooth [22].

2.2 Band Theory

Optical transitions in atoms and molecules occur between discrete levels. Semiconductors
(bulk) are however characterized by bands and the study of optical processes in
semiconductors invariably requires complete knowledge of band structure [23]. The band

theory of solids, including semiconductors, is a many-particle theory involving all
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electrons and ions and their mutual interactions. This many-body problem may be
reduced under various approximations to a single-electron problem that predicts most of
the important features. In the one electron theory an electron is assumed to exist in a
periodic potential and the solution of Schrodinger’s equation with periodic boundary
conditions yields different bands that are separated from each other by a forbidden band
gap.

We note that in optical transitions from the valence band to the conduction band the

electrons involved cover an energy interval of a small fraction of an electron Volt (eV).

A prediction of the quantum confinement model is that the energies of the valence band
(VB) and conduction band (CB) edges are shifted relative to the bands of bulk silicon,
leading to an increased energy gap. This is confirmed from the comparison of the band

edge spectra of the nanocrystal with that of the bulk.

According to the quantum confinement theory, electrons in the conduction band and
holes in the valence band are confined spatially by the potential barrier of the surface or
trapped by the potential well of the quantum box. Because of the confinement of both the
electrons and holes, the lowest energy optical transition from the valence to the
conduction band increases in energy, effectively increasing the energy gap (E4). The sum
of the kinetic and potential energy of the freely moving carriers is responsible for the E
expansion and therefore, the width of the confined E,; grows as the characteristic

dimensions of the crystallite decreases.

Recent bulk sensitive and element specific soft X-ray fluorescence measurements of the
VB of silicon nanoclusters also show a shift in the VB maximum that is comparable to

the photoemission result [23].

2.3 Theoretical methods

A significant part of condensed matter physics and chemistry would be solved if the
electronic structure of atoms, molecules and solids could be determined exactly. This
however, needs a formidable for two main reasons. Firstly, electron in matter must be

treated using the laws of quantum mechanics rather than classical physics. The quantum
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length scale is set by Planck’s constant h, and the onset of quantum effects occur when
the de Broglie wave length (1) of a particle given by

A=2 N —— 2.6
p

is comparable to the average inter particle separation. Rearranging the energy momentum

- pz
equation E =
2m

the electronic thermal energy relationship E ~ kg T, leads to a relation

e

for the de Broglie wave length of an electron given in terms of electron mass me and

temperature T,

R — 2.7

J2mgkpgT

For solid state systems the average inter electron separation is usually represented by the

Wigner-Seitz radius rs, which is the radius of a sphere whose volume encloses a single
electron in the system, and is normally written in terms of the Bohr radius, a, ~0.529 x
107"°m = 0.529A°

== (Zn )1/3 ---------------------------- N — 2.8

ao ag ©

Where n, is the average electron density. For most systems of interest rs typically ranges
from 0.1 up to 10 nm, which means that the electron de Broglie wave length is larger or
comparable to the average separation up to T ~10°K, according to relation (2.7).
Therefore within this temperature range the de Broglie wave length of the electrons
overlap and the interactions between the electrons become quantum mechanically
correlated. The second problematic issue concerns the number of electrons that are
involved the coupling of the electrons due to de Broglie wavelength overlap renders an
analytical solution impossible for systems with more than one electron, and the
complexity grows dramatically with ,increasing electron number. It is for these reasons
that the electrons structure of matter is known as quantum many-body problem. Quantum
many body problem is usual within the realm of theoretical physics because the equations
required for an exact solution are known. The properties of any time independent
quantum system can be determined by solving the Schrdédinger equation,

G B A 2.9
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Where H, y(t7,T5,...,T,,), and E are the Hamiltonian, many-body wave-function and
total energy of the system. Matter consists of electron and nuclei interacting with each
other coulombically, consequently the Hamiltonian for any such system is given by,

ZiZj
J 12

M eZj
Z J>l [R-R,|

2
_ h 2 N 2
H=-%L s —Vg* - —V =1 RR)|

i= 12mz i= 12

+

4-71'e ATTE

12]>l |7,—> T 2.10

ame,
Where M and N are the number of nuclei and electrons in the system, mz, Z and R are the
mass, charge and position of the nuclei, me and e are the mass and charge of an electron,
and r represents the position of the electrons. The first two terms in (2.10) are the kinetic
energy contributions from the nuclei and the electrons respectively, and the rest are
columbic potential energy terms arising from ion-ion repulsion, ion-electron attraction
and electron-electron repulsion respectively. Although in principle everything is known
exactly, the Schrddinger equation (2.9) with this Hamiltonian is simply too difficult to
solve directly. Hence, the quantum many-body equation centered upon finding intelligent
approximations to the Hamiltonian (2.10) and the many-body wave-function v that retain
the correct physics and are computationally tractable to solve.

2.3.1 The Born-Oppenheimer theory

This is the first of a series of approximations that is used to solve the complexity of the
electronic movements in a solid. Born and Oppenheimer recognized that in most cases
the nuclear and electronic degrees of freedom can be decoupled since they exhibit vastly
different dynamics: the nuclei are of order ~10° times heavier than the electrons and so
are considered to be stationary with respect to the electrons. The electrons therefore move
within fixed external potential due to the nuclei. Within Born-Oppenheimer
approximation the complexity of full many-body Hamiltonian Eq. (2.10) reduces to

electronic Hamiltonian,

2
2
H__Zl 15m. Vi - 121 1|—~R|+

41TE,

lzj>l| _________________ 211

41E,
Solving the Schrédinger equation with this Hamiltonian is however still too complex for
most cases. Since the many-electron wave function contains 3N variables, which for solid

contain N~10° electrons, is simply an intractable number of degrees of freedom.
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2.3.2 First principle modeling of nanostructures

Among the various theoretical tools for investigating microscopic material properties, ab
initio (first principles) methods based on density functional theory decades in terms of
accuracy, reliability, and efficiency [24]. The application of these methods to
nanostructures and pseudo potentials have had a very good track record over the last two
to investigate their structural, electronic, and optical properties has, however not been
straight forward due to the large computational demand and new physics inherent in the
nanometer and sub-nanometer size region.

2.3.3 Density functional theory (DFT)

Density functional theory (DFT) provides a tractable way of solving the quantum
equations of motion for a system of interacting electrons under an external potential, such
as the electron-ion interaction potential in solid [24]. The proper choice of the potential
appearing in the one-electron Schrddinger equation

~ L2 + UEWYE) = e(F)eremmmrerrmmmeeemmenemmree e e eennmmeenmeeenee 212

is a suitable problem [25]. Underlying this problem is the equation of how best to

describe electron in a metal correctly by so elementary an equation as (2.12). In 1964,
Hohenberg and Kohn proved a famous theorem, which states that the ground state energy
of an electron gas with a non-degenerate ground state under an external potential is a
unique function of the electron charge density p(¥) and that this energy functional
assumes its minimum value (ground state energy) for the correct (ground state) p(7)
[26]. A year later, Kohn and Sham expressed this charge density in terms of orthonormal
single particle wave functions y(#) [27].

PP = — X1 () | Bemmmmmmmmm e e 2.13

Where the sum extends over all occupied one electron levels in solid

A more accurate calculation of electronic properties of a metal should start with the

Schrédinger equations for the N-particle wave function of all N electrons in the metal,
Y
Zje

h? 1 1 2
Hp = S = oW = oS 2By b B ) = B 2.4
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Where the total eigen value E is equal to:
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Here the negative potential-energy term represents the attractive potentials of the bare
nuclei fixed at the points R of Braves lattice, and the last term represents the interaction
of electrons with each other. One has no hope of solving an equation such as (2.14)
easily. Further progress requires some simplifying physical idea. One such idea is
suggested by asking what choice of U(¥) would make the one electron equation (2.12)

least unreasonable. Evidently U(¥) should include the potential of the ions:

D T2 3 — 2.16

|7-F]|
In addition we should like U(#) to incorporate (at least approximately) the fact that the
electron feels the electric fields of all other electrons. If we treat the remaining electrons
as a smooth distribution of negative charge with charge density p, the potential energy of
the electrons in their field would be:

Uel(#) = —e [ dr' p(P) E 1_,| S 2.17
r—r
Letting U(#) = U™ + U* we arrive at the one-electron equation:
h? S ; S , |2 . .
— o Vi) + Ui (1) + {ezzjfdr |, )| _|7-17|}¢i(r) R P — 2.18
The set of equation (2.18) called Hartree equation and in a more compact form:
2
(= 2oV £ Vo [7, (D i (F) = €y (F)remmemmeremer e 2.19
Where
2 2 ion p(ﬁ) !
Verr [7, p(F)] = U™ — ef|F_7| @ mmemmmmeemmm e e e e e 2.20

Due to the dependence of Veff. on p(7), which depends on the solutions ;(r) of the
Schrédinger equation, equations (2.13), (2.19), and (2.20), known as the Kohn-Sham

(KS) equations, have to be solved self-consistently.
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2.3.4 Ab intio pseudo potential

This method, which can be implemented in both momentum and real space, has a very
good track record for investigating structural, electronic, optical properties of a large
variety of materials. The pseudo potential method relies on the separation (in both energy
and space) of electrons into core and valence electrons and that most physical and
chemical properties of materials are determined by valence electrons in the interstitial
region. One can therefore combine the full ionic potential with that of the core electrons’
to give an effective potential (called the pseudo potential), which acts on the valence
electrons only. On top of this, one can also remove the rapid oscillations of the valence
wave functions inside the core region such that the resulting wave function and potential
are smooth. The pseudo potential model treats matter as a sea of valence electrons
moving in a background of frozen ion cores. The cores are composed of nuclei and inner
inert electrons.

There are various advantages of the pseudo potential method. By eliminating the core
electrons from the problem, the number of particles for which the KS equations to be
solved is decreased. For example, a pseudo potential calculation for bulk silicon (with 10
core and 4 valence electrons) requires the calculation of 4 occupied bands at each k-point,
while an all-electron approach would require the calculation of 14 occupied bands. More
importantly, the smooth spatial variation of the pseudo potential and pseudo wave
function allows the use of computationally convenient and unbiased basis, such as plane
wave basis sets or grids in space.

The difficulty with approximating valence wave functions by a few plane waves
everywhere in space (as in the nearly free electron method) is that this hopelessly fails to

produce the rapid oscillatory behavior required by exclusive principle in the core region.
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2.3.5 Free electron gas model
Perhaps the simplest description of condensed matter system is to imagine non-
interacting electrons as contained within a cube of edge L. The free particle Schrédinger

equation is obtained by setting the potential zero [28].

H="2 = —%v’z ------------------------------------------------------- 221
Where
2_ 02 0% 0% . R
Vi= dx2 + dy? + d9z2 2.22
Which implies
h2 92 | 92 | 92 S -
™ (sz e tae T ﬁ) V(7)) = €11 (F)mmmmmmmmmmmmmmmm oo 2.23

For the electrons confined to a cube of edge L, the wave function is the standing wave:

Y, () = Asin (nxm) sin (@) sin (nZL”Z) -—-- . 2.24

L

Where A is the amplitude, and n,, n,, n,, are positive integers.
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Chapter Three

Energy gap and Photoluminescence model for nanocrystalline silicon

3.1 Energy gap of nano-structures

Most of material properties, such as the dielectric function and optical transitions, depend
on energy-gap between the conduction band and the valance band of the material thus
altering the energy gap may significantly alter the materials optical properties, more
interestingly in the last decade it was proposed that the band gap is a function of porous
silicon nanoclusters diameter (size) which eventually lead to the fact that altering the
energy gap may significantly alter the materials optical properties. In this topic our main
objective will be to investigate how the material properties specially optical one are
related to the size of porous silicon nanocluster. As we all know because of its 1.12 eV
indirect band gap silicon is characterized by a very poor optical radiative efficiency and
only produces light outside the visible range. But after many investigations it has been
observed that quantum confined nano-silicon structures are direct band gap material
which show zero phonon transition reflected in the Raman spectra. This is due to
quantum size effect which leads to an increase (the blue shift) of the band gap of the
crystallites compared to bulk silicon. As the size of nanoporous silicon becomes
comparable to the Bohar exciton radius in bulk silicon, the quantum confinement widens
the band gap. Thus, quantum confinement effect changes the indirect band gap nature of
bulk Si to direct band gap in nanoporous silicon which lead to a very good optical
radiative efficiency. However, this cannot be explained only by quantum confinement
effects also effects such as structural changes, lattice contractions and surface passivation
can change the band-gap of the material. And several models have been proposed in
order to describe band structure of clean, oxygen and hydrogen passivated sample, for
instance tight-binding method, pseudopotential method and the effective mass
approximation (EMA) are few of them. In their remarkable work Zunger et al [29] using
tight-binding method, Tripathy et al [30] and Ghoshal et al [31] using local
pseudopotential method calculated the band gap energy as a function of diameter (size)
for clean surface silicon nanoclusters at room temperature and found approximately the

gap as:
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Where: Efom(L) , EE**and L in (nm) are the band gap energy of silicon nanocrystal,
bulk silicon band gap energy at room temperature and diameter (size) of the silicon
nanocrystallite respectively. Tripathy et al also calculated band gap energy for hydrogen
passivated silicon nanocrystals using local pseudopotential method at room temperature
as:

C
o e 3.2

Where the calculated band-gap energy for oxygen-passivated silicon nano-crystals using
the local pseudo-potential method is given by:

R (A G 3.3
For all these materials, the variation of the band gap follows roughly the same kind of
law.

c
S (R e L 3.4

The value of ¢ and a differ depending on the type of the crystalline silicon. That is
whether the surface of the crystalline silicon is passivated or not. Even the type of
passivation determine the value of ¢ and a. Furthermore, from this expression it is
evident that the energy necessary to generate an electron-hole pair increases by
decreasing the size of the system and we can also see that surface passivation plays an
important role in increasing the band-gap of the nano-crystals. In general, fig. 3.1
illustrates the calculated band-gap variation as a function of diameter. In the next sections
we will discuss how the optical properties of nano-silicon namely photoluminescence

change with the band gap of the silicon nanostructure.
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Figure 3.1: Band gap as a function of size (Diameter)

3.2 photoluminescence from nanocrystalline silicon

Photoluminescence (abbreviated as PL) is a process in which a substance absorbs photons
(electromagnetic radiation) and then radiates photons back out. Quantum mechanically,
this can be described as excitations to a higher energy state and then a return to a lower
energy state accompanied by the emission of a photon. This is one of many forms of
luminescence (light emission) and is distinguished by photo-excitation (excitation by
photons), hence the prefix photo. The period between absorption and emission is
typically extremely short, in the order of 10 nanoseconds. Under special circumstances,
however, this period can be extended into minutes or hours. Ultimately, available
chemical energy states and allowed transitions between states (and therefore wavelengths
of light preferentially absorbed and emitted) are determined by the rules of quantum
mechanics. A basic understanding of the principles involved can be gained by studying
the electron configurations and molecular orbital of simple atoms and molecules. More
complicated molecules and advanced subtleties are treated in the field of computational

chemistry [32].
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Semiconductor materials have been widely studied in recent years for their potential use
in nonlinear optical devices. Silicon is the dominant material in present-day
microelectronics technology; however, bulk crystalline silicon is not known to be the
nonlinear material of choice due to the long lifetime of its carriers and indirect band gap
in the near infrared (IR) spectral region, with very low emission efficiencies (one photon
emitted for every 107 photo-generated electron-hole (e-h) pairs). The main reason that Si-
based photonics has lagged behind microelectronics is the lack of practical Si light
sources, such as efficient Si light-emitting diodes (LED) and injection lasers. Light
emission in bulk Si is phonon-mediated, with a very low probability because the
spontaneous recombination lifetimes are in the millisecond range. The competitive non-
radiative rates are much higher than the radiative ones, and most of the e-h pairs
recombine non-radiatively. The quantum efficiency for Si luminescence is very low. Bulk
Si does not have lasing action because the fast non-radiative processes such as Auger or
free-carrier absorption strongly prevent population inversion at the high pumping rates
needed to achieve optical amplification. However, at nanosize dimensions, silicon
exhibits sizeable nonlinear effects. The idea of exploiting Si for light-emitting devices is
appealing because it leads to the possibility of fabricating light-emitting devices
compatible with Si-based optoelectronic integrated circuits. The discovery of visible PL
at room temperature from electrochemically etched porous silicon has prompted
enormous interest in nanocrystalline silicon (nc- Si) structures for their possible
applications in opto- electronics integration. Most of the present day research on photonic
applications of Si is directed towards developing Si-based nanomaterials that emit light in
the visible range efficiently and predictably.

It is believed that light emitting Si-devices would not only be cheaper than those
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Figure 3.2: Different p-Si structures: nanoporous (left), meso-porous (middle) and
Macro-porous (right). Made of compound semiconductors, but could also be integrated

onto traditional circuits.

Silicon nanoclusters (porous as well as nano-crystallites) have been the subject of many
experimental and theoretical investigations for nanoscale fabrication and Miniaturization
of microelectronic devices. Porous Si is made up of interconnected branches of
nanometer size Si nanocrystals embedded in an amorphous matrix, which can be
described in terms of quantum wires and quantum dots. At present, there is a common
understanding that nanometer sized Si clusters have largely different physical and
chemical properties from that of bulk Si. Recently, some efforts have been made to build
silicon nanotubes or nanowires, as well as stable Si quantum dots based on the silicon
clusters. Depending on the sizes of pore diameter, p-Si is classified as nanoporous (pore
size less than 5 nm), meso-porous (pore size ~5 — 50nm), and micro-porous (greater than
50 nm) as shown in Fig.3.2 [33]. Porous Si has proved to be one of the most promising
candidates with regards to luminescence among all other Si-based materials studied so
far. It was the first and it is still the least expensive material in use, for which the optical

properties of Si-NC are studied. The fabrication procedure for p-Si is very flexible.
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Porous Si emits light at room temperature in the visible range, with quantum efficiencies
as high as 10 percent (one photon emitted for every 10 photo-generated electron-hole
pairs).

3.3 Models for photoluminescence

There is much debate about the PL mechanisms of the nanoscale Si/SiO, systems
containing oxidized porous Si and nanoscale-Si-particle (NSP) embedded in Si oxide
deposited by chemical vapor deposition, sputtering or Si-ion implanting in to Si oxide.
Canham reported strong visible PL from porous silicon at room temperature and
suggested the quantum confinement model for its mechanism in 1990. Since then there
has been a long debate on the PL mechanism of P-Si. Some literatures mentioned that
more than one type of mechanism models are needed in interpreting PL from P-Si. We
describe the most commonly mentioned PL mechanism models, Quantum Confinement
Model (QCM), Surface State Effect (SSE), and Quantum Confinement Luminescence
Center Model (QCLCM).

3.3.1 Quantum Confinement Model

The quantum confinement model (QCM) is the first mechanism model suggested to
explain the visible light emission in porous Si. In this model, the light emission process
itself was assumed to be the result of carrier recombination within quantum confined Si-
ncs, (i.e. both the optical excitation and recombination takes place inside the nanosilicon
particle) and the energies of the resultant PL were expected to inversely scale with the
particle size. This is similar to the diagram in Fig. 3.3 but in this case the emission energy

E, would be replaced by Eqc, the energy due to quantum confinement effect, which

could be significantly above 1.12eV, due to the quantum confinement of the carriers.
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Figure 3.3 .Schematic representation of one of the possible optical transitions leading
to light emission in semiconductor, band-to-band recombination [33].

Several key factors have been used to support this emission model. These include the
presence of intense visible light in Si, the PL blue shift with increased etching, the multi-
exponential PL decay characteristics, the low temperature Si phonon replicas reported in
PL spectrum and the particle size dependent absorption behavior. We will not address all
these issues here; however, the following section is devoted to discuss some of these
factors along with the shortcomings of the dominant QC model. Since the report by
Canham [15] of an intense red PL from P-Si, calculations have been reported suggesting
that the optical gap could lead to sizeable blue shift due to QC, and oscillator strength
would increase significantly, leading to much more efficient PL. In P-Si, Si particle sizes
below 5nm would enhance the oscillator strength, as well as produce a sizeable blue shift
of optical gap from 1.12eV, possibly in the range of 1.5 to 1.9eV [34]. Figure 3.4 shows
the effect of quantum confinement on band gap energy and the corresponding light

emission as the size is decreased.
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Confinement increases the apparent energy gap
of a semiconductor nanocrystal

Figure 3.4 Schematic of the effect of the decreased size of the box on the increased
energy gap of a semiconductor quantum dot, and the resultant luminescent color

change from bulk materials (left) to small nanocrystals (right) [35].

Figure 3.5 shows the type of light emitted as the size of the nanocrystal increases.

increasing QDs size J
=]

Figure 3.5 An example of QDs sorted by size emitting light of different colors excited

simultaneously by a single excitation wavelength [36].

It was also reported that open circuit etching led to an increase in the porosity of the
material, which was interpreted as a reduction in Si particle size. For these types of
samples, near IR and visible intense luminescence (800nm to 700nm) was noted, blue
shifting toward orange with increased pore widening treatments. This type of pore
widening resulted in some samples having particle size as small as 3nm [34].

Though several experimental and theoretical evidences supporting QCM are discussed in
many literatures concerning the model, it is clear that other interpretations are just as
valid. One of the most significant problems with the QCM is that no convincing
experimental data exist showing a direct relationship between the PL energy and the

particle size in P-Si [35].
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3.3.2 Surface State Effect

From an optical emitter, the quantum efficiency is defined as the probability of radiative
recombination following excitation. The efficiency of Si-ncs, which can decay through
radiative decay rate to the total decay rate, as described before QC leads to an
enhancement in the radiative rate.

It is generally accepted that the quantum confinement effect in the nanocrystallites opens
up the band gap as well as relaxes the selection rules for radiative transitions, giving rise
to above band gap PL in the visible region for crystallite sizes below 5nm. However,
QCE alone cannot explain the role of various surface treatments and surrounding media.
The participation of localized surface states or defects in the oxide has been suggested to
influence the PL peak energy and line shape. Interestingly the presence of even a single
hydrogen atom is shown to totally distort the small silicon clusters. Since surface to
volume ratio increase as the crystallite size decreases, the influence of surface states on
the PL from smaller crystallites will be highly enhanced. Furthermore, the role of surface
states, especially for low crystallite size, has been clearly demonstrated and explicitly

included in PL model.
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Figure 3.6.Room temperature PL spectra from P-Si samples with deferent porosities

kept under Ar atmosphere (a) and after exposure to air (b).
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3.3.3 The Quantum Confinement Luminescence Center Model

The quantum confinement model of porous Si which assumes that both the optical
excitation and recombination take place inside the nanoscale Silicon particle (NSP), and
the energy gap of the particle is enlarged due to the quantum confinement effect, can
explain the emission photon energy of PL in the range of visible light. Based on this
model a new model, QCLCM was suggested by Qin and Jia in 1996. The main point of
view of this model is that the quantum confinement carrier does take place in the NSP,
which causes the optical excitation in an energy rage to be much higher than that of the
bulk Si band gap and the photo excitation photoemission process can occur outside the
NSP.
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Chapter Four

Formulation of the Surface State Model

In chapter three we have seen models which describe the PL mechanisms. In this chapter
we will formulate the Surface State Model and give quantitative expression for the model
considering different parameters which influence the PL mechanism.

4.1. Introduction

We will mix the QC and surface state together. The deriving force for this is that the
QCM equation (3.4) alone does not completely explain the observed enhanced PL spectra
and energy upshift. Because of the value of C and o are surface, shape, porosity,
geometry, size and nature of materials and hence they are highly affected by the
environment around so it is important to consider the surface state model together with

the quantum confinement model. According to the equation;

h2 . B i .
E = P—F (nx +n, + nz) n is equal in all direction for quantum dot, hence
3n2h? 3n2h2 . .
E = o2 where o 1S equal to C and m, is the reduced mass of an electron and a
o o

. . . 1 1 1
hole which is given by — =t M and my are mass of electron and hole
0 e h

respectively. Substituting the values of the Planck’s constant, mass of electron and mass
of proton for the hole one can get the value of C approximately 7. And the value of a can
be calculated by taking values of Eg from experimental plots of PL versus photon energy
graphs (18,37). Note that, the theoretically expected value for a is 2. But experiment
shows the value in the range of 1.3- 1.98 depending on the surrounding medium and the
value of C is in the range of 3.71-4.55. The deviation of the experimental value from the
theoretical is due to the different factors such as shape of the nanocrystalline, geometry,
porosity, and type of surface passivation. We believe that the observed PL spectra and
band gap upshift is not fully explained by the quantum confinement model alone, hence
one should also consider the surface state model to describe the PL spectra and band gap
upshift of the nanocrystalline silicon. This is the deriving force for to mix the two models
together.

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

consider nc-Si as an ensemble of nanometer sized spherical particles having a well
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defined size distribution. The optical band gap widening in crystallites is considered due
to QCE in nano particles. The magnitude of band gap widening is determined using the
analytical expression for band gap obtained from equation 3.4 of section 3.1 in chapter 3.
Fig. 4.1 shows various electronic transitions during PL emission from nanocrystallites.
On excitation with high energy photons, photocarriers are generated inside the crystallites
(path a) and then a fraction of these photoexited carriers relax non-radiatively to the
surface states (path c). Subsequently, the relaxed carriers recombine to ground states
radiatively giving PL (path d). Since the oscillator strength for direct transition between
the LUMO and HOMO (path b) is smaller than that via surface states, we neglect the
contributions due to direct transition. The oscillator strength in crystallites is taken to
depend on the crystallite size as the inverse power law.

Figure 4.1.Schematic of possible excitonic paths: a) Excitation: ground states
(HOMO) to excited states (LUMO); b) De-excitation: LUMO to HOMO band
recombination; c) Relaxation: excited states to localized surface states (LSS); and d)

Radiative recombination: from LSS to ground state.

Under the above assumptions, the intensity of PL at particular photon energy becomes

proportional to the population of occupied surface states and the oscillator strength. The
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number of surface states in a crystallite is proportional to the number of atoms on the
surface and hence, surface area A of the crystallite. If N is the total number of surface
states, then

Further, if we assume that each atom in a crystallite contributes at least one photoexited
carrier to the crystallite, the number of photoexited carriers Ny in a crystallite is
proportional to its volume V

The photoexcited carriers inside a nanocrystal relax to the surface states and the
recombine radiatively to the ground state. Since the rate of transition from an excited
carrier to the localized surface states is proportional to the product of the number of
excited photocarriers and the number of available empty surface states in steady state
condition, the population N, of photocarriers in surface states participating in PL

processes becomes proportional to the product of above two. That is,

For a spherical crystallite of diameter L we have V = gnL3 implies V~L3 and A = 4mL?

implies A~L?. So one gets

The rate of radiative transition depends on the oscillator strength f. The oscillator strength

in nanocrystalline materials varies as inverse power law and can be approximated as
f~ 1/L5’ where power exponent a depends on the material properties as well as the
range of crystallites sizes being used. Taking the oscillator strength in to account, the
radiative transition probability in a nanocrystallites of diameter L becomes

P(L) & Ny f 0 L8 oo 4.5

Now, the PL intensity from an ensemble of crystallite having size distribution ¢ (L) will

be obtained by summing the contributions from all the crystallites having size L. The PL
intensity from crystallites of size L may be given by

T(L) 0 P(L)(O(L)-=n=nmnmmmmmm e o o o e e e e e e 4.6
The emitted photon energy from a nanocrystallite will be lower than the band gap energy

of the crystallite by an amount of the localization energy E of the surface states and the

35



exciton binding energy Ey. Both, in general, are functions of crystallites size. The emitted
photon energy from crystallites will then be given as
Ep = Ey + AE — Eg — Ejmmremmemmrmmem e e 4.7
Where AE is the amount of band gap upshift due to QCE in the nanocrystallites and Ej; is
the band gap corresponding to the bulk crystalline material or

AE = Epy — (Ey — Eg — Ejy )m==nmmmmrmmmmmme oo 4.8
According to QCE in the nanocrystallite of diameter L, band gap up shift can be modeled
asAE = C / 1a» Where C and n are constants due to QCE; their magnitudes strongly
depend up on the band gap calculation method being employed. One can transform Eq.
(4.6) from L to AE dependence by a standard procedure (Fourier Transform).

I(AE) o< [ I(LYS(AE — €/ a)dL ~=mrmrmmmmemememmememememeeneeees 4.9

I(AE) o [ I B@(LYS(AE — Cfpq)dLrmrmmmmmmmmmmememememem oo 4.10

If we take a normal distribution of crystallite sizes in nc-Si, then

1 (L—Lo)?
¢(L) = ——=exp [— o2 ] ------------------------------------------------ 4.11

Where L, and o are the mean crystallite size and standard deviation, respectively, for the

nanocrystalline ensemble. Putting Eq. (4.11) in to Eq. (4.10), we obtain the PL expression

as
-B _
I(AE) fisﬁexp [— “2;‘2’)2] Y R T 4.12
I(AE) o = [ L5 Pexp [—%] R R T 4.13
Cc 1 /C o
a

L= (L—a) =>dL = —a(ﬁ) dAE then,

1 c\°F (L-Ly)? C o
I(AE) « EI(E) exp [— 7] §(AE — /Ln) (E) AAE-------------- 4.14

1 c - L—Lg)? C =
IAE) o (L) exp |22 6(AE - C/pa) () © dAE--rommmeee 4.15

Using the properties of Dirac’s delta function

1
e | ()
I(AE) « L(é) “ exp|— " S 4.16

Coa 202

2
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However, it is not uncommon to obtain a log-normal distribution of particle size given by
[33]

1 In(L)=n(Ly))*
¢(L) = ——exp [—(n — )] --------------------------------- 4.17

This can be used in our approach without loss of generality. With a log-normal
distribution the expression for photoluminescence (PL) intensity transforms to

2
1
6—B+a (ln(é)a—l"@o)>
(o

I(AE)O(L(—) Y exp| | 4.18

Coa \AE 202

Eqg. (4.16) and (4.18) give general expression for PL intensity profile from a nc-Si
ensemble. It is clear from the above expression that the PL profile will depend strongly
on the QC parameters C and a. Therefore, utmost care should be taken in using the
correct QC model for band gap up shift estimation. The oscillator strength and the
exciton binding energy E;, both are complicated functions of the size of nano crystallites
and their surrounding media. Following careful calculations of Proot et al [16] for
crystalline silicon, we take a =1.39 and C=3.73eV (when L, is in units of nm) for pure
nc-Si. We take a constant value 0.07eV for Ep, which is a fairly good average value for
the range of crystalline sizes from ~ 2.5nm to 5nm. The localization energy Es is taken to
be the order of phonon energies which is about 0.05eV for optical phonons. We take E,
as 1.12eV for crystalline silicon at room temperature. Hence, the PL from the silicon
nanostructure is a complex process as will be discussed in the next chapter. The main aim
here is to compare the experimental observation on photoluminescence intensity variation
with our model calculation. In our model we vary crystallite size photon energy which is
calculated using equation (3.4) in chapter three, distribution size and the constant values
of C and a. Then we take tight-binding and pseudopotential approximation data of

crystal size L and the corresponding band gap energy (E;) and try to fit with our

calculation. This is the scope of the next chapter.
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Chapter Five
Results and Discussions

5.1 Results

In this chapter, we represent the main results that are obtained based on our model
calculation in chapter four and the formula suggested by Ghoshal and et al in chapter
three. We also discuss the effect of surface passivation with oxygen and hydrogen on the
band gap and PL spectra from silicon nanostructure. In order to obtain the insight in to
the effects of the various parameters influencing the band gap and the photoluminescence
spectra profile in nc-Si, we computed the band gap and the photoluminescence spectra
using relevant fitting parameters in equations (3.4) and (4.16) respectively. The following
table show the values of the different parameters used for computation.

TABLE 1: Characteristic parameters used

Sample type C o Es (eV) | En(eV) Eg™*(eV)
Pure nc-Si

3.73 1.39
Hydrogen
passivated nc-Si | 3.82 1.35 005 |0.07 1.12
Oxygen 3.98 1.33
passivated nc-Si

Using the above parameters we plot the band gap versus size for different nanocrystalline
silicon in a different environment and compare our results with experimental data

obtained from the indicated reference by fitting.
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Band gap vs Size for pure nc-Si
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Figure 5.1 Band gap versus size of a pure nanocrystalline silicon (exp
from [41])

As it is observed from the graph the band gap of the nanocrystalline silicon increases as
the size (diameter) of the quantum dot decreases this implies that the optical properties of
the nanocrystalline silicon will change or modified as the size is smaller and smaller. Our

work is in a good agreement with the experimental one.
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Band gap vs Size for Hydrogen-passivated nc-Si
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Figure 5.2 band gap versus size of the hydrogen passivated nanocrystalline silicon

We see from the figure, the band gap from the hydrogen passivated silicon nanostructure
is higher in energy as compared to that of the pure nanocrystalline silicon quantum dot.
This implies that the optical properties of the hydrogen passivated silicon naonostructure
will also be modified more. That means the surface passivation has a prominent role in

modifying the optical properties of the nanocrystalline silicon.
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Band gap vs Size for oxygen-passivated nc-Si
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Figure 5.3 Band gap versus size for oxygen passivated nanocrystalline
silicon(experiment from 42)

Here again we see the shift in band gap energy of the silicon nanostructure even more
than that of the band gap energy shift of the hydrogen passivated nanocrystalline silicon.
So we can conclude that the band gap energy increases as the size of the nanocrystalline
silicon is diminished and the surface passivation has also great contribution in increasing
the band gap energy of the nanocrystalline silicon. The following figure shows the band
gap energy of the pure and passivated nanocrystalline silicon drawn all together which
will help in comparing the shift in band gap energy for different passivation. Our work

has similar trend with the experimental one.
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BAND GAP(eV) Vs SIZE(L)
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Figure 5.4 the band gap energy versus size of the nanocrystalline silicon for pure,

hydrogen-passivated and oxygen-passivated (data taken from [39])

Now let’s come on the photoluminescence of the silicon nanostructure. The PL
spectra were simulated using equation (4.16) with the typical values of o and L, found in
the light emitting PS and nc-Si samples. The calculated PL spectra for fixed Lo = 3.2 nm
and variable values of ¢ from 0.16 nm to 0.54 nm are shown in the figure 5.5. As ¢
increases, the PL spectrum broadens as well as shifts towards low emission energies
accompanied by a decrease in relative PL intensity. This implies that the amount of size

dispersion affects both the PL peak energy and width.
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PHOTOLUMINESCENCE(PL)Vs PHOTON ENERGY (Ep)
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Figure 5.5 PL spectra computed for silicon nanocrystallite having normal crystal
size distribution around average mean crystallite diameter, Lo = 3.2 nm at different

standard deviation o

Mean crystallite size Lo being the dominant parameter governing the quantum
confinement effect (QCE), the effect of Lo on the PL peak energy is strong. In figure 5.6,
calculated PL spectra are shown for three different values of Lo with fixed ¢ (10% of
Lo). Our model depicts the red-shift of PL peak position with increasing mean crystallite

size for fixed dispersion.
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PHOTOLUMINESCENCE(PL) vs PHOTON ENERGY(Ep) for different Lo and sigma =0.1*Lo
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Figure 5.6 PL spectra computed for Si nanocrystallites having normal crystallite size
distribution with different mean crystallite diameter Lo and fixed standard deviation
oc=10%of L,

Different experiments have performed on silicon nanocrystals to see the effect of
guantum confinement and surface states. The following figures (5.7-5.11) show the
photoluminescence spectra of different samples studied with their size distributions as
measured by time-of-flight mass spectroscopy (TOFMS) together with results of our
model i.e. normalized photoluminescence intensity versus dots size, for experimental and

results of our model for two sets of sample
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PHOTOLUMINESCENCE(PL)Vs SIZE(L) for different Lo
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Figure 5.7: Normalized PL intensity versus dot size for the first set of samples Results

of our model (upper) Experimental (lower) [37]

When we observe these figures closely, we understood that the photoluminescence peak
shifts towards the left that is to the smaller wave length of the visible spectrum (blue
shifted) when the average size of nanoparticles becomes small, which is expected.
Researchers’ realized that width of size distribution and the average size of quantum dots
are realities that cause such shifts. For the second set of data we see the same properties

as shown below.
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PHOTOLUMINESCENCE(PL)Vs SIZE(L) for different Lo
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Figure 5.8: Normalized PL intensity versus size for second set of samples Results of

our model(upper) Experimental (lower )[37].
For the sake of comparison we report the results of our model and the experimental

values taken from G. Ledoux et al [37] are given below in table 5 and 6.
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TABLE 2: Characteristic parameters and PL properties of the different nc-Si samples
studied [37]

Sample Average Width of Size PL Max. PL Max. PL Width(nm)
Identifier | Size(nm) distribution(nm) | (eV) (nm)

A 3.44 1.02 1.82 680 190

B 3.46 0.63 2.03 610 165
C 3.88 0.61 1.75 710 155
D 4.05 0.62 1.65 750 150

E 4.45 0.78 1.55 800 145
K 2.8 0.86 1.95 635 115

L 3.2 1.08 1.71 725 145
M 3.6 1.16 ~1.44° ~800° ~170°
N 4.8 1.16 <1.35° >900° ~200°

*Values derived from Gaussian fits to the experimental data.

TABLE 3: Characteristic parameters and PL properties of the different silicon
nanocrystal samples studied

Sample Average | PL Max. PL Max. (eV) | PL Max. PL Max. (nm)

Identifier | size(nm) | (eV) Results of our | (nm) Results of our
Experimental | model Experimental | model

calculation calculation

A 3.44 1.82 1.7405 680 684.5

B 3.46 2.03 1.7405 610 684.5

C 3.88 1.75 1.6670 710 714.5

D 4.05 1.65 1.6410 750 726

E 4.45 1.55 1.5727 800 757.5

K 2.8 1.95 1.8491 635 644.3

L 3.2 1.71 1.7248 725 690.8

M 3.6 1.44 1.6538 860 720.4

N 4.8 1.35 1.5160 900 785.9
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Just like the size, the photoluminescence spectra of different samples studied with their
size distribution as measured by time-of-flight mass spectroscopy (TOFMS) together
with results of our model. From such plots, we see that the as average size of the sample
decreases the band gap energy increases so that the PL peak shifts to the shorter
wavelength range of the visible spectrum. Since, the luminescence energy is directly
proportional to band gap energy and inversely proportional to wavelength. Therefore, as
the band gap energy increases the PL energy increases or wavelength decreases mostly to
the shortest wavelength of visible spectrum. These are shown in the following figures:
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Figure 5.9: Normalized PL spectra versus wavelength for the first set of samples

Results of our model(upper) Experimental (lower) [37]
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Figure 5.10: Normalized PL spectra Vs wavelength for the second set of samples

Results of our model (upper) Experimental (lower) [37]
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Figure 5.11 Normalized PL spectra Vs photon energy from our model first set of

samples (upper) second set of samples (lower)
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Note that the experimental graph of PL spectra as a function of photon energy is given in
figures 5.9 and 5.10 together with wavelength.

Lastly our model calculation goes on the PL spectra of the pure nc-Si,
hydrogen-passivated and oxygen-passivated nc-Si as shown in the figure 5.12, 5.13 and
5.14 respectively. From these figures we see that for fixed value of Lo and o there is a
shift in photon energy of the Si-nanocrystallite size for hydrogen- and oxygen-
passivated. This implies that the PL spectra is blue- or red-shifted depending on the

surrounding medium around the crystallites

PHOTOLUMINESCENCE(PL) vs PHOTON ENERGY(Ep) for different Lo and sigma =0.1*Lo
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Figure 5.12 PL spectra calculated for fixed mean crystallite diameter, Lo and fixed
standard deviation, ¢ for pure nc-Si having normal size distribution. From our work

(upper), TB and PPA schemes (lower).
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Figure 5.13 PL spectra calculated for fixed mean crystallite diameter, Lo and fixed

standard deviation, o for hydrogen passivated nc-Si having normal size distribution.

Our work (upper), from TB and PPA schemes( lower).
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PHOTOLUMINESCENCE(PL) vs PHOTON ENERGY (Ep) for different Lo and sigma =0.1*Lo
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Figure 5.14 PL spectra computed for oxygen-passivated silicon nanocrystallite with

fixed mean crystallite diameter, Lo and fixed standard deviation, ¢ having normal size

distribution. Our work (upper), from TB and PPA scheme (lower).
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If we carefully observe the photoluminescence spectra of the pure, hydrogen
passivated, and oxygen passivated nanocrystalline silicon all are in a good agreement
with the other theoretical result. We see some variation in the shift of the photon energy
as well as the intensity of the photoluminescence, this may be due to the simplification of
our model.

5.2 Discussions

In the variation of the band gap with size of the quantum dot with the experimental may
be due to the variation in taking the value of the constants ¢ and o for different
environment of the nanocrystalline silicon. As we have mentioned earlier the value of ¢
and o are surface dependant and vary depending on the environment around.

The application of our formulated model requires physical understanding of the
parameters used for the system under study in a different environment. A quantitative
agreement of the PL model with the experimental PL data depends on the exactness of
the average crystallite size and its dispersion, exciton binding energy E;, and also on the
models that estimate band gap and oscillator strength. The exciton binding energy in
nanocrystallites is large compared to that in bulk crystals which plays major role. The
value of E;, increases monotonically as the crystallite size decreases. While the variation
in E, becomes more pronounced as the crystallite size decreases, it is relatively flat for
larger crystallites. According to theoretical calculations [38, 39] Ey varies from 0.05 to
0.12eV for the crystallite size range of 4-2.5nm for crystalline silicon in a different
environment. Therefore, the constant value of E, =0.07eV taken earlier over the mean
crystallite size ranging from 2.5 to 4nm introduces negligible error in our PL calculation.
The presence of surrounding media for the crystallites further complicates the analysis of
observed PL data. The degree of localization of surface state (manifested by E) depends
on the amount of disorderness in surface atoms of crystallites. The different surface
passivation will give rise to a variable amount of disorder. Therefore, the localization
energy Es will depend on the type of surface passivation. It has been shown that the
hydrogen and oxygen termination of surface atoms in PS gives a PL spectrum having a

shift of about 0.14 to 0.18eV in PL peak energy for the same crystallite sizes [40].
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We believe that our simple minded model could provide a nice qualitative picture of the
observed PL. However, for detail nature of the PL spectra much more serious
calculations are needed that cover complete descriptions of the nanostructures.
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Chapter Six

Summary and conclusion

In this thesis we have presented the variation of the band gap of nanocrystalline silicon as
a function of size and the different passivation of the nanocrystalline silicon, for
simplicity we have considered the nanocluster of spherical in shape. And we observed
that the role of the surface is very crucial like that of the quantum confinement effect on
the band gap as well as the photoluminescence as we see below. We have also presented
analytical expressions for PL by unifying the quantum confinement effects and localized
surface states to describe experimental PL spectra from silicon nanostructures. The role
of surface states, especially for low crystallite sizes, has been clearly demonstrated and
explicitly included in the PL model. The model is able to predict the published
experimental PL data on silicon nanostructures produced by a variety of experimental
techniques. Our work shows the importance of surface passivation and effect of
crystallites size in predicting the PL data from nanocrystalline silicon using quantum
confinement models. The present model is useful in understanding the role of surface
passivation and surrounding media on the PL process in nc-Si.

The role of quantum confinement model is to treat nc-Si as the atomic like structure. The
model enables us to observe clearly the PL from nc-Si with varying mean crystallite size.
The PL spectra from nc-Si can be enhanced by passivating the surface with hydrogen or
oxygen. In this thesis we studied the band gap and PL spectra of hydrogen and oxygen
passivated nc-Si samples, mainly quantum dots. Our results show that the effect of
oxygen terminated surface on the band gap and PL spectra from nc-Si is more
pronounced than hydrogenated surface because of stability difference they made on the
surface. This is in a good agreement with the experimental value. For a PS sample free
from oxidation, the QCM dominates. When the nanosilicon particles (NSPs) is oxidized,
PS sample have very small density or large sizes, and photo emission occur in LCs in the
Si-oxide layers is dominating. Thus, more than one type of PL mechanism models are

important.
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We believe that our simple minded model can be further extended to other quantum
structures (quantum well and quantum wire) and also to varying porosity. In real sample
a set of size distribution is possible with different mean length that may be an interesting
thing to look at other mechanism that might affect the PL are: luminescent center,
porosity, bond distortion and shape of quantum dots that can be incorporated for more
realistic calculation.

We have used the data from tight-binding and pseudo-potential to generate the PL
spectra. It is how ever, worth to take the data from DFT luminescent center model and
then fit to our model to compare the experimental PL. Our results are in conformity with
some of the recent experimental and theoretical observations.

In general, we believe that our surface state model that includes QC and surface
passivation is able to explain qualitatively the experimental observation of visible PL
from porous as well as nanocrystalline silicon. This study is in conformity with other
model calculations and theoretical predictions. It is worth to look at multiple distributions
of crystal sizes to get a better estimate of visible PL. The result obtained can be utilized
for the control of light emitting properties in device fabrication.

This model can be extended to study optical behaviors like, Oscillator strength, Radiative
Recombination Life Time, Absorption Coefficient, Dielectric Constant, and Density of
states from nanocrystalline silicon which has tremendous applied interest. We can also
study the temperature and pressure dependence of visible PL from nanocrystalline
silicon. The light emission from quantum wires and quantum wells can also be examined
by modifying the model to shape and size dependence. The role of bond distribution,
impurities, phonons, excitons, and relaxational mechanism are some of the open
questions that has to be addressed for accurate quantification of visible PL. in case of
porous silicon the varying porosity along with crystallites size play role in deciding PL.
in our model this is not included. The trap centre and luminescent centre also affects the

nature of PL spectra.
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