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ABSTRACT

GROWTH OF GROUP II-VI QUANTUM DOTS (CdTeSe) IN GLASS STUDIED
THROUGH OPTICAL ABSORPTION AND RAMAN SPECTROSCOPIES

The sample composition and physics of quantum dots embeded in matrices is of fundamental
importance in the properties and tailoring of nanodevices that are increasingly being
integrated into information technology, electronic, magnetic, mechanical and biological
systems.

Quantum dots embeded in glass have a very long shelf life because they are inside a
constrained medium. Nanoparticles in liquids are inside a free medium in which they can
easily migrate and so join up with nearby nanoparticles to form larger colloids; this causes a
limit on their shelf- life.

A study of the growth of group II-VI quantum dots in glass studied through optical
absorption and Raman spectroscopies will be carried out.

The embeded quantum dots under investigation are Cd-Te-S, which have a variety of
compositions of Te/S ratios as: CdTexSi.x where 0<x<1. These compositions and percent
impurities will be determined using Raman spectroscopy techniques. The modification of
the sample composition with heat treatment will be investigated in order to examine the
physics of particle migration and to tailor the composition.

Nanoparticles embedded in matrices with a smaller dielectric constant and a larger energy
gap cause the exciton binding energy to increase much more than in normal low dimensional
system. This causes enhanced optical effects that will be studied in this work.

In the study of the growth of CdTei.xSe nanocrystals in zinc-containing boraxilicate glass, it
has been observed that the penetration of zinc into the nanocrystalline structure, during

thermal growth has been neglected in the literature, considering the work done so far.

In this thesis study, the amount of zinc in the nanocrystal structure was determined by Raman
spectroscopy and optical permeability spectroscopy. It was discussed how the electronic
forbidden energy bandgap and Raman symmetry change due to nanocrystalline information,

how the red and blue shifts in Raman type are related to phonon encircling and stretching.



OZET

GROWTH OF GROUP II-VI QUANTUM DOTS (CdTeSe) IN GLASS STUDIED
THROUGH OPTICAL ABSORPTION AND RAMAN SPECTROSCOPIES

Matrislere yerlestirilen kuantum noktalarimin 6rnek kompozisyonu ve fizigi, bilgi
teknolojisi, elektronik, manyetik, mekanik ve biyolojik sistemlerle gittikce daha ¢ok icice
hale gelen nanodevrelerin 6zelliklerinde ve yapilarinda temel 6nem tasimaktadir.

Cam i¢ine yerlestirilen kuantum noktalari, kisith bir ortam i¢inde olduklarindan 6tiirii cok
uzun bir raf Omriine sahiptirler. Sivilardaki nanoparcaciklar, kolayca tasinabildikleri ve
boylece daha biiyiik kolloidler olusturduklari ve yakindaki nanoparcagiklar ile
birlesebilecegi serbest bir ortam igerisindedir. Bu onlarin kullanim 6mrii lizerinde bir sinir
olusturur. Camda optik sogurma ve Raman spektroskopileri ile incelenen grup II-VI
kuantum noktalarinin biiylimesi iizerine bir arastirma yapilacaktir.

Incelenen kuantum noktalari, Cd-Te-S olup Te/S oranlarinda cesitli kompozisyonlara
sahiptir: CdTexSix. (0<x<l) Bu bilesimler ve oransal safsizliklar Raman spektroskopi
teknikleri kullanilarak belirlenecektir. Ornek kompozisyonunun 1s1l islemle modifikasyonu,
parcacik gociiniin fiziksel arastirmasi ve kompozisyonun uyarlanmasi i¢in incelenecektir.
Daha kiigiik bir yalitkanlik sabiti ve daha biiytik bir enerji bosluguna sahip matrisler i¢ine
gomiilmiis nanoparcagiklar eksiton baglanma enerjisinin normal diisiik boyutlu sistemden
cok daha fazla artmasina neden olur. Bu, ise gelismis optik etkilere neden olur. Gelistirilmis
optik etkiler bu calismada incelenecektir.

Cinko 1iceren borasilikat cam icinde CdTeix Se nanokristallerinin biiyiitiilmesi
calismalarinda, ¢inkonun 1s1l biiyiime sirasinda nanokristal yapinin ic¢ine iglemesi igin
literatiirde bugiline kadar yapilan c¢aligmalar gozoniine alindiginda ihmal edildigi
goriilmektedir. Bu tez caligmasinda Raman spektroskopisi ve optik gegirgenlik
spektroskopisi ile nanokristal yap1 i¢indeki ¢inko miktar1 belirlenmis olup, elektronik yasak
enerji kusak aralifinin ve Raman kiplerinin nanokristalin bilesimine bagli olarak nasil
degistigi, Raman kiplerindeki kirmiziya ve maviye kaymalarin fonon kusatmasi ve

gerilmeyle nasil iligkili oldugu tartigtlmistir.



vi

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ...ttt sttt sttt esaeeeas i1
ABSTRACT ...ttt bttt st b ettt e bt et et e sb e et eneenbeenee v
OZET .ottt v
LIST OF FIGURES ...ttt ettt sttt saeeeaeeas viil
I. INTRODUCTION ..ottt ettt ettt st ettt e st e sateenbeeseeas 1
2. THEORY «eeeteee ettt sttt et b et st sa et et esbe et st e bt et 4
2.1.  QUANTUM SIZE EFFECT ..ottt sttt 4
2.2.  EFFECTIVE MASS MODEL......ccooiiiiiiiiiieiieeetete et 5
2.3.  QUANTUM DOT IN A SPHERICAL BOX......ccccieiiiiiieiiiiiieieeeee e 13
2.4. GROWTH OF QUANTUM DOTS ...coitiiiiiiieeieseeeeeeee e 16
2.5.  ABSORPTION SPECTROSCOPY ...coottiiiiieiiiieniieteeeesieie et 17
2.6.  URBACH DISORDER .......cooiiiiiiiiiiiiiee ettt e 20
2.7.  RAMAN SPECTROSCOPY ...ttt 21
3. MATERIALS AND METHODS ......ooiiiiieieteeteee ettt 26
3.1.  PREPARING SAMPLES. ...t 26
3.1.1.  Heat Treatment Procedure, QUenching.........c..cccceveeveeiiiniiiniincnicnenicneene. 30
3.2, ANALYSING SAMPLES ...t 33
3.2.1.  Raman SPECLIOSCOPY ..cuvieerurieeririeeiieeeitieeeitieeeireesseeesreeesseeessseeessseesnnseesnsseas 33
3.2.2.  ADSOIPtION SPECLIOSCOPY c.uvvreeurrieeirreeiieeaitieeaireestreesreeesseeessreesssseesnsseesnssens 34
4. RESULTS AND DISCUSSION......coittiiiiiiientinteieeteeit ettt 36
4.1 RESULTS Lottt sttt st sttt s sbe e 36
4.1.1.  Numerical Solutions for Finite Well Using Matlab Programme ................... 36
4.1.2. Raman Spectroscopy Results........ccccuiveiiiiiiiiiiiieceecee e 38
4.1.3.  Absorption Spectroscopy Results ........cccceveviiieiiiiiiiieeiiicceeeee e 53
4.2, DISCUSSION ..ottt st sttt st sbe et st sbeeae 69
4.2.1.  Phonon Confinement ............cocueruierieriinirnieeieneeie sttt 69
4.2.2.  Raman SCAtEIING .....c..ceevuiieriiieeiiieesieeerieeerteeesreeeteeeebeeeereeessseeesnseeensseeennns 71

5. CONCLUSION ...ttt ettt sttt sbe ettt e 75



vil

REFERENCES ..ottt st 77
APPENDIX ALttt sttt et s e 84
APPENDIX Bttt 90
APPENDIX C.ooiiiiiii et s 92
APPENDIX Do 93
APPENDIX E. .o 94
APPENDIX Fooo 95
APPENDIX G e 96
APPENDIX H. .o e 98

APPENDIX L. ..ttt sttt e 99



viil

LIST OF FIGURES

Figure 2.1, BONE TAGTUS ..uveeiiiiiiiieieceeeee e 4
Figure 2.2. Density of electron states as a function of dimension. .........c.cccccveeeviieerieenennennn. 7
Figure 2.3. Bandgap difference between nanomaterial and bulk material. .......................... 7
Figure 2.4. Finite square well, width a, depth V..........cccooiiiiiiiiiiie e 8
Figure 2.5. Wave functions for Infinite and Finite potential wells repectively. .................. 13

Figure 2.6. Optical absorption spectra for as received colour glass filter doped with CdTe
(1), melted (2) and heat treated (3). Oriel Model 70310 serial no 176 monochromator is used
to obtain absorption SPeCtroSCOPY data. .......ccccvieruiiiiieiiieeiierie et et e e seae e 18

Figure 2.7. A denotes Absorbance, Iy is the reference value of the media, / is the transmitted

value after the sample in the equation abOVe. ...........cccviiiiiiiciiiicie e 19
Figure 3.1. RG 830 PIate. .....cccooiiiiiiiieiiiieteeete ettt 26
Figure 3.2. Wooden rail for cutting the width of the sample glass..........c.cccceevvrevrienirnnnn. 27
Figure 3.3. Close view of wooden rail and the glass sample fitted inside........................... 27
Figure 3.4. Buehler wafering blade used to cut the sample. ..........cccoeceeviiiiieniiiienieeee 27
Figure 3.5. Buehler Diamond DiSC. ....cc.coouiriiriiiiiiiiiicienicccctceeeese e 28
Figure 3.6. Glass CUttiNg SYSEIM. .....cceiuiiieiiieeiieeeiie ettt eeiee e e e e e e e sareeeeaeeenee 28
Figure 3.7. Close view of glass cutting SYSteM..........ccceeevvureiriieeriiieeniie e e eeee e 29
Figure 3.8. After slicing the plate glass RG830........ccccoviriiriiiiiiiiiiiicecc 29
Figure 3.9. Prepared sample in furnace .........c..coceeiirieiieniiniinieeiceceeeceeeeeeeee e 31
Figure 3.10. Calibration notes for thermocouple...........cooeiriiiiiiiiiiiiinieeecee 31
Figure 3.11. Calibration NOES.........coouiiiiiiiiiiienieeieeee ettt 32

Figure 4.1. Energy levels for a particle in a potential well. Energy plotted against a (nm) for
Vs 0.5 (BV) ettt et et b et sttt 37
Figure 4.2. CdTe QD's as received sample excited at 30 mW with an average 10
INEASUTEINIETIES ... ettt eaitee ettt e ettt e ettt e ettt e et e e sttt e et e e e s abeeesabeeesabeeeebbeeebaeesebbeesneeesnbeesneeenanee 39
Figure 4.3. CdTe QD's as received sample excited at 30 mW with an average 20
TNEASUTEITIETIES. ..c..teeneteeuteeiteeute et et e stte et eeute et e esbeesabe e bt e e bt e eseeeabeesaeeeateeseeeateenaeeenneenseesaneens 39
Figure 4.4. CdTe QD's as received sample excited at 150 mW with an average 10

TIECASUTEITIEIIES ... ettt e ettt e e et e e et e e eeea e eetaa e eesaeaeeerenaaeeesaneeeraneeenanaeeeneneeeeennaeeennnnanns 40



X

Figure 4.5. CdTe QD's as received sample excited at 150 mW with an average 20
INEASUTECINIETIES ...t euteeeaitee ettt e ettt e ettt e ettt e ettt e ettt e eabteesabeeesabeeenabteeabbeeasbeesnbeesanbeesnbeesbeeesanne 41

Figure 4.6. CdTe QD's melted sample excited at 30 mW with an average 10 measurements.

Figure 4.9. CdTe QD's melted sample excited at 150 mW with an average of 20
TNEASUTCITICTIES. ..c..eeneteeuttetteeatteette et e sat e et esuee et e e saeeeabeeesteeabeesseeeabeeebteeabeessaeeabeesateenbeenseenaseens 43
Figure 4.10. CdTe QD's heat treated sample excited at 30 mW with an average of 10
INEASUTCINICTIES . ....eeeuttteeuiteeeutteeeiteeeutteeebbeeetteeeuteeesabeeesabteenaseeeaabteeaabeeesbeesnbeesnbeesnbeesbeeesnnne 44
Figure 4.11. CdTe QD's heat treated sample excited at 30 mW with an average of 20
TNEASUTEITICTIES. ..c..teeteeuttetteeutteette et e et e et e sute et e esaeesabeeebbe e st esbeeeabeeebeeeabeensaeeabeenaeeenbeenseeeaneens 44
Figure 4.12. CdTe QD's heat treated sample excited at 150 mW with an average of 10
INEASUTECINIEIIES  ....eeeutteeeuiteeeuitee ettt e eutteeeatteeetteesatteesabeeeaabeeeeasaeesabeeeabbeeaabeesanbeesanseesnseesbeeesnnne 45

Figure 4.13. CdTe QD's heat treated sample excited at 150 mW with an average 20 of

TNEASUTEINIEIIES. ....cvteiteieete ettt ettt eat ettt ettt e e bt sanesbe et e esteebeesbe et e saee st esneeusesbeennesasenueennens 45
Figure 4.14. CdTe QD's heat treated sample at 600 °C for two hours, excited at 150 mW..46
Figure 4.15. CdTe QD’s heat treated sample at 600 C for 10 hours, excited at 150 mW ...48
Figure 4.16. (OD x hv)? plotted versus photon energy Av to find bandgap energy. ............ 54
Figure 4.17. Optical absorption using Tauc plot for heat treated sample. ..........ccc.ccceeeneee 57
Figure 4.18. Urbach energy for heat treated sample. ...........cocceveriiniiiiniinininicneceee 58
Figure 4.19. Optical absorption by using Tauc plot for melted sample............cccccoeeuenneene. 58
Figure 4.20. Urbach energy for melted sample ..........ccoeeviiiiiiiniiiiniiee e 59
Figure 4.21. Optical Absorption heat treated at 600 C for 6 hours, thickness of 0.46 mm.60
Figure 4.22. Optical absoption using Tauc plot heat treated for 6 hours at 600C. ............. 60
Figure 4.23. Urbach energy heat treated at 600 ‘C for 6 hours.........cccoeeeverieninieniencenen. 61
Figure 4.24. Optical absorption heat treated at 600 C for 8 hours, thickness of 0.62mm. .61

Figure 4.25.

Optical absorption using Tauc plot heat treated at 600 ‘C for 8 hours, thickness

OF 0 02IMIMN. .o 62

Figure 4.26

Urbach energy heat treated at 600 C for 8 hours.........ccccoeeeveriiniinenicnnenne. 62



Figure 4.27. Optical absorption heat treated at 600 ‘C for 10 hours, thickness of 0.34 mm.
Figure 4.28. Optical absorption using Tauc plot for heat treated at 600 ‘C for 10 hours. ...63
Figure 4.29. Urbach energy heat treated at 600 ‘C for 10 hours.........c.ccccvvevierieeriienieennnns 64
Figure 4.30. Optical absoption heat treated at 600 C for 12 hours thickness of 0.67mm..64
Figure 4.31. Optical absorption using Tauc plot heat treated at 600 ‘C for 12 hours.......... 65



xi

LIST OF TABLES
Table 2.1. Quantum confined structure vs Bulk Structure ..............cccceeeeeviiieieeeeciie e, 6
Table 2.2. Fundemental vibrational freqUenCIEs...........cccvreerivieeciiieeiiieeiie e 23

Table 4.1. Calculations of energy levels for a particle in a potential well. Energy listed
AGAINSE & (TIT1)..euvieeivieiie et eete et e et e eteeetaeeteeesbeebeeesaeesseeenseenseesaseenseeesseensaeensaensseanseenssesnseens 37
Table 4.2. CdTe Quantum Dots excited by Argon laser at 514.5 nm with a power of 30 mW
average Of 10 MEASUTCIMENTS. .. ...couuiiiieiiiieiie ittt et et eee et e bt e ebeeseeesaneens 50
Table 4.3. CdTe Quantum Dots excited by Argon laser at 514.5 nm with a power of 30 mW
average Of 20 MEASUTCINENLS. .....ccveeeriieeriieerieeeiieeesteeeieeeetreesieeessseeeeseeesnseeensseesnnseesnneens 50
Table 4.4. CdTe Quantum Dots excited by Argon laser at 514.5 nm with a power of 150
mW average of 10 MeaSUTEMENTS. ..c...coueiuiiiiriiiinieriieteete ettt 51
Table 4.5. CdTe Quantum Dots excited by Argon laser at 514.5 nm with a power of 150 mW
AVETAZE 20 MEASUTCINCIIE .. .eeeitieeitieeiteeeriteeesteeesateeeseteeaaeeeasaeessseesssseesssseessnseesssseesnsseesnsses 51
Table 4.6. CdTe Quantum Dots excited by Argon laser at 514.5 nm with a power of 150 mW
average Of 20 MEASUTCINENTS. .. ..ecouuiiiieiieeiieiteeiee ettt te et esieesteestee e bt e teeebeesseesnbeesseesnseans 51
Table 4.7. Fundamental modes in Raman Spectra ...........ccccveeveriinienicnicneeneeienecesenee 73

Table 5.1. Optical transSmission MEASUTEMENLES ........c..eeeruveeerireeniuieerireerieeenreeerreeenereesnneens 75



LIST OF SYMBOLS/ABBREVIATIONS

LO®

OD
P;

RG

0D
1D
2D
3D

Absorbance

Critical radius

Arbitrary unit

Energy

Bandgap

Urbach Energy

Electron volt

Planck’s constant

Infrared

Reference value

Angular momentum

Thickness of the sample

Longitudinal optical phonon frequency
Longitudinal optical phonon frequency bulk
Effective mass

Optical Density

Raman modes

Average radius of quantum dot

Red and black glasses, infrared transmitting
Volume

Potential

Zero Dimension

One Dimensional

Two Dimensional

Three Dimensional

Griineisen parameter
Dielectric constant

Wavelength

Xil



AG:
AGa
Ao

Aw®

Frequency
Dimension

Wave function
Free energy
Activation energy
Strain on glass host

Phonon confinement

Xiii



1. INTRODUCTION

The sample composition and physics of quantum dots embedded in solids is of fundamental
importance in the properties and tailoring of nanodevices that are increasingly being
integrated into information technology, electronic, magnetic, mechanical and biological
systems [ 1-5]. Conceptual foundations of nano technology began with the famous speech of
Richard Feynman “ There is a plenty of room at the bottom” in 1959. His speech is about
control and manipulation of atoms. 15 years after his speech, in 1974 Norio Taniguchi
defined the term nanotechnology in his paper ion-sputter machining[6]. In 1977 Dr. K. Eric
Drexler originated molecular nanotechnology concepts at MIT and in 1986 his book
‘Engines of Creation: The coming era of nanotechnology’ published [7]. Drexler discussed
about possibilties, dangers and hopes about nanotechnology in the future. The first quantum
dots were discovered by Alexei Ekimov in a glass matrix and the solutions by Louis E. Brus.
From then on quantum dots are investigated for semi conductors in different media. First
carbon nanotubes were discovered by S. liiojima in 1991 [8]. A few years later than 1999
first Nano Medicine book was published by Robert A. Freitas Jr. [9]. Using quantum dots in
biological systems is quiet dangerous for now. Unfortunately, most of the quantum dots are
toxic, shelf life for CdTe quantum dots are very important for different applications, the most
common nanoparticles used in medication is cadmium teluride because its quantum
confinement regime covers the entire optical spectrum [10]. Cadmium ions were the main
reason for cytotoxicity, because they are able to bind to thiol groups on critical molecules in
the mitochondria and cause enough stress and damage to cause significant cell death [11,12].
Nanoparticles in liquids are inside a free medium in which they can easily migrate and so
join up with nearby nanoparticles to form larger colloids; this causes a limit on their shelf-
life. Using nanoparticles for semiconductors long shelf life is required for stability. The
importance of the solid matrix comes from the quantum dots embedded in glass having a
very long shelf-life because they are inside a constrained medium. When the size of bulk
semiconductor is reduced to nanometer scales, the crystal gains new optical and electronic
properties. Energy levels are quantized as in atoms and the energy difference between
successive levels widens with the inverse of the size squared [13-21]. As mentioned in the
definition, semiconductors have an energy bandgap due to the interaction of electrons and

holes. These bands are called “conduction” and “valence bands”. The energy bandgap is



located between conduction and valence bands. It is also called the forbidden band. The size
of the energy gap determines whether the medium is an insulator, a conductor or a
semiconductor. In this study, Schott optical filter glass RG 830 (Red and Black glasses, IR
transmitting) is used. It is a well known commercial optical filter containing CdTe. To obtain
CdTe nanocrystals, heat treatment procedure is applied to RG 830 optical filter. Outlines of
the heat treatment procedure is RG 830 optical filter sliced to dimensions of
10mmx10mmx10mm. These samples were melted at 1100°C for 15 min and quenched
rapidly to room temperature by using an air blower, then treated at 400°C for two hours to
avoid internal stress, protect and prepare the sample for the final thickness and long term
heat treatment. The samples were then treated at 600°C for 6 hours, 8 hours, 10 hours, 12
hours and 24 hours to grow different sizes of CdTe nanocrystalle [22]. This procedure will
be explained in detail in the experimental methods section which also includes metrology
science. Prepared CdTe nanocrystal in zinc-containing glass matrix is investigated by Raman
spectrescopy and absorption spectroscopy for understanding the characterization of the
CdTe quantum dots. Spectroscopy is a branch of science which investigates light. When the
light hits any kind of matter, there will be an interaction between the light and matter. Light
can be reflected, absorbed, scattered or transmitted through the matter during this situation.
The wavelength of the light and the type of the material affects this interaction and this is
the main purpose of spectroscopy measurements. In Raman spectroscopy scattered light is
examined in detail. Scattering is a form of reflection, but due to the irregularities of the
surface, the light that hits the surface is reflected as scattered. The scattered light gives
information about the materials on the surface of the medium. Raman spectroscopy is used
to define CdTe nanocrystal using Green Argon laser of 514.5 nm wavelengh as excitation
source. Secondly, absorption spectroscopy is used. Visible light lies in the wavelength range
380-700 nm, a halogen lamp which covers all the visible wavelength range is used as a
visible light source. Prepared samples are located between the light source and
monochromator respectively. When the light is absorbed by the media, valence electrons are
excited from their ground states to higher energy levels. The Gaussian peak in each
absorption spectrum results from the lowest electron hole pair transitions in CdTe
nanocrystals embedded in zinc-containing glass matrix. By plotting the Absorption
Coefficient vs Energy graph, bandgap energy can be found. The radii of quantum dots are
examined with two different methods. The first method is the effective mass model in strong

confinement limit [23] and the second method is numerical solutions to Schrodinger’s



equation. To use the effective mass model first of all the band stucture must be well
reviewed. As a result of this study the defect levels below bandgap are discussed by Urbach
tail method [24,25]. Breifly Urbach tail is related with amorphous materials and related to

localized states at the band edges.



2. THEORY

2.1. QUANTUM SIZE EFFECT

When the physical dimensions decrease to the nanometer scale, the quantum size effect
becomes significant. A quantum dot is a semiconductor whose excitons are confined in three
dimensions [26]. An exciton is a bound electron-hole pair which are attracted to each other
by Coulomb force. In a bulk semiconductor, an electron-hole pair is bound within a Bohr
exciton radius. If the electrons and holes are squeezed below Bohr radius then the
semiconductor’s properties will change. For further information starting from Bohr model

of hydrogen atom is described with a scheme below.

Hydrogen Atom An Exciton

Figure 2.1. Bohr radius

In Bohr model angular momentum L,
mvr, n— n=1, 2, 5,°-, .

Bohr radius

_n’h?g;  n? (2.2)
= mzer ~ 7

r, = 0.529 x 10~ 1% (2.3)



Bohr radius is the sum of electron Bohr radius (ac) and hole Bohr radius (an)

ar = a, +ap (2.4)
€ h? ch? (2.5)
a, = —meez ,Ap = mhez

R is the average radius of quantum dots, if R >> a; we call it weak confinement, if R << a,
we call it strong confinement. For CdTe a; is about 7.5 nm The most important part of the
theory is the behaviour of the exciton. Exciton behaves like an atom, a good approximation
is the three dimensional model of a particle in a spherical box [27]. To understand the three
dimensional model of a partical in a box, first of all effective mass model, Bohr radius and

one dimensional particle in a box must be studied.
2.2. EFFECTIVE MASS MODEL

The effective mass model is used to calculate the electronic structure of the quantum dots.
The conduction and valence bands for bulk medium are approximated by simple isotropic
bands. Using effective mass approximation and from Bloch’s theoreom the wavefunction

can be written as,

W = Une(Pe™) (2.6)

where, U, 1s a function of the periodicity of the crystal lattice, the band index n and the
wavevector is k. In the effective mass model the conduction band energy and the valence

band energy are approximated as,

h2k? 2.7)
c=—— 4+ E
k 2mg, + g
h2k? 2.8)




The electrons and holes act like free particles which have an effective masses that incorporate
the periodic potential felt by the carriers. Bloch’s theorem states that the eigenfunctions for
a system may be written as the product of a plane wave envelope function and a periodic

function Uy, () that has the same periodicity as the potential [28]. The electron effective

mass depends on the wavevector k and envelope wave function W,,. Below in Figure 2.3,
the difference between the nanomaterial and its bulk state of energy level and band gap is

shown. Bohr radius of a particle is defined as [29]

m 2.9)

where ¢ is the dielectric constant of the medium, m" is the effective mass of the particle, m
is the mass at rest of the free electron and Bohr radius of the hydrogen atom is ag. Excitonic
transition energy and blue shift in the absorption are caused by the quantum confinement
effect. This takes place when the particle size gets close to Bohr exciton radius. Quantum
confinement effect also causes a chance of continuous energy bands of a bulk medium to

discrete energy levels. Discrete structure of energy levels gives discrete absorption spectrum.

Table 2.1. Quantum confined structure vs Bulk structure

Structure Quantum Confinement Number of free
dimensions
Bulk 0 3
Quantum dot / 3 0
Nanocrystals

As greater numbers of dimension are confined, the energy levels can be found more discrete.
Strong confinement depends on the dimension, Figure 2.2 shows below the density of states

in bulk, 2D, 1D and 0D semiconductor structure.
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Figure 2.2. Density of electron states as a function of dimension.

The optical absorption spectrum is proportional to the density of states.
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Figure 2.3. Bandgap difference between nanomaterial and bulk material.



CdTe quantum dots in glass are a kind of zero dimensional objects, various names are given

for this type of systems such as quantum dots, nano crystals, quantum boxes etc. Assume a

quantum box with infinite side lenghts L., L, L.. The wave function will be

P = G (X P (Y)dn(2)

Solution will be in the form of standing waves

P, (x) = \/LE sin(k,x)

The energy will be

Er = E; + Eq + Eyy +Ep

_ n’k;  h? (n)zlz

2m  2m\L,

E
xl Lx

(2.10)

(2.11)

(2.12)

(2.13)

A more realistic solution for our study Schrédinger Equation can be solved for a finite

quantum well.

Vi
|
!
!
|
!
!
|
!
|
!
!
|
Region I Region 11 Region 111
s
-a/2 0 a/2 X

Figure 2.4. Finite square well, width a, depth V.



Region |
x<—-aV(x)=V, (2.14)
Substituting this equation into time-independent Schrodinger equation, the equation below

can be found, by solving Schrodinger Equation for infinite potential well, confined energy

levels of nano structures can be predicted.

K2 d2w+le_Elp (2.15)
2m dx? ot
d*¥ 2m (2.16)
oz =z Vo )Y
d2y (2.17)
il 2
axZ =K-¥Y
, _ 2m (2.18)
K= F(VO —E)>0
-~ (2.19)
X = ?(Vo E),

This is real
Solution for this differential equation

Y = Be** + De ¥ sinceyy » 0andx » —o0, D =0 (2.20)

Y = Be™™ can be found for region I
A similar solution can be used for Region III

x=aV(x)=V, (2.21)



10

Y =Ae ™ +D'®" sinceyy > 0andx - +o0, D' =0 (2.22)
lIJIII = Ae_Kx (2.23)

For region III
—a<x<a, V=0 (2.24)

Substituting this equation into time-independent Schrédinger equation, the equation below

can be found.

n2 d2y, (2.25)
__ Al =F
2m dx? +0
a2y, 2m (2.26)
oz wmElt
dy X 2mE 2m (2.27)
W__klp” k4 = % > 0, => k= FE

Since the potential well is symmetric, we have three solutions, one even, two other odd

solutions.
Y = C cos(kx) for even parity

Y;; = Dsin(kx) for odd parity

At a/2 , for even parity

C cos (k —) = Ae"‘% (2.28)
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_ : a (2.29)
Ck sin (K 2) = —Axe "2
Dividing equation (2.25) by equation (2.26)
K ka 2.
() -
For negative parity solutions
K ka 2.31
E = — cot (7) ( )
= = tan (k_a + E) (232)
ko 2 2

om om (2.33)
since k = ?(Vo —FE) and k = FE

In both equations above (2.27) and (2.28-2.29), the energy E, is the only unknown
component. These two equations are transcendental equations, which means that they cannot
be solved analytically then we have to solve them numerically. For numerical solutions these

equations can be written as dimensionless form, Z and Zo

(2.34)
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(2.35)

Zo contains the depth of the potential well as V' and a as its width. Z contains energy £ for

om om (2.36)
K = ?(VO—E)andk= ?E

solving.

2m 2m 2.37
KIZZ?(VO—E):?VO—ICZ ( )
2\% 1 (2.38)
e=ea )
K? (22 (2.39)
2|z !
(2.40)

Solving Z, we will find energy eigenvalues E, for our finite well
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Figure 2.5. Wave functions for Infinite and Finite potential wells repectively.

2.3. QUANTUM DOT IN A SPHERICAL BOX

There are different descriptions of confinement regimes for quantum dots. Particle in a
sphere model is a simple model to start understanding size-dependent properties of CdTe,
quantum dots grown in borasilicate glass. The electron confined in a QD assumed spherical

in shape with radius a, and the confining potential is infinitely deep potential [30].

V=20 r<a, (2.42)
V= o r>a.

The Hamiltonian can be written below, for spherical coordinates

. h? 16(26)+ 1 6(_06)+ 1 02 (2.43)
= " 2m |r2ar\" ar) T r2sing 90\°""" 9] " r2sinzg 9g2|
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By using the seperation of variables method, one electron envelope wave function will be

written by using

Y(r,0,¢) = R(r)Y(6, ¢) (2.44)

Equation (2.39) can be rewritten by using time independent Schrédinger Equation

HY(r,0,¢) = EY(r,0, ) (2.45)
and we get
1d drR\ 2m’ (2.46)
— e 25 _
= () + S =10+ )

i 96('06Y>+62Y— I(1 + 1)Ysin?6 (247)
sin g \Sinf = e ( )Ysin
Y(6,¢) = 0(6)P(¢) (2.48)
0 and ¢ dependent terms can be separated
1d?® (2.49)

— 2
odg?

The equation (2.49) is the harmonic oscilator equation [31].
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1 d de 2.
65in9 E(sin@ %) + (1 + 1)sin?8 = m? (2.50)
The solution to equation (2.51) is
D, (P) = Ce™? (2.51)
where C is an arbitrary constant and m = 0,+1,£2.43,.... The condition is given in equation
(2.52),
(P + 2m) = P(¢P) (2.52)
the solutions to the equations (2.47) and (2.50) [32-34] are
R(r) = AJ;(Ar) (2.53)
0(8) = BP™(cosh) (2.54)

where Ji(4r) is the Spherical Bessel’s Function in the order of /, A = /% E and P/"(cos#),

is Legendre Function.

R;(a) = Aj;(Aa) =0 (2.55)

A=xn,/a (2.56)
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The wave function R(7) can be written as

R, (r) = A, (%7’) (2.57)

2.4. GROWTH OF QUANTUM DOTS

CdTe quantum dots in borosilicate glass were grown by heat treatment process. Size
dispersion, average radius of quantum dots and the number of quantum dots per unit volume
are major quantities to be controlled in the development of quantum dot based devices.
Quantum dots in glass first nucleate during quenching the glass melt and then by diffusion
of ions through the borosilicate glass they start to grow at heat treatment temperature. When
the reactants (Cd,Te, Se, or Zn) have been consumed the small quantum dots disappear and
redeposit on larger quantum dots, this situation is known as Oswald ripening. These are the
three distinct precipitation stages: Nucleation, normal growth and oswald ripening [35]. At
the first stage, the formation of the new phase depends on the thermal change of the medium,
which brings the atoms to new positions compared to the untreated medium. This process is

known as nucleation. The critical radius a” of the nuclei is given by

20 (2.58)
AG,

a* =

The formation of nanocrystalls, rate of nucleation R is given by

AG, + AGa)] (2.59)
kyT

R=Aexp [— (
where AGe= 1616°/3AG,? is the free energy to form a critical nucleous, AG, is the activation
energy for the atoms to jump across the nucleus matrix interface, AGy is the free energy of
bulk per unit volume, o is the interface free energy per unit area. The distribution of the

nuclei radius is given by P(a).
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4o (a — a*)2> (2.60)

P(a) = Pyexp (— 3K.T
B

The supersaturation value controls the number of nuclei and the critical radius. The higher
the supersaturation value, the smaller the critical radius and the smaller clusters can grow.
From here, the standard deviation Aa of the nuclei radius of average size a.y = a" can be

written as

_ (SKBT)1/2 (2.61)
8mo

>
Q
I

During nucleation process, the average radius size and size distribution depend only on ¢

and 7.

2.5. ABSORPTION SPECTROSCOPY

Properties of borosilicate glass doped with CdTe nanoparticles properties are found to be
strongly size dependent [27]. It is known that nanoscale systems have different properties
than bulk systems. In this study the absorption spectroscopy is first used to find the bandgap
of CdTe nanoparticals, then by using bandgap energy, the radii of the CdTe quantum dots
doped in the borosilicate glass are estimated. Below Figure 2.6 sample of absorption
spectroscopy graph comparing as received sample, melted sample and heat treated sample

[36].
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Figure 2.6. Optical absorption spectra for as received colour glass filter doped with CdTe

(1), melted (2) and heat treated (3). Oriel Model 70310 serial no 176 monochromator is

used to obtain absorption spectroscopy data.

Theorotical basis of estimating radii of the quantum dots depends on some mathematical and
physical calculations and properties. Absorption spectroscopy is an analytical technique
based on measuring the amount of light absorption of radiation passing through the sample.
During this passage molecules can be excited by absorption of light. Molecular excitation

energy is usually transferred to kinetic energy as heat by the collisions of the excited

molecule with another molecule. The intensity of light transmitted is less than the intensity

of the incident light. To calculate the absorbance and optical density the following equation

named as Lambert-Beer is used below.

I
A =log (70)

(2.62)
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Io I

«—>
L

Figure 2.7. A denotes Absorbance, Iy is the reference value of the media, 7 is the

transmitted value after the sample in the equation above.

A
op =2 (2.63)

where, OD means Optical Density, which describes the amount of attenuation, 4 absorbance,
L thickness of the sample. In this equation L is measured by cm, 4 is measured by
wavelength nm, OD is dimensionless.To find bandgap energies Tauc relation is used [37].

The absorption coefficient o for a medium can be written as equation (2.64)

o= Ay — E,)" (2.64)

Where, E, is the bandgap, A4 is constant and different for different transions, /v is the energy
of the photon in (e)’) and n is the nature of the sample transition. The “n” in the equation
(2.64) has values 1/2, 2, 2/3, and 3 for allowed direct, allowed indirect, forbidden direct,
forbidden indirect transitions respectively [38-40]. The E; of the quantum dots can be
calculted by extrapolating a straight line to the (0zv)? versus (hv) plot [41]. The intercept
point on the energy axis optical band gaps can be determined. Equation (2.64) can be

simplified as equation (2.65).

(ahv)? = hv — E, (2.65)
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(o x hv)? vs hv curves are plotted below, the straight lines on the graph show the bandgap

energies.
c 1240 (2.66)
hv =h—-= —
YEMIT T2
Equation (2.66) can be translated into
1240\* 1240 (2.67)
() =&
A A

A is the absorption value that could be detected by spectrometer, A is the detected
wavelength. In results section figure 4.16 extrapolating a straight line to (akv)? versus (hv)
plot for given samples are shown. Each colour indicates a different sample with different
sample thickness and annealing time. According to the results of bandgaps for the different
samples, the particle sizes of quantum dots can be found by using effective mass

approximation equation.

h2n2<1 1) 1.786¢2 (2.68)
AE, = -

97 2Rz \m; m; 41eR

2.6. URBACH DISORDER

The Urbach edge is measured by absorption spectroscopy and analysed for different types
of media, mostly for crystallines and amorphous solids. The main purpose of the Urbach
method is the temperature dependence, of the amorphous or crystalline solids which show
disorder during the formation process. Urbach rule gives some important information about
dynamic properties of first excitons [42]. The width of the optical absorption tail at long
wavelengths depends on the spread of electron energy levels within the structure, called the
Urbach energy [43]. The Urbach energy (E.) is proportional to the reciprocal of the slope of
the straight portion of /na against energy (£) curve according to the equation below where

E, is the bulk bandgap energy of CdTe
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@ = age ) (2.69)
Ina = lnay + E—Z (2.70)
Urbach Energy depends on the disorder [44].
E, = ZE—;’O[X + coth (ZI’f:T)] @.71)
(Us) 2.72)

X =107,

where X is a measure of disorder and temperature. (U2), is the mean square deviation of
atomic positions caused by actual structural disorder, and (U?),, is the zero-point

uncertainty in the atomic positions.
2.7. RAMAN SPECTROSCOPY

Raman Spectroscopy [45-46] is based on the Raman Effect, which is the inelastic scattering
of photons by molecules. In a typical Laser Raman Spectroscopy, light from a laser in the
UV-Vis-IR [47] range of a known wavelength and polarization is allowed to be scattered
from a Raman active sample. The scattered light is then analyzed for frequency and
polarization. If the emitted photon has the same wavelength as the scattered photon; the
phenomenon is known as “Rayleigh scattering”. A small fraction of the incident photons
undergoes an interaction with the target sample and thereby experiences inelastic scattering.
In such a case, the incident laser light interacts with molecular vibrations, that is, phonons,
or other possible excitation sources present in the system and thereby resulting in a shift in
the energy of the scattered laser photons either up or down. If the frequency of the scattered
photon is lowered, then the phenomenon is called “Stokes scattering”. If the energy of the

photon is shifted upward it is called “anti-Stokes scattering”.
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Figure 3.12. Raman Scattering Process. Scattered energy shown as downward arrows,

diagram. The lowest vibrational energy state, m is shown at the bottom of the diagram and

the increasing energy state is above m. Both the low energy and the scattered energy have

much larger energies than the vibrational energy [46].

The shift in energy provides information about the vibrational modes of the molecule.

Although Raman scattered light is frequency-shifted with respect to the excitation frequency,

the magnitude of the shift in energy is independent of the excitation wavelength. The

resulting “Raman shift” is therefore an intrinsic property of a molecule which makes the

Raman Spectroscopy a powerful experimental tool for analytical studies. The vibrational

modes (or frequencies) for a sample under consideration can be determined by Raman

spectroscopy. The Raman shift or the difference in wavelength between the incident Laser

light and scattered light is called Raman shift which equals the vibrational mode Renishaw

inVia Raman Microscope is with 514.5 nm green Argon laser used in this thesis. The Raman

shift (RS) which is related to the vibrational frequency of the crystal under consideration is

given by equation (3.1).

RS(cm™) = <

107

107

A(nm) A (nm)>

(3.1)

where ;i is the wavelength of incident laser light and As is the wavelength of scattered laser

light.
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The vibrational frequencies (or modes) are the finger prints for crystal structures. Different
crystals have different frequencies. Some of fundamental vibrational frequencies are listed

in the table 2.3. below [48,50]

Table 2.2. Fundemental vibrational frequencies

Crystalls Vibrational Frequencies (cm™)
CdTe 170.8
CdS 301.0
CdSe 210.3
ZnTe 217
ZnS 320

The crystal under investigation is excited by strong lazer light at frequency w; and the
frequency scattered light is measured. The difference between the two gives the vibrational
frequency of the crystal. However the vibrational frequencies we observe in Raman
measurements might be shifted due to nanometer size of the crystal (phonon confinement)
and the strain between the nanocrystal and host matrix. That is why it is an important task to
distinguish the shift due to phonon confinement and strain. An order of magnitude estimate

can be performed by using Griineisen method [51].

Griineisen proposed that the ratio of percentage decrease in vibrational frequencies (®) of
the individual atoms to percentage increase in volume (V) is a constant which depends on

the properties of the solid, that is,

dnw  dw/w (2.73)
dlnV ~  dV/V

'}/:

where vy is the Griinesian parameter.

Integrating Equation (2.45) over o from frequency m; at a volume of Vi to o2 at V>

WY

fwz dw fvz dv (2.74)

w1 V1
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w5 v, (2.75)

Considering a unit cell volume for cubic crystal of lattice constant a,

V=ad (2.76)
W, a,\ =3 (2.77)
In—=1In (—)
w1 a,
wy <a2>‘37’ (2.78)
W \g
w, = w; T Aw (2.79)
a, =a, £ Aa (2.80)
w;tAw <a1 + Aa>_3y (2.81)
W1 B a,
Aw Aa\" (2.82)
1= (1+>)
w1 a;
Using Taylor’s approximation
Aw Aa 2.83
w1 a

There are three contributions to the shift in Raman modes (P;) with respect to bulk phonon

frequency <LO;®>.

1- Phonon confinement which produces a red shift (A w®),
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ii- compressive strain on the nonacrystals exerted by the glass host ( Aw) which
produces blue shift. Since the thermal expansion coefficient for glass is greather than
that of the crystal

1ii- i1i-Change in composition. Assuming no change in composition. The overall Raman
shift. Following the work by Spangola et al. the blue shift in Raman spectra due to
the of the crystal might be determined.

P, = LO? + Aw® + Aw* (2.84)
AwS = P, — LO? — Aw® (2.85)
Aw® P, — Aw® ’ (2.86)
LOF Loy
Aw’ P; — AwS (2.87)
1+ =
LOg LOg
(1 Aa)_3y _ P —Aw® (2.88)
a L0,
L 3e (Pl- — ch>‘1/y (2.89)
a \ LOg
1
Aa (Pi — ch)_? (2.90)
a LOg

In the paper by Spagnolo et al [52] the strain versus average radius is given in results section

using Figure 4.22.
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3. MATERIALS AND METHODS

How to grow Group II-VI Quantum Dots in glass will be explained in detail in this section.

3.1. PREPARING SAMPLES

In this study, Schott RG 830 optical filters are used. RG 830 optical filter glasses have a
composition of Cadmium, Cadminium Oxide, Tellurium, Selenium, Zinc Oxide, the detailed
chemical compositon is given in the Appendix C from the manufacturers technical safety
information sheet. The size of the untreated plate sample was 165 mm x 165 mm x 4 mm.
At the beginning the main problem is to prepare glass samples from this plate to the size of

10 mm x 10 mm x 2 mm.

Figure 3.1. RG 830 Plate.

A grid template with a size of 10 mm x 165 mm is prepared, using this template RG 830
plate cut into 10 mm (width) x 165 (height) mm x 4 mm (thickness) by a standard diamond
glass knife. Then these 15 pieces are cut into two to reduce the thickness to 2 mm, homemade
wooden rail with a thickness of 4mm is prepared and Buehler diamond disc (15 HC Serial
Number 11-4344) attached to electrical motor with a water cooling system, is used for
cutting 4mm thickness of glass to 2 mm. below pictures of the system and its components

can be seen.
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Figure 3.2. Wooden rail for cutting the width of the sample glass.

Figure 3.3. Close view of wooden rail and the glass sample fitted inside.

[Pas 1 hapan A Cha s OLDVE [ 102 G a 0.0 men]

BLUEHLER

'

Figure 3.4. Buehler wafering blade used to cut the sample.

BERIEE 18 HC OlaAMOND
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Figure 3.5. Buehler Diamond Disc.

Complete system and the act of cutting 4mm thickness of glass into 2mm thickness shown

below.

Water cooling p

Figure 3.6. Glass cutting system.
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Figure 3.7. Close view of glass cutting system

Now the sizes become 10 mm x 16 mm x 2 mm, after this process, a new grid template
prepared and using standard glass knife slices reduced to 10 mm x 10 mm x 2 mm, as is seen

below. Now RG 830 plate sliced into pieces and ready for heat treatment.

Figure 3.8. After slicing the plate glass RG830
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3.1.1. Heat Treatment Procedure, Quenching

Heat treatment procedure consists of three sections. First of these three sections is tempering
the sample on a 20 mm x 20 mm platinum plate at 1050 °C for 15 minutes. Hart Scientific
Block Calibrator is used as a heat source, with a stability of 0.5 °C. Tempering procedure
starts with heating the calibrator to 1050 °C, at which it waits for at least 30 minutes for
stability. Calibration methods are used to define the temperature change in the calibrator. A
newly calibrated S type thermocouple is used for measuring the temperature more precisely.
When the calibrator stabilized at 1050 °C the sample is placed on a platinum plate
dimensions of 20 mm x 20 mm the plate attached on a L-shaped iron clamp which is also
at 1050 °C. The sample placed on the platinum plate is located at the bottom of the furnace
by the help of the iron clamp for 15 minutes. After 15 minutes the sample is taken out from
the furnace suddenly and quickly cooled with an air blower. At this moment, it is seen that
dark coloured samples become transparent. Basically, transparency can be explained as, the
case where if a material appears transparent then it does not strongly absorb or diffract light.
Transparent formation occurs because of amorphous structure of the glass, at this time there
are no quantum dots or crystal structure in the glass. Due to the quick cooling, stress occurs
on the glass sample. To avoid this, the sample will be annealed with a temperature of 400
°C for two hours. After the annealing prepared samples are now ready for growing CdTe
quantum dots. To grow CdTe quantum dots in glass matrix samples are heat treated at 600
°C for 1, 6, 8, 10, 12 and 24 hours. In this process samples begin to change their colours
from transparent to dark brown, depending on the time elapsed in the furnace at 600 °C. To
analyze these samples with Raman spectroscopy and UV-Vis spectroscopy, the thickness of
each sample must be below 0.8 mm. Thinning is a difficult process, many of the prepared
samples were broken during thinning. For thinning, 300 mm x 400 mm x 10 mm glass plate
is used as a base, each sample attached to another glass plate 40 mm x 40 mm x 5 mm with
Pattex Super Glue, for holding the sample standard glass vacuum attachments are used.
Thinning procedure is made under flowing water, using sand paper on the base plate starting
from grade number 80 to 2000 by rubbing the sample. When the samples’ thickness becomes
less than <0.8 mm, polishing is made with diamond paste. Polishing is done for removing

little scars on the surface of the sample.



31

To obtain furnace temperature, thermocouples are used and all the thermocouples that are

used during the experiment are already calibrated at Yeditepe University Calibration

Laboratory (YUKAL).

Figure 3.9. Prepared sample in furnace
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Figure 3.10. Calibration notes for thermocouple
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Figure 3.11. Calibration notes

Due to the importance of heat treatment, the temperature inside the furnace must be well
known. As mentioned above not only the thermometer of the furnace, but also an externally
already calibrated S type thermocouple is used to read the temperature inside the furnace. In
figures 3.10-3.11 pictures of handwritten calculations during the temperature reading is
shown. Fluke 5.5 digit multimeter is used to obtain thermocouple readouts as mV and then

converted into Celcius scale.



3.2. ANALYSING SAMPLES

3.2.1. Raman Spectroscopy

Raman measurements are taken by using Renishaw InVia Raman Spectrometer.

Figure 3.13. Raman spectrometer.
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Figure 3.14. Schematic diagram for Raman Spectroscopy [53].
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3.2.2. Absorption Spectroscopy

Optical absorption coefficient as a function of energy was determined by optical
transmission measurments. As shown in figure 3.14 the samples were excited by tungsten
light source which was focused on the sample and collected by a pair of plans-convex lens.
The intensity as a function of wavelength was measured by a monochromator of focal length
of 1/8 m. and a silicon photodiode connected at the output of the monochromator seen in

figure 3.15.

Oriel Model 70310 serial no 176 monochromator and Oriel Model 71580 with serial no 367
sensor is used to obtain absorption spectroscopy data. The whole device is custom-made for
this research. Specifications of the monochromator can be found in Appendix C. To obtain
better experimental results before each sample the reference value of the incident light from
source is recorded, in addition to recording the reference value, before each set of samples,
calibration procedure for the monochromator is applied. The calibration procedure of the
monochromator is shown in the manufacturer's manual. The procedure is added in Appendix

D. In figure 3.15 custom-made Absorption Spectrometer Set-up can be seen.

Figure 3.15. Absorption Spectrometer Set-up



Figure 3.16. Monochromator.
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4. RESULTS AND DISCUSSION

4.1. RESULTS

Different size CdTe nanocrystals were grown in borosilicate glass by heat-treatment above
glass transition temperature through diffusion limited growth by solid phase precipitation.
The samples under investigation are listed below. Their size were determined with the help
of quantized state effective mass theory under strong confinement regime and numerical
solution. The samples were characterized by optical absorption and Raman spectroscopies.
The vibrational phonon modes between 140-160 cm™ in Raman spectra show that Zn
precipitates into CdTe nanoparticles during growth. The blue shift in Raman lines relative
to the bulk phonon mode is observed. The defect levels below band gap are discussed by
Urbach method. The reciprocal of the slope of the straight line fit to the linear portion of the
natural logarithm versus photon energy is related to the Urbach energy which is a measure

of structural disorder.

4.1.1. Numerical Solutions for Finite Well Using Matlab Programme

Using the equations (2.27, 2.28 and 2.29) in section 2.2, the energy E is the only unknown
component. These two equations are transcendental equations, which means that they cannot
be solved analytically we have to solve them numerically. Using matlab program, these
numerical solutions are obtained for finite well [54-56]. Figure 4.1 shows the numerical

solutions for finite well, energy plotted against radius of quantum dot in nm scale.
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Figure 4.1. Energy levels for a particle in a potential well. Energy plotted against a (nm)
for V=10.5 (eV)

Table 4.1. Calculations of energy levels for a particle in a potential well. Energy listed

against a (nm)

a (nm) Total (eV ) | Total (eV,) | Total (eVs) | Total (eV4) | Total (eVs)| E, (eV)
0.50 2.88 3.80 4.46 4.98 541 18.03
1.00 2.31 2.67 2.88 3.03 3.14 5.59
1.50 2.01 2.17 2.26 2.32 2.37 3.28
2.00 1.83 1.92 1.97 2.00 2.02 2.48
2.50 1.72 1.78 1.81 1.83 1.84 2.10
2.75 1.69 1.73 1.75 1.77 1.78 1.99
3.00 1.65 1.69 1.71 1.72 1.73 1.90
3.25 1.64 1.66 1.68 1.69 1.69 1.83
3.50 1.61 1.64 1.65 1.66 1.66 1.78
3.75 1.60 1.61 1.62 1.63 1.63 1.73
4.00 1.58 1.60 1.60 1.61 1.61 1.70
4.35 1.56 1.58 1.58 1.59 1.59 1.66
4.50 1.56 1.57 1.57 1.58 1.58 1.64
4.75 1.55 1.56 1.56 1.56 1.57 1.62
5.00 1.54 1.55 1.55 1.55 1.55 1.61
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When figure 4.1 is interpolated with the help of Table 4.1 it can be noted that

1) Kinetic energy of particles increases as the potential well height increases for a
given quantum dot’s radius. This can be explained as follows: As the potential

well height increases the particle becomes more localized meaning uncertainty

equation
h 241
AxAp = = ( )
2
i1) As the size decreases the energy of the particles increases for a given potential
well height.

4.1.2. Raman Spectroscopy Results

The results of Raman measurements are given in this section along with a curve fit which
explores fine structure. Below the figures from 4.1 to 4.20 Raman spectroscopy plots are
given, the green lines in the plots show the peaks and the hidden peaks found by using
Lorentz function, also in the figures from from 4.1 to 4.20 each sample investigated by two
different intensity parameter as 30 mW and 150 mW and on the average measurement with
10 measurements and 20 measurements. Raman intensity is an important tool to get better
results depending on the optical properties such as cleanness and colour of an analyzed glass
[57,58]. The figures from 4.1 to 4.4 are the Raman measurements for as received sample.
The figures from 4.5 to 4.8 are for melted sample. The figures from 4.9 to 4.12 are for heat
treated sample and the figures from 4.13 to 4.20 are for the samples that are heat treated at

600°C for 2, 6, 8, 12 and 24 hours.
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Figure 4.2. CdTe QD's as received sample excited at 30 mW with an average 10
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Figure 4.3. CdTe QD's as received sample excited at 30 mW with an average 20

measurements.
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The difference in figures 4.2 and 4.3 above, is the change in the average measurements. The
Raman shifts for both measurements at 137.82 cm™ and 148.42cm™ nodes did not change
by the average measurement but some new hidden nodes appeared. Below in Figures 4.4
and 4.5 Raman intensity is increased from 30 mW to 150 mW for the as received sample.

The results are investigated for an average of 10 and 20 measurements.
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Figure 4.4. CdTe QD's as received sample excited at 150 mW with an average 10

measurements.

Changing the average measurements from 10 to 20, some peaks of the Raman shift slightly
changed first, second, third and the fifth peaks changed within =1 cm™, while the two peaks
15547 cm™ and 171.33 cm™! did not show any change. The reference value of CdTe
vibrational frequency is 170.80 cm™ [48].
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The figures below from 4.6 to 4.9 are the melted samples.
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Figure 4.6. CdTe QD's melted sample excited at 30 mW with an average 10 measurements.
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Figure 4.8. CdTe QD's melted sample excited at 150 mW with an average 10

measurements.
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Figure 4.9. CdTe QD's melted sample excited at 150 mW with an average of 20

measurements.

Melted sample is investigated like the as received sample again. First the average
measurement is changed from 10 measurements to 20 measurements excited at 30 mW than
the intesity changed from 30 mW to 150 mW and again number of measurements changed
from 10 to 20 measurements. For the Figures from 4.7 to 4.9 the Raman shift at 169.57cm’!
did not change, but in Figure 4.6 the peak appears at 171.33cm™. The figures below from
4.10 to 4.13 are for the heat treated sample. Raman shifts are again investigated with the
same method. In Figures 4.10 and 4.11 the heat treated sample excited at 30 mW and the
different average measurements from 10 to 20 is recorded, in Figures 4.12 and 4.13 the heat

treated sample is excited at 150 mW with the same average measurement method.
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Figure 4.11. CdTe QD's heat treated sample excited at 30 mW with an average of 20

measurements.
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Heat treated sample measurement results are between the range of 169.50 cm™ to 171.26
cm’! which is also coralated with the reference value of CdTe. All the measurements are
made for to understand the difference or the relation between the intensity parameter and the

number of measurements for as received, melted and heat treated sample.

Below from the figures 4.15 to 4.21 the heat treatment for all the samples are at 600°C, all
the samples are excited at 150 mW with an average of 20 measurements but the heat
treatment periods are changed from two hours to 24 hours. The change in the duration time

is related with the quantum dots sizes inside the glass.
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Figure 4.14. CdTe QD's heat treated sample at 600 C for two hours, excited at 150 mW

with an average of 20 measurements.
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Figure 4.16. CdTe QD's heat treated sample at 600 C for 6 hours, excited at 150 mW

with an average of 20 measurements.
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Figure 4.17. CdTe QD's heat treated sample at 600 C for 8 hours, excited at 150 mW

with an average of 20 measurements.
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Figure 4.15. CdTe QD’s heat treated sample at 600 C for 10 hours, excited at 150 mW

with an average of 20 measurements.
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Figure 4.19. CdTe QD's heat treated sample at 600 C for 12 hours, excited at 150 mW

with an average of 20 measurements.
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Figure 4.20. CdTe QD's heat treated sample at 600 C for 24 hours, excited at150 mW

with an average 20 of measurements.
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Figure 4.21. Raman peaks for heat treated samples at 600°C for 2, 6, 8, 10, 12 and 24

hours, excited at 150 mW with an average of 20 measurements.
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Raman Peaks are listed below from Table 4.2 to Table 4.6 for all the samples that are
investigated. In Table 4.2 and table 4.4 same samples investigated with different intensities
as 30 mW and 150 mW with an average measurement of 10 times. In Table 4.2 and Table
4.4 the samples are again investigated in different intensities as 30 mW and 150 mW with

an average measurement of 20 times.

Table 4.2. CdTe Quantum Dots excited by Argon laser at 514.5 nm with a power of 30
mW average of 10 measurements.

CdTe Quantum Dots excited at 514.5 nm 30 mW average 10 measurement
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
Raman Shift | Raman Shift | Raman Shift | Raman Shift | Raman Shift
(em™) (em™) (cm™) (em™) (em™)
As
Received 137.82 143.12 148.42 159.00 171.33
Melted 137.82 148.42 155.47 162.52 171.33
Heat

Treated 141.26 148.35 151.87 158.93 171.26

Table 4.3. CdTe Quantum Dots excited by Argon laser at 514.5 nm with a power of 30
mW average of 20 measurements.

CdTe Quantum Dots excited at 514.5 nm 30 mW average 20 measurement
Peakl
Raman Shift | Peak 2 Raman | Peak 3 Raman | Peak 4 Raman | Peak 5 Raman
(cm™) Shift (cm™) Shift (cm™) Shift (cm™) Shift (cm™)
As
Received 137.82 148.42 153.71 160.76 169.57
Melted 139.59 144 .89 153.74 162.52 169.57
Heat
Treated 137.75 143.05 155.4 160.69 169.50
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Table 4.4. CdTe Quantum Dots excited by Argon laser at 514.5 nm with a power of 150
mW average of 10 measurements.

CdTe Quantum Dots excited at 514.5 nm 150 mW average 10

measurement
Peak 1
Raman Shift | Peak 2 Raman | Peak 3 Raman | Peak 4 Raman | Peak 5 Raman
(cm™) Shift (cm™) Shift (cm™) Shift (cm™) Shift (cm™)
As
Received 136.06 143.12 150.18 155.47 171.33
Melted 137.82 143.12 150.18 155.47 169.57
Heat
Treated 139.52 144 .82 151.87 157.17 169.50

Table 4.5. CdTe Quantum Dots excited by Argon laser at 514.5 nm with a power of 150
mW average 20 measurement

CdTe Quantum Dots excited at 514.5 nm 150 mW average 20

measurement
Peak 1
Raman Shift | Peak 2 Raman | Peak 3 Raman | Peak 4 Raman | Peak 5 Raman
(cm™) Shift (cm™) Shift (cm™) Shift (cm™) Shift (cm™)
As
Received 137.82 143.26 155.47 162.52 171.33
Melted 139.59 144 .89 153.74 162.52 169.57
Heat
Treated 141.28 146.58 150.11 157.17 167.74

Table 4.6. CdTe Quantum Dots excited by Argon laser at 514.5 nm with a power of 150
mW average of 20 measurements.

CdTe Quantum Dots excited at 514.5 nm 150 mW average 20 measurement
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
Heat Treated | Raman Shift | Raman Shift | Raman Shift | Raman Shift | Raman Shift
at 600°C for (cm™) (cm™) (cm™) (cm™) (cm™)
2 hours 139.59 144.89 153.71 162.52 169.57
6 hours 139.52 144.82 151.87 162.45 169.50
8 hours 138.06 143.35 152.16 157.47 169.80
10 hours 139.82 () 150.41 160.99 168.04
12 hours 141.59 146.89 155.71 164.52 173.32
24 hours 145.12 152.18 157.47 162.76 173.32

Finally using the tables from 4.2 to 4.6 we can see the correlation between the reference peak

value of CdTe to our samples in the peak 5 this will be investigated in the discussion section.
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Figure 4.42. Strain as a function of nanocrystal radius

Digitizing the plot we find

Aa 0.067852 (2.91)
— = —0.004352 + ———
a R (nm)
which equals, by using Eg 2.90
P, — Aw®\ Y (2.92)
0.067852 (‘ L0, ) -1
—0.004352 + =
R(nm) 3

The raman shift due to size is calculated.
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0.067852\ " (2.93)
—") |Log

(nm)

Aw® = P, — Kl +0.004352 —

Table 4.7. Three samples for size confinement versus radius graphic

Radius (nm) P; LOs Griinesian

Parameter
As Received 2.14 159.926 166.73 0.91
12 Hours 2.35 153.638 166.73 0.91
24 Hours 2.86 153.698 166.73 0.91

where P; is Raman node, y is Griineisen parameter and LOg, is bulk structure as 166.73 in
Eq 2.64. Solving the equation Eq 2.64 for three different samples, as received, 12 hrs and

24hrs. Aw® . Coralation between Rmm) size confinement shift and radius can be seen in the

Table 2.4 below.

Table 4.8. Size Confinement and Radius

Radius (nm) Size Confinement Shift
As Received 2.14 7.03
12 Hours 2.35 0.58
24 Hours 2.86 2.99

4.1.3. Absorption Spectroscopy Results

Samples are investigated by using UV-VIS Spectrometer, three different types of data
plotted. Figure 4.23 is the general outlook for the samples preapared with thickness 0.67 mm
and heat treated for 12 hours, 0.79 mm and heat treated for 12 hours and 0.77 mm and heat
treated for 24 hours. The figures from 4.24 to 4.26 optical absorption spectra for three
samples are presented, these samples are; as received, heat treated and melted. Optical
transmission measurements were conducted and optical absorption coefficient was

calculated by using Lambert-Bear law
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In Figure 4.27, 4.29, 4.31 (ahv)? is plotted against photon energy to calculate the asymptotic
optical absorption edge (Tauc plot) intercept points shown in the each plot is the optical gap
and in figures 4.28, 4.30 and 4.32 Ina(a) plotted against photon energy to calculate Urbach

energy for as received, heat treated and melted sample in order.
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Figure 4.25. Optical Absorption by using Tauc plot for as received sample
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Figure 4.20. Urbach energy for melted sample

Above the Figures from 4.20 to 4.25, bangap energies, urbach disorder and absorption
spectroscopies of as received, heat treated and melted samples are plotted. From the figures
4.20, 4.22 and 4.24 bandgap energies of each sample are 1.73 eV, 2.32 eV and 2.27 eV
respectively. These results are correlated with the bandgap theory, when the sizes of the nano
particles in the samples are decreasing, band gaps of the samples are increasing. According
to these results, change in the Urbach energies are expected, in figures 4.21, 4.23 and 4.25
Urbach energies of the samples are examined and the results are 0.04 eV, 0.21 eV and 0.24
eV, according to results for the as received, heat treated and melted sample the change in the
amorphous structure of the glass can be observed. Below the Figures starting from 4.26 to

4.40 heat treatment processsed samples results will be given.
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Figure 4.23. Urbach energy heat treated at 600 ‘C for 6 hours

From the figure 4.26 to 4.28 heat treated sample for 6 hours with a thickness of 0.46 mm is
examined in the Figure 4.27 band gap of the sample is 2.74 eV and Urbach energy for the
sample is 0.5 eV noted.
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Figure 4.24. Optical absorption heat treated at 600 C for 8 hours, thickness of 0.62mm.
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thickness of 0.62mm.
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Figure 4.26. Urbach energy heat treated at 600 ‘C for 8 hours
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From the figures 4.29 to 4.31 heat treated sample for 8 hours with a 0.62 mm thickness is

examined in figure 4.30 band gap of the sample is 2.63 eV and Urbach energy for the sample

is 0.63 eV noted.
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Figure 4.27. Optical absorption heat treated at 600 C for 10 hours, thickness of 0.34 mm.
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Figure 4.28. Optical absorption using Tauc plot for heat treated at 600 C for 10 hours.
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Figure 4.29. Urbach energy heat treated at 600 ‘C for 10 hours.
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From the figures 4.32 to 4.34 heat treated sample for 10 hours with a 0.34 mm thickness is

examined in the Figure 4.33 band gap of the sample is 2.77 eV and Urbach energy for the

sample is 0.43 eV noted.
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Figure 4.30. Optical absoption heat treated at 600 C for 12 hours thickness of 0.67mm.
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Figure 4.31. Optical absorption using Tauc plot heat treated at 600 C for 12 hours.
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Figure 4.37. Urbach energy heat treated at 600 ‘C for 12 hours.
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From the figure 4.35 to 4.37 heat treated sample for 12 hours with a 0.67 mm thickness is

examined in the Figure 4.36 band gap of the sample is 2.13 eV and Urbach energy for the

sample is 0.31 eV noted.
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Figure 4.38. Optical absorption heat treated at 600 °C for 24 hours, thickness of 0.78 mm.
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Figure 4.39. Optical absorption using Tauc plot heat treated at 600 ‘C for 24 hours.
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Figure 4.40. Urbach energy heat treated at 600 °C for 24 hours.
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From the figures 4.38 to 4.40 heat treated sample for 24 hours with a 0.78 mm thickness is

examined in the Figure 4.36 band gap of the sample is 1.85 eV and Urbach energy for the

sample is 0.21 eV noted. Using the results above for the heat treated samples for 6, §,10,12

and 24 hours, when the heat treatment time increases the sizes of the nanoparticles are

increasing, this can be understood by the increasing band gap energy values. Not only the

size of the nano particles is increasing but also the Urbach energies are decreasing. Urbach

energy is related with the quality of the amorphous structure, lower urbach energies

indicating improvement quality of the amorphous structure. All the results for band gap

energy and Urbach energy can be found in Table 4.7.



Table 4.7. Relation between Urbach Energy and Band gap
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CdTe/ Temperature Time Band Urbach Thickness

Glass O (h) gap (eV) (mm)
(eV)
As Received Room - 1.73 0.04 0.83
Temperature

Heat Treated 400 2 2.32 0.21 0.57
Melted 2.27 0.24 0.84
Sample 1 600 6 2.74 0.50 0.46
Sample 2 600 8 2.63 0.63 0.62
Sample 3 600 10 2.77 0.43 0.34
Sample 4 600 12 2.13 0.31 0.67
Sample 5 600 24 1.91 0.22 0.78

The samples were characterized by optical absorption, using Tauc plot [59-61 ]. The radii of

the samples are estimated by employing effective mass model in strong confinement limits

from the blue shift of asymptotic absorption edge [62,63].

Table 4.8. Radii of the samples.

CdTe/ Glass Temperature Time Radius Thickness
(°O) (h) (nm) (mm)
As Received Room - 2.14 0.83

Temperature

Heat Treated 400 2 2.08 0.57
Melted 2.14 0.84
Sample 1 600 6 1.70 0.46
Sample 2 600 8 1.78 0.62
Sample 3 600 10 1.68 0.34
Sample 4 600 12 2.35 0.67
Sample 5 600 24 2.86 0.78
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Urbach Disorder plot for as received and heat treated sample.

Lrm
[ I R

Loerzy {eV)

Figure 4.41. Ina plotted against photon energy for as received sample and heat treated
sample.The dashed lines are the linear fits to the straight portion of the data whose slopes

give the reciprocal of Urbach energy [36,64].

4.2. DISCUSSION
4.2.1. Phonon Confinement

A typical phonon dispersion graph is shown for a bulk crystal with two atoms per unit cell

o Optical branch

acoustic
branch

- K/ 0 +K/a

Figure 4.48. phonon dispersion graphic is shown.
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The wave number for the laser excitation in the visible frequencies for example for Argon
laser A =514.5nm, (514.5x107 cm)

1 107 . R (4.2)
Kpnoton 3 = 145 = 20000 cm™ = 2x10* cm

For a zone edge phonon, the wave number

1 107 o 4.3)
Kphonon =3 = 055107~ o5~ 2X107em

In bulk crystal only zone center phonons are excited since Kkphonon™>Kphoton, While in

nanocrystals

~RhAk = h 4.5)
Ax.Ap = h (4.4)
1 (4.6)
Ak = —
k R

For a nanocrystal with radius R=1 nm, Ak=1, 1nm=10 7 cm, Ak~k , k=1/10 7=10 "cm !
photon wavenumber becomes comperable to phonon wavenumber. Therefore it is possible
to excite zone-edge phonon in a crystalby a lazer light in visible region. The fine structure
observed in Raman plots at low Raman spectrum values might be due to surface phonons
since surface area to volume ratio increases with increasing radius. As the nano crystals
mean radius decreases the shift in phonon wave number decreases

_ v 4.7)

k_l?
_I_v—/f
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4.2.2. Raman Scattering

Raman spectra for melted and quenched to room temperature looks transparent, which means
it contains almost no crystalline structure as seen in Figure 4.6 and 4.8. As the heat treatment
is initiated a single peak and later a two peak structure reveals as heat treatment goes on.
Three representative Raman spectra were chosen to study in detail: i) Figure 4.54 (as
received glass), ii) Melted and heat treated at 600 °C for 12 hours in Figure 4.55, iii) Melted
and heat treated at 600 °C for 24 hours in Figure 4.56
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Figure 4.49. Raman shift for as received sample.
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Figure 4.50. Raman Shift for 12 hour sample.
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Figure 4.51. Raman shift for 24 hour sample
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Fundamental modes in Raman spectra are summarized in Table 4.7 below

Table 4.7. Fundamental modes in Raman spectra
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Sample Raman modes (cm™)
12 140.918 153.638 198.218 267.223
24 140.91 153.698 198.025 267.195
As-received 150.651 159.926 187.596 -

The ternary compound CdTeixSex displays two mode character in Raman spectra, CdTe like
mode at around 160 cm™' and CdSe like mode at around 190 cm’!. It is proposed in this work
that the difference between CdTe and CdSe like modes (Aw) is related to the amount if Se
(or Te) inCdTe;-xSex nanocrystal as is the case for CdSexSix which is the well-studied

member of ternary group II-VI compounds:

X =0.01944Aw - 0.25833 (4.8)

which was determined by using the data in [65] Table 4.7, assuming linear relation between
x and Aw. However the ternary compound ZnyCdiyTe displays single mode behavior in
Raman spectra: a single peak at around 160 cm™ for LO; mode and around 190 cm™ for LO»
mode. The compositional, that is amount of zinc (y) dependence of LO nad LO- vibrational

modes [66].

Wro,(y) = —31.322y% + 72.169y + 166.73 (4.9)

®10,() = 13.020y% — 25.602y + 166.73 (4.10)

It should be noted that CdTe and CdSe like modes for CdTexSex crystal and LO1 and LO-
modes for ZnyCdiyTe overlap. It is not expected that Se content of nanocrystal does change
based on previous studies for CdSexSi.x [67]. However precepetion of zinc into nanocrystals
were observed by other research groups working on Group II-VI nanocrystals. As a result as

received filter glass RG 830 contains 35 % Se [52] and and according to Equation (4.9) this
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gives AOexpected =31.29 cm-! for the difference between CdTe and CdSe modes. But the
observed value Awebserved =187.596 - 159.926=27.67 cm’! from table 4.7 for as received
sample. The difference between A®expected aNd A®observed might be due to less Se content in
nanocrystals in RG 830. However this figure changes when the as-received glass melted at
high temperature and heat treated at around glass transition temperature for 12 and 24 hours.
The thermal treatment history of as received glass is unknown but The Raman spectra for
these two samples display zinc incorporation into CdTeixSex nanocrystals during growth
because (i) the difference between higher wavenumber and lower wave number modes
increases substantially from 27.67 to 44.327 cm™' and (ii) the Raman intensity of lower
wavenumber peak deceases with respect to that of higher wavenumber peak. Equation (4.10)
give y=~ 0.026, that is ~ 2.6 % zinc present in nanocrystals. With zinc in it the nanocrystal

is to be properly labeled as ZnyCdi.yTei-xSex.

It is proposed that bulk band gap of ZnyCdiyTei-xSex depends on both x and y content of

the nanocrystal by the equation

Eg (eV) = 0.35x+0.75y + 0.27xy+1.5 4.11)

which gives E; =1.644 eV for x = 0.35 and y = 0.026. The optical absorption edge for as
received sample is calculated to be 1.74 eV which is 100 meV higher than what is calculated

for bulk, yet this is expected due to confinement effect increasing the band gap energy.
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5. CONCLUSION

In this thesis work Group II-VI Semiconductor quantum dots were grown in glass matrix by
heat treatment at glass transition temperature. The optical transmission and Raman
measurements were employed to study the properties of nano crystals. In Raman Spectra
vibrational modes are noticed which indicates the precipitation of Zinc into CdTei-xSex
nanocrystal during diffusion limited growth. The LO; and LO> modes at frequencies 150-
160cm™ range shift and their profile are the solid evidance for zinc incorporation into CdTe;.
xSex nanocrystalls. The Raman shifts in LO1 mode toward lower wave numbers and in LO:
mode toward upper wave numbers by around 10 cm™ is clear evidance for the incorpartion
of Zinc into particles. It should be noted that the shift due to phonon confinement is

calculated as 5cm™ which can not explain alone shifts observed in Raman spectra.

Optical transmisison measurements were performed to understand the crystalline disorder
through Urbach tail, to estimate size and asymptotic optical absorption edge throuh the
optical absorption. The results indicate that Urbach tail below bandgap is ~23meV for as
received sample and it decreases to ~3 meV and ~4 meV for melted and heat treated at 600
°C for 12 hours and 24 hours respectively. The asymptotic absorption edge is calculated as
~1.74 eV for as received sample and it increases to 1.92 eV to 2.13 eV for the samples melted
and then heat treated at 600 °C for 12 hours and 24 hoursrespectivly. The increase in bandgap
energy is due to both quantum confinement of charged particles and Zinc incorporation to
the nano crystalls during growth. Optical transmission measurements were performed to
estimate average nanocrystal radius, size distribution and to understand the crystalline

disorder. The numerical results estimated are summerized below Table 4.8

Table 5.1. Optical transmission measurements

Rama.n Asymtotic Radius Urbach
Samples Scattering Absorption (nm) Tail
Mode (cm™
As
Received 150.651 1.73 2.14 1.47
12 hours 153.638 1.91 2.35 1.32
24 hours 153.698 1.85 2.86 1.29
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Nanocrystals embeded in glass matrix provide a solid a stable structure up to 250 °C for
thecnological applications in opto-electronics. The results obtained in this work are based
on optical studies including optical transmission and Raman scattering measurements. They
should be backed by structural measurements such as High Resolution Transmission
Electron Microscope and small angle X-ray scattering to asses relative weight of the results

and conclusions drown.
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APPENDIX A: Matlab Algorithms

function varargout = interpolater (varargin)
gui Singleton = 1;
gui State = struct('gui Name', mfilename,

'gul Singleton', guil Singleton,
'gui OpeningFcn',
@interpolater OpeningFcn,
'"guli OutputFcn', (@interpolater OutputFcn,

'gui LayoutFcn', (1,
'gui Callback', [1):
if nargin && ischar (varargin{l})
guli State.gui Callback = str2func(varargin{l});
end

if nargout

[varargout{l:nargout}] = gui mainfcn(gui State,
varargin{:});
else

gui mainfcn(gui State, varargin{:});
end

function interpolater OpeningFcn (hObject, eventdata, handles,
varargin)

handles.output = hObject;

guidata (hObject, handles);

global anm int; global ToplameVl int; global ToplameV2 int;
global ToplameV3 int; global ToplameV4 int; global

ToplameV5 int; global En int;

global hl;

load('interpolatedata.mat');

axes (handles.axesl);

hl=plot (anm int, ToplameVl int,anm int,ToplameVZ int,anm int,T
oplameV3 int,

anm_int,ToplameV4 int,anm int,ToplameV5 int,anm int,En int);
set (handles.axesl, "xtick', [0:0.1:5]);

x1im ([0 51); % X eksen sAtnAt+rA+nA+ buradan
degistirebilirsin
grid on;

grid minor;

set(hl(:), 'LineWidth',2);
h=legend('TotaleVl', 'TotaleV2', 'TotaleV3', 'TotaleV4d', '"TotaleV
5','En'");

xlabel('a (nm)"');

ylabel ("Energy (eV)'");



function varargout = interpolater OutputFcn (hObject,
eventdata, handles)
varargout{l} = handles.output;

function editl Callback (hObject, eventdata, handles)

function editl CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, "'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');
end

function edit2 Callback (hObject, eventdata, handles)

function edit2 CreateFcn (hObject, eventdata, handles)

if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', "white') ;
end

function edit3 Callback (hObject, eventdata, handles)

function edit3 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');
end

function edit4 Callback (hObject, eventdata, handles)

function edit4 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');
end
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function editb Callback (hObject, eventdata, handles)

function edit5 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', "white');
end

function edit6 Callback (hObject, eventdata, handles)

function edit6 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');
end

function pushbuttonl Callback (hObject, eventdata, handles)
global anm int; global ToplameVl int; global ToplameV2 int;
global ToplameV3 int; global ToplameV4 int; global
ToplameV5 int; global En int;

global hl;
userinput=str2double (get (handles.editl, 'String'));
farkl=abs (anm int-userinput) ;

set (handles.edit2, 'String', num2str (ToplameVl int (find(farkl
== min (abs (anm int-userinput))))));
fark2=abs (anm int-userinput) ;

set (handles.edit3, 'String',num2str (ToplameV2 int (find(fark2
== min (abs (anm_int-userinput))))));
fark3=abs (anm int-userinput);

set (handles.edit4, 'String', num2str (ToplameV3 int (find(fark3
== min (abs (anm_int-userinput))))));
farkd4=abs (anm int-userinput);

set (handles.editb, 'String', num2str (ToplameV4 int (find(fark4
== min (abs (anm int-userinput))))));
fark5=abs (anm int-userinput);

set (handles.edit6, 'String', num2str (ToplameV5 int (find (farkb
== min (abs (anm int-userinput))))));
fark6=abs (anm int-userinput) ;

set (handles.edit7, 'String',num2str (En_int (find(fark6 ==

min (abs (anm int-userinput))))));

function edit7 Callback (hObject, eventdata, handles)

function edit7 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, "'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');
end
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function uipushtooll ClickedCallback (hObject, eventdata,
handles)

F=getframe (gcf)

[FileName, PathName] = uiputfile({'*.png'}, 'Save Image As')
imwrite (F.cdata, [PathName FileName])

function pushbutton2 Callback (hObject, eventdata, handles)
set (handles.editl, 'String','")
set (handles.edit2, 'String','")
set (handles.edit3, 'String','");
set (handles.edit4, 'String','");
)
)
)

4

14

14

set (handles.editb, 'String', "'
set (handles.edit6, 'String', "'
set (handles.edit7, 'String', "'

~

4

o~~~ o~ o~ —~

function pushbutton3 Callback (hObject, eventdata, handles)
global anm int; global ToplameVl int; global ToplameV2 int;
global ToplameV3 int; global ToplameV4 int; global
ToplameV5 int; global En int;
global hl;
set (handles.editl, 'String','")
set (handles.edit3, 'String','")
set (handles.edit4, 'String', "'");
)
)

14

~

14

set (handles.editb, 'String', "'
set (handles.edit6, 'String', "'
set (handles.edit7, 'String','");
userinput=str2double (get (handles.edit2, 'String'));
farkl=abs (ToplameVl int-userinput) ;

set (handles.editl, 'String',num2str (anm int (find(farkl ==
min (abs (ToplameVl int-userinput))))));

Py

4

function pushbuttond4 Callback (hObject, eventdata, handles)
global anm int; global ToplameVl int; global ToplameV2 int;
global ToplameV3 int; global ToplameV4 int; global
ToplameV5 int; global En int;
global hl;
set (handles.editl, 'String','")
set (handles.edit2, 'String','")
set (handles.edit4, 'String', '");
)
)

4

~

~

~

set (handles.editb, 'String', "'
set (handles.edit6, 'String', "'
set (handles.edit7, 'String','");
userinput=str2double (get (handles.edit3, 'String'));
farkl=abs (ToplameV2 int-userinput) ;

set (handles.editl, 'String',num2str (anm int (find(farkl ==
min (abs (ToplameV2 int-userinput))))));

—~ o~ o~ o~

4

function pushbutton5 Callback (hObject, eventdata, handles)
global anm int; global ToplameVl int; global ToplameVZ2 int;
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global ToplameV3 int; global ToplameV4 int; global

ToplameV5 int; global En int;

global hl;

set (handles.editl, 'String','")

set (handles.edit2, 'String','")

set (handles.edit3, 'String','");
)
)

14

~

14

set (handles.editb, 'String', "'
set (handles.edit6, 'String', "'
set (handles.edit7, 'String','");
userinput=str2double (get (handles.edit4, 'String'));
farkl=abs (ToplameV3 int-userinput);

set (handles.editl, 'String',num2str (anm int (find(farkl ==
min (abs (ToplameV3 int-userinput))))));

4

(
(
(
(

function pushbutton6t Callback (hObject, eventdata, handles)

global anm int; global ToplameVl int; global ToplameV2 int;

global ToplameV3 int; global ToplameV4 int; global

ToplameV5 int; global En int;

global hl;

set (handles.editl, 'String','")

set (handles.edit2, 'String','");

set (handles.edit3, 'String','");
)
)

14

~

14

set (handles.edit4, 'String', "'
set (handles.edit6, 'String', "'
set (handles.edit7, 'String','");
userinput=str2double (get (handles.edit5, 'String'));
farkl=abs (ToplameV4 int-userinput);

set (handles.editl, 'String',num2str (anm_int (find(farkl ==
min (abs (ToplameV4 int-userinput))))));

14

Py

function pushbutton7 Callback (hObject, eventdata, handles)

global anm int; global ToplameVl int; global ToplameVZ int;

global ToplameV3 int; global ToplameV4 int; global

ToplameV5 int; global En int;

global hl;

set (handles.editl, 'String','")

set (handles.edit?2, 'String','");

set (handles.edit3, 'String', '");
( )
( )

4

~

set (handles.edit4, 'String', "'
set (handles.editb, 'String', "'
set (handles.edit7, 'String', '");
userinput=str2double (get (handles.edit6, 'String'));
farkl=abs (ToplameV5 int-userinput);

set (handles.editl, 'String',num2str (anm_int (find(farkl ==
min (abs (ToplameV5 int-userinput))))));

~

~

function pushbutton8 Callback (hObject, eventdata, handles)
global anm int; global ToplameVl int; global ToplameVZ2 int;
global ToplameV3 int; global ToplameV4 int; global
ToplameV5 int; global En_ int;



global hl;
set (handles.editl, 'String', "'

4

14

)
)
handles.edit3, 'String', "'");
)
)

set (handles.edit2, 'String','");

set (

set (handles.edit4, 'String','");
(

set (handles.editb, 'String', "'
set (handles.edit6, 'String','");
userinput=str2double (get (handles.edit7, 'String'));
farkl=abs (En int-userinput);

set (handles.editl, 'String',num2str (anm int (find(farkl ==
min (abs (En_int-userinput))))));
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Figure B.1. RG 830 Data Sheet
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Figure B.2. RG 830 Internal Transmittance vs Wavelength(nm) graph
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APPENDIX C: Oriel Monochromator Specifications

MCS130

CORNERSTONE 130 MONOCHROMATORS

a2

13 SPECIFICATIONS

General Specifications

Focal Length 130 mm
P/ F/3.7
Wavelength Selection Motorized

Usable Wavelength Range

180 to 2500 nm, grating dependent

Spectral Resolution

Grating dispersion and slit width dependent

Wavelength Accuracy

10.50 nm

Wavelength Precision 0.11 nm

Maximum 5lew Rate 350 nm/s with 1200 line/mm grating

Stray Light 0.03%

Ports 1 input port, 1 output port

Shutter Control Goftware, Hand Controller, low-level commands
Shutter minimum exposure 0.2 s

Shutter maximum repetition (0.5 Hz

Motorized Filter Wheel

Filter Wheel Model 74010, Apex2 Filter Wheel

Utility Software
Requirements

Windows 7 32-bit or 64-bit operating system
(Windows XP compatible software also available)

[TracQ. Basic Software

Yes
Compatible
74009 Hand Controller
. Yes
Compatible

100-240 VAC, 47-63 Hz

100-240 VAC, 47-63 Hz

Weight

6.9 b [3 kel

Micrometer Adjustable Slit Specifications

Width Range 4y to 3 mm
Height Range 3 mm to 12 mm
Repeatability i 10 um

IAccuracy

it 10 um (width from 4 um to 250 um)
it 5% (width from 250 pm to 3 mm)

Wavelength Accuracy:

The capability of the monochromator to output the desired wavelength.

Wavelength Precision:

The ability of a wavelength to be consistently reproduced and the number of

significant digits to which it has been reliably measured.

Figure C.1. Oriel MonochromatorSpecifications
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APPENDIX D: Monochromator Calibration Process

93

11.2 SETTING THE WAVELENGTH OFFSET

A wavelength offset is used to shift the wavelength position to either a higher or a lower
wavelength. For example, if a HeNe laser operatng at 632.8 nm is sent through the
monochromator and the output is visible when the monochromator is set to 640 nm, an offset can
be introduced.

When performing this procedure, it is necessary to use a light source with a known spectral line
appearing within the operating range of the grating. Oriel offers a number of pencil calibration
lamps for this purpose, such as the model 6035 Hg lamp. Ancther line source such as a laser may
also be used. Always be sure to follow the appropriate safety precautions when dealing with any
light source.

Procedure:

1. Select a radiation source that has at least one narrow spectral line in the
wavelength region of interest.

Select a detector with an operating range appropriate for the spectral line.

Focus the radiation onto the entrance slit (the monochromator is F/3.7). Note that
a narrower slit provides greater resolution.

4. Ensure the focused beam is parallel to the monochromator's optical axis.

5. Command the monochromator to select the grating for which the offset is to be
applied.

6. Use the STEP command to move the grating position until the spectral line is
visible at the output.

7. Use the CALIBRATE command to enter the exact wavelength of the spectral line.
The Comerstone wavelength offset has now been entered into memory. This
offset applies to all other wavelength positions when using this grating.

8. Repeat the process for the second grating, if required.

Figure D.1. Monochromator Calibration procedure




APPENDIX E: Calibration Certificate of Thermocouple

Figure E. 1. Calibration certificate of the thermocouple used to measure furnace

temperature.

APPENDIX F: Conversion Table of Thermocouple
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Figure F.1. Conversion table for changing thermocouple readout as mV to °C degree
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An Urbach Study of the Degree of Structural
Disorder in CdTe Nanocrystals in Glass Matrix

AT bisee™, MUK Torun' and M H, Yakselici®

Abatrnct. CdTe mmoperyaials embedded i motrines swch
o, plars,  phetic amdl,  ogueows  selslen Bove Do
irveshipated extennively due o their patesiial applicationr iy
mwilinenr optical - didces,  Diatecheology amd melicioe
Hiem the size of balk sewmideondwcior 5 reduced i
namameier sealer, the oyxial gaimr anew optical and
elecivonic propestics. Energy levels ave guemtized ox i
ity dard e anergy diffrance itween Sevely wildens widiy
et S of the size sgwarad Ol mamocrystalt were
grawn i plasy &y slid-sine phare precipitoiton of e
ubave plary remsition lemperaiure. A size dopenmdent bie
ahiff dn e anampitodte abworption edee weer ofirervad e
apsical abswption 1pecire. The orpatalling compasifion way
atwlied by Retowrant Roman speciroseapy. The widdh of tie
aptical abworption tell ar fong wavelengtls dapends on e
spread of electron energy fevely within the strvciure, called
e Livbach energy, whiich wers caleidared dopemaling on size.
o evhwemver it thae Drfrach &l narvaas @y the surfoce B
valume rolio of the marocrystals decreares,

Key words: CdTs pascerystals, Urbach epergy, resoaant Ranem
spockoscopy,

L INTRODUCTION

Groug [I-VD  semicondwctor  nancerystals — inchsding
CalSe, 8 (0 £ x =1}, &0, Zn8 and CdTe having bamd gap
energy moging from 1.5 10 3.7 eV bave been seruminized for
twdr decades doe 1o their opto-electronic propenies which
can be medilied by varving the average size of the ensemble
af nunocrystallives [1-3] Semiconductors, swch s CdTe
attracted much aitenbon when employed m solar panels as a
low cost nltemative to high cost and Jow yield 5i based solor
panels [4] The size selective nhsorption of light & the mast
impartnnd femtare of semiconductior nanecrystads, which have
been emploved 10 surpass the Shockley Quesiaser limit of
A% However, surfses 1o wolume ratio of & erystal increase
with deceasmg size which, = tom, mensses erystalline
disorder. In this work, the degrec of disonler in pune-
cryetnlline CdTe wus calculned by studying the Urbsch il
below the fundnmental optical absorption edge:

Il EXPERIMENTAL
Cositierceally avadlable Schott BGEZD ol plass Glter
doped with CdTe {labeled as “ws-received” Sample No:l)p
was melied m 1050 °C for Afteen minues to dissolve CdTe
rmuncrystils of meerage mdins of wound 5 o and encealed
al 400 " Gor tevr bowss 1o relicve stness (Sample Mot2) One

! Weditepe University, Physics Depamment, [stanhul Torkey
Wil Technical University, Physics Departmend, Istankal,
Turkey

" airced@vedmee el n

sample was heat emed a1 600 “C for six hours to grow
minoparticles (Sample Noo 3) oof smalker mdi. Samples
studbed f5 s wark are lsted in Tuble 1.

Tublo 1, CoTe nanes rysialy swdisd m this work

o Thermal hisiore Bt
] An-rermivar] % nm
2 Hample | melted af 19507 for 15 min and thes

and firally menenled o 400 “C for 1 b ans
k] Sampe 2 Ferl 6080 " T i A" nm
* eatmssder] by erpdn g effeehive mouss il in sBnomg confinement lunil
tronn ihe blae shift of smpdchc sanmtion adge

The oprica] nhsorpiion specra are given in Fig, |

1.0 1% &7 &0
Enargy (u¥)

Fiis. 1. Optical abanrptiss sdge specirs far av-recived enlor glaw Glle
whapeed with Cd Te (1), melied {25 mnd heat iremied {1},

Resonum Baman sexitering measurements were carmied
anal sl posns femaperatare on o Renishaw 230 mm focal length
in ¥in Reflex Spectrometer System wsing o Ravieigh line
repectaon filter allowing Faman spectram bt be reconded ap
to 100 ey’ from the laser ling.

The Reman specim. for the samples, listex) in Toble 1, are
given in Fig. 2. The as-teceived dample comans barge slee
natcrystals and there fore fis Raman spectrum displays clear
vibrstional basds, The LO) vibmtional mode fir balk CdTe
of 166.7 ¢ m' is blue shifted by around 24 em' There e
three possitilibes  for this  shifi: phonon  confinement,
comfareasive strabn and ibe incorpiraton e nanecrysials,
We exclode the possibiliy of phonen confinement since it
can dmly prodoce a fed shift. The shift der o the size
dependent compressive smin separted 5o far is 1-3 cm '[9
Therefore we expect the ohserved shift @5 doe te winc
Incompatation into pariscles during growth. The amsount of
girg {(D<a<l) can he edimated by the empincal
relatranship,

o o} =—31,333 472 160+ 16673 (1)
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bitween the Oy phonon mode sl zine coment [6, 7). The
LEy poak paesiteoen of 1491 ot corteaponds W 9% nng
ineorporased ma CA0Te nanocrystals

The well-structured peoks disappsenr when the glass doped
with manocystals was melied. The Ruman peaks meappear
when the sanple I s ool ke absove the gladgs trmansitson
tempernture. This is an mdiceion of the growth of CdTe
nancerystals.
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Fig 1 Raimnai spectrn for ghass doped sl CATe samples el e
Tabde | Spectra are evelied gt S1TLT win wiil 10 @W AF° Taser,
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The width ofF the optical sbsorpition todil ot loog
wivelengths \IEP‘.‘I:IIJB i e sprcad ol clechion ooy kevels
wiithin the strocture, called the Uirbach ensrgy, The Urbacly
enetgy (£} is proportional 1o the reciprocal of the slope of
the swagght portion of the b agoins Energy (£ curve
wecording Lo,

{E~ B? :lf.n'-_"_|
o= g o

Fuergy (¢V)
Fig, %, fon plaised agmbmsl phsion energy Dor sample | amd ssmphs 3,

Thiee 4l il Bpes mrw iha linear fids b sirmighe porsien el the dais
w b sbepes give e rociprocslof Urbach asorgy.
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where Eg is the bulk band gap energy of CdTe. The nobural
lngarithm of Eq. {2) & plotted apainst encrgy m Fig, 3. The
Urbach erergy of 420 meV b caloulnted for a3 received
glnss, which is doped with CdTe movscryssls of 5 nm, n
madas (sample 1) amd 330 meV for heatdreated  plass
embedded with CdTe sonocryatals of 2 o in radiog (sample
5. The Urbach energy is related to structuml disonder (30 by
thir rebationship,

9 | E
B o=t ¥ s onth i

R | =
IT.J I_"_BT_

where £, = 21 meV ix the phonon energy and o, = 119 5 a
e rial-dependent patamerer [5, 9] Al room lenpesatioe, o
structur]  disorder of X =45% was coloslued for s
meceived glass, doped with CdTe mamocrystals of 5 nm m
rading, s 389 G hesd-ireated glass doped wih CdTe
nanacrystals of 2 wm o radias.

v, CONCLLUSHON

Optienl absmpiion spectra for glass samiples dopsd with
CilTe nonocrysiels display long mils with o defect hand
superiryposed  wpan them al approxiately 145 eV, s
origm s unkmvem and s pressply usibsr invesugntion, The
Lirbach epergy increases from 420 mey o 530 me¥, with
diegreiesing stee of CdTe namoparticles: from 5 om b 2 om
racling, Seruetural disoedes foresses from 45% 0 585 will
decreasing siee
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Introduction
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plications in monlinear aptical devices, bictechnology and medi-
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Experimental
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hasa by heal-trealment o sbove gloss tramiton lempernbure through
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Chapter 14
Optical and Structural Properties
of Quantum Dots

MLHL. Yiikselici, A. Asikoglu Bozkurt, C. Allahverdi, 7. Nassar,
D. Bulut B. Can Omiir, MLK. Torun and A.T. Ince

Abstract We report (1) thickness dependent evolution of structural disorder, struin
on crystalline planes and grain size in chemical bath deposited (CBD) CdS thin
films studied through a combinative evaluation of the resulis of optical alsorption,
Raman spectroscopies, X-Ray diffmction (XRD) and Scaumning Electron
Micmscopy (SEM). (i) refer briefly o CdSe,S; . nunocrystuls in liquid and
(11) address quantum size effect in CdSe,S; ; quantum dols embedded in glass
studied through steady stule photoluminescence spectroscopy. The asymplotic
optical absomption edge is red shified while the long wavelength il nwrows with
increasing thickness which is proportional o deposition time. We employ effective
mass theory under quantum size effect o estimule avemge grain size from the
energetic position of asymplotic optical absomtion edge. The long wavelength tail
optical absorption is due presumably 0 the microelectric field induced by crys-
tilline defects. The transmission probability through the potential energy barrier
crealed by micro=electric field is calculuted with the help of WKB (Wenlzel,
Kmmers, Brillouin) spproximation. We conclude thut as the depasition time
increases from 10 1o 150 min, the average grain mdius changes by 2 nm, Urbach
energy and the electric micro-field decrense from 600 10 400 meV and 2240
B20 kEV/imm respectively. The shifl in XRED pattem shows that the compressive
strain decrenses with growth, The Rumun LO; vibrational maode displuy an increase
up o 22 min of depisition time and then s decrease,
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