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ABSTRACT

In this work, spectroscopic properties of CdS quantum dots and Fe*":ZnSe crystals were
investigated. In the first part of the thesis, visible luminescence characteristics of CdS
quantum dots were studied. Poly (acrylic acid) (PAA) coated CdS quantum dots were
prepared in aqueous solutions. Influence of reaction pH, PAA molecular weight (2100
and 5100 g/mol), and COOH/Cd ratio on the particle size, colloidal stability, and
photoluminescence (PL) efficiency were investigated. These quantum dots have an
absorption band below 508 nm. Nanoparticle sizes were determined from the absorption
onset wavelength by using the Brus equation. PL studies of the samples were performed
at the excitation wavelength of 355 nm. Luminescence quantum yields were measured
with respect to Rhodamine B. Results show that there is a critical COOH/Cd ratio (1.5-
2) that gives the highest quantum yield (17%). This critical value corresponds to smaller
crystal sizes (3.7-4.1 nm). Moreover, CdS nanoparticles prepared at pH 7.5 exhibited
higher quantum yields than those prepared at 5.5.

In the second part of the thesis, absorption saturation characteristics of Fe*":ZnSe
samples are discussed. In these experiments, a tunable Cr*":ZnSe laser producing 10-30
ns pulses was used as the pump source. The repetition rate was 1 kHz. Saturation
measurements were performed at two different wavelengths (2645 and 2730 nm) by
employing the z-scan and power transmission methods. The average value of the
absorption cross section (0,) and normalized-excited state absorption strength (f,) were
determined to be 1.73x107" cm? and 0.23 2645 nm, respectively. At the wavelength of
2730 nm, the respective values were 2.47x10"° cm® and 0.17. Attempt was made to
measure the fluorescence lifetimes of single-crystal and polycrystalline Fe*":ZnSe at
room temperature and at cryogenic temperatures. However, sufficient fluorescence
signal could not be obtained. The design of the cryogenic system used for attaining low

temperatures is also described.
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OZET

Bu ¢alismada, CdS kuvantum noktalarmin ve Fe’":ZnSe kristallerinin spektroskopik
ozellikleri aragtirildi. Tezin ilk bdliimiinde CdS kuvantum noktalarinin goriiniir
bolgedeki 151ma 6zellikleri incelendi. Poly(acrylic asit) (PAA) ile kaplanmis olan CdS
quvantum noktalar1 sulu ¢ozelti igerisinde hazirlandi. Reaksiyon pH degerinin, PAA
molekiil agirliginin (2100 ve 5100 g/mol) ve COOH/Cd oraninin parcacik biiytikliigiine
ve 1s1ma verimine olan etkileri arastirildi. Deneylerde kullanilan kuvantum noktalarinin
sogurma bantlart 508 nm altindadir. Nanoparcaciklarin boyutlar1 sogurma spektrumu
kullanilarak Brus denklemi ile belirlendi. 355 nm dalga boyundaki pompa kullanilarak
orneklerin 1s1ma Slgiimleri yapildi. Orneklerin 151ma verimleri Rhodamine B referansina
gore belirlendi. Deneylerin sonucunda en yiiksek 1sima veriminin (17%) kritik
COOH/Cd oraninda (1.5-2) elde edildigi goriildii. Bu kritik oranin ayn1 zamanda daha
kiiciik kristal boyutlar1 elde edebilmek icin de uyumlu oldugu belirlendi. Bununla
birlikte, pH 7.5 degerinde hazirlanmis olan CdS nanopargaciklarinin, pH 5.5 degerinde
hazirlanmis olanlara gore daha yiiksek kuvantum verimlerinin oldugu gézlemlendi.
Tezin ikinci bolimiinde Fe®":ZnSe &rneklerinin doyabilen sogurma ozellikleri
incelendi. Bu deneylerde dalga boyu ayarlanabilir, darbe tekrar siklig1 1kHz olan ve 10-
30 ns darbe genisligine sahip Cr*":ZnSe laseri pompa olarak kullanildi. Doygunluk
Olgtimleri iki farkli dalga boyunda (2645 ve 2730 nm) z-taramal1 ve gii¢ gecirgenligi
metotlariyla yapildi. 2645 nm pompa giiciindeki 6l¢iimler icin ortalama temel diizey ve
uyarilmis diizey sogurma arakesit degerleri 1.73x10™"" cm?® ve 0.23 olarak belirlendi.
2730 nm pompa giiciindeki degerleri ise 2.47x10™" cm” ve 0.17 olarak bulundu. Yasam
siiresi 6lgtimleri denemeleri tekli ve goklu kristal yapisina sahip Fe*":ZnSe drnekleriyle
oda sicakliginda ve diisiik sicakliklarda denendi. Fakat yeterli 1sima sinyali elde
edilemedi. Diisiik sicakliklarda Ol¢iim yapmak icin tasarlanan sogutma sisteminin

yapimi da tezde anlatilmistir.
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Chapter 1

Introduction

1.1 Overview of Quantum Dots

Semiconductor nanoparticles, also known as quantum dots (QD), have been
investigated over the past decades due to their favorable optical and electronic
properties. A sample of the bulk material does not have the same properties as that in
nanoparticle form. Due to the confinement of the electron in all directions, quantum
dots have size-tunable narrow bandwidth photoluminescence [1]. In the quantum dots,
all band properties of the bulk semiconductor materials are still applicable. As an added
advantage, quantum dots have variable band gap that depends on size. As the size of the
crystal decreases, the band gap value of the quantum dot increases [2]. Therefore, the
required energy for absorption increases by decreasing the size of the quantum dots.
This result gives blue shift in both absorption and emission spectra of the quantum dots.
Thus, the output wavelength of the quantum dot can be tuned. These optical properties
have resulted in many applications of QDs in science and industry, such as LEDs,
lasers, solar cells, sensors, biological labeling, and medical imaging [3-7].

Compound semiconductors are composed of elements from the groups of 1I-VI, III-
V, or IV-VI. CdS, CdSe, and CdTe are examples of II-VI semiconductor nanocrystals
that have been studied widely due to their emission in the visible spectrum, while group
IV-VI quantum dots, such as PbS, PbSe, and PbTe emit in the infrared region [8].
Controlling the size of quantum dots is very important due to its unique properties. The
control mechanism is generally performed by chemical methods. Nanoparticles are
usually prepared as core-shell structures. Organic shell is adsorbed on the surface of the

crystal to control the particle growth by surface passivization [9]. In quantum dots,
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surface defects limit the luminescence efficiency. Therefore, effective surface
passivization is important for the optical properties of the quantum dots [10]. In order to
prepare the desired quantum dots, surfactant types and synthesis conditions are crucial.
In this work, in collaboration with Yagci and Celebi, we investigated the
spectroscopic properties of Poly(acrylic acid) (PAA) coated CdS quantum dots. To our
knowledge, this is the first study in the literature that is investigating the effect of PAA
molecular weight and amount on particle properties [11]. In Chapter 2, we present the
theoretical analysis of quantum dots, and discuss the Brus equation [2] which is widely
used in the determination of the size of the quantum dots. In Chapter 3, we characterize
the PAA coated CdS quantum dots with respect to their particle properties, such as

crystal size, photoluminescence emission intensity, and quantum yield.

1.2 Overview of the Spectroscopy of Fe**:ZnSe

The second part of the thesis investigates the spectroscopic characteristics of potentially
important tunable solid-state laser material. Tunable solid state lasers have applications
in many fields, such as biomedical imaging, remote sensing, military countermeasures,
and the detection of organic and inorganic compounds [12, 13]. In the last four decades,
spectroscopic investigation of transition metal (TM) ion-doped II-VI semiconductor
crystals (chalcogenides) showed that these materials have strong emission bands in the
mid-infrared spectral range from 2 to 5 um [14-18]. In 1996, DelLoach et al.
investigated the spectroscopic properties of Cr*", Co®", Ni*", and Fe’" doped
chalcogenide hosts of ZnS, ZnSe, and ZnTe [19]. They observed high gain, room-
temperature lasing in Cr*":ZnSe [19, 20]. The success of the Cr*":ZnSe laser initiated
further research on the investigation of other TM ion doped chalcogenides crystals.

The lack of tunable 3-5 um solid state lasers stimulated interest in Fe ion doped II-
VI crystals, especially ZnSe. Undoped ZnSe crystal is transparent in the spectral range
from 0.5 to 22 um [21]. Doping Fe ions into the ZnSe crystal has two important effects.
First effect is the difference in the absorption edge wavelength. The short wavelength
absorption edge for pure ZnSe is about 470 nm, which corresponds to the band gap
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energy of the crystal [22]. However, iron-doped ZnSe crystals have absorption edge in
the longer wavelength around 520 nm [23]. The diffused Fe ions take the place of Zn in
the host material. Generally, they take part in the form of Fe’" in the crystal lattice.
Transition metal ions might also be in other forms such as Fe'", or Fe’" in the
chalcogenide crystals. Therefore, the difference in the short wavelength absorption edge
is due to transitions between the different charge states of Fe ions. Second, Fe-doped
ZnSe crystals have a strong and wide absorption band with a maximum around 3 pm.
Further more, when excited around 3pm, Fe*:ZnSe emits in the 3-5 um range and can
be used as a tunable laser medium. However, mid-infrared transitions in Fe’":ZnSe
crystal suffer from multi-phonon quenching at room temperature [19]. Therefore, the
first successful laser studies in Fe*":ZnSe crystal were performed at low temperatures
[13, 24-26]. The room temperature lasing was obtained in later studies [27, 28]. Up to
now, the overall tuning range demonstrated with the Fe*":ZnSe laser is 3.77-5.05 pm
[28].

Besides the laser application of Fe*":ZnSe crystal, it can also be used as a saturable
absorber for lasers working around 3 um [29, 30]. In this work, saturation analysis of
Fe’":ZnSe was performed at two different wavelengths and with two different methods.
The theoretical model and experiments are discussed in Chapter 4. Chapter 5 describes
the attempts aimed to making lifetime measurements and lasing of Fe*":ZnSe crystal at
both low and room temperature. In order to perform experiments at low temperature, a

cryogenic system was designed and constructed. This is also discussed in Chapter 5.
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Chapter 2

Theoretical Analysis of Quantum Dots

In this chapter, we first provide background about quantum dots and discuss how they
differ from bulk semiconductor materials. In section 2.2 quantum mechanical models of
quantum dots are presented. Finally, we introduce the effective mass approximation
method and discuss the Brus equation which is widely used in the determination of the

size of quantum dots.

2.1 Introduction

The development in the fabrication of low-dimensional semiconductor structures made
it possible to reduce the three dimensional bulk materials, to quasi-two, quasi-one, and
even to quasi-zero dimensional systems. Invention of low dimensional structures began
in 1970s by Esaki and Tsu [31]. These two dimensional structures were called quantum
wells, and were applied to electronic and optoelectronic applications successfully. This
success initiated a lot of new studies in this field. As a result of these studies and rapid
change in the technology; at the beginning in 1980s, one dimensional structures known
as “quantum wires” emerged [31]. In these structures, the electron is confined in one or
more dimensions. In a quantum well, the electron is confined in one direction, whereas
it is confined in two dimensions inside a quantum wire. In a quantum dot, on the other
hand, the electron is trapped in three dimensions. Quantum dot systems are similar to
atoms due to the confinement in all dimensions. Because of the similarity with atoms,
they are also called artificial atoms. Quantum dots are a unique class of semiconductors
and exhibit size-dependent behavior. Because their sizes are in the nanometer scale,

they are also called nanocrystals or nanoparticles.
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Nanoparticles have different and advanced properties such as tunable band gap,
discrete energy levels and size dependent optical properties when they are compared
with bulk materials. In bulk form, energy levels are very closely spaced and form
continuum of allowed levels known as energy bands. This is a typical property of bulk
semiconductor crystals which have fixed and unchangeable band gap because of this
reason. Band gap is the energy difference between the conduction and valance bands of
material. Energy difference is usually on the order of an electronvolt (eV) for
semiconductors. In bulk semiconductor materials, majority of electrons fill the valance
band, while only a small number of electrons occupy the conduction band. In order to
fill the conduction band, electrons in the valance band must cross the band gap. This
process cannot happen spontaneously. Electrons need additional energy to jump to
higher energy levels. Stimulus effects such as a voltage bias, heat, or light can provide
enough energy to electron to cross the band gap. In order to excite electrons from
valance band to conduction band, absorbed energy must be equal or larger than the band
gap energy of bulk semiconductor [8, 32]. Excited electrons leave holes behind in the
valance band, and they emit electromagnetic radiation while they fall back from
conduction band to lower energy levels in the valance band [8]. In other words,
electrons move from one edge of band gap to the other. Emitted wavelength
corresponds to the band gap of the bulk material. Because of the fixed band gap in bulk
semiconductor, emitted radiation has nearly a fixed wavelength.

At this point, quantum dots differ from bulk semiconductors. In quantum dots, all
concepts of semiconductors such as conduction band and valance band are still
applicable. The excited electron in the conduction band and the hole in the valance band

can form a bound. This electron-hole pair is called exciton and is shown in Figure 2.1

8, 33].
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Figure 2.1: Generation of an exciton.

Valance band

The distance between the electron in the conduction band and the hole in the
valance band is called exciton Bohr radius. This is different for each material. In bulk
material, the size of semiconductor material is larger than the exciton Bohr radius [8].
When the size of semiconductors crystals becomes small enough and comparable to
exciton Bohr radius, the energy levels of the material become discrete. Here ‘discrete’
means that there is small and finite energy separation between the energy levels. Having
discrete energy levels result in a tunable band gap. Addition or subtraction of atoms to
the quantum dot causes a change in the band gap. Such addition or subtraction does not
affect the bulk material because of the latter’s larger size. Ability to change the band
gap of quantum dots leads to light emission at different wavelengths [34]. Therefore, by
controlling the size of the dot, output wavelength can be estimated precisely. In order to
determine the size of quantum dot from absorption data, Brus proposed a quantum
mechanical model based on the effective mass approximation [2]. In what follows, we
will systematically review the basic quantum mechanical analysis of potential wells and

discuss the details of the Brus model.
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2.2 Theoretical Models

2.2.1 One-Dimensional Potential Well

One-dimensional potential well problem is the simplest confinement potential problem

in quantum mechanics. Before treating the quantum dot systems, it is necessary to

understand the consequences of one-dimensional particle in an infinite potential well.
The time-independent Schrdodinger equation must be solved for the motion of a

single electron in an infinite potential well [35]:

{—f—vz +V(r)}l//(r) =Ey(r). (2.1)
m

Here, w(r) is the wave function,Vis the del operator, and E is the energy
eigenvalue. V(r) represents the position-dependent potential energy of the system.
Assuming that we have a one-dimensional potential which varies along z-axis, the

Schrodinger equation becomes

L W) = v e 22)
m Oz
N 4 Vig) —on
@) V(z)=0 @
z=0 z=1 "7

Figure 2.2: One dimensionl infinite potential well.
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Outside of the well, the potential is infinite and inside of the well it is zero. Only

v (z) is non-zero inside the well. The Schrédinger equation simplifies to

n’ o
V()= By (), 23)

which has a solution of the form w(z) = Csinkz + Dcoskz . The corresponding energy

eigenvalues are

hik?
2m .

(2.4)

When the boundary conditions are applied to the function y(z), cosine term disappears
since ¥ =0 at z=0 . The wave function becomes (z) = Csinkz . y should also be

zero at z =1, giving

k=28, (2.5)

where a is an integer [33]. When this equation is substituted into the equation 2.4, the

energy for different states can be obtained from

nrla’
E=—7+ 2.6
2ml? 2.6)
Next, we investigate the 3-dimensional potential well with spherical symmetry in

spherical coordinates.
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2.2.2 Spherical Potential Well

Due to the spherical symmetry of the quantum dot, the energy eigenvalues of the
quantum dot can be more easily obtained in spherical coordinates. We consider a

particle of mass m confined to the interior of a spherical well.

»
»

V(o) 4 \ V(1) =0

v

0 r=R

Figure 2.3: Infinite spherical potential well.

In an infinite potential well, the potential satisfier: V(r) = 0 for r<R, and V(r) = o
for r>R. By using the method of separation of variable, w(r,8,4)can be written as a

product in the form:
l//n,l,m (7,9, ¢) = Rn,l (I") I/lm (07 ¢) H (27)
where Y," (0, ¢) are spherical harmonics, R, ,(r) is radial part of the wave function and

n, I, m are quantum numbers [36, 37]. The time independent Schrédinger equation for a

free particle in spherical coordinates can be written as

1 (., L7
|:E(pr2 + r_zj + V(r):|!r//n,l,m = En,ll//n,l,m s (28)
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A2
r

2m

where is the radial kinetic energy operator, and [ is the angular momentum

operator [37]. The first term is a function of », and [* is a function of only the angle

variables (6, ¢) . Substituting equation 2.7 into equation 2.8 gives

{ n {1 d’ %} + V(r)}Rn,(r) =E R, (7). (2.9)
rdr® hr ’ o

Substituting L into the equation 2.9 gives us the final form of “Radial Schrdinger

Equation” as

{_ﬁl A D )} ()= E, R, () (2.10)

2m r dr? 2mr?

Outside the well the wave equation is zero. Inside the well radial equation becomes

ld2
d2

I+
I"

"R, (r >]+[ K’ } (=0 @.11)

where k* = @ . With the substitution U(r) = R, ,(r)r [36] equation 2.11 becomes
h £l

dr r

For the case /=0 this equation yields same results with one dimensional infinite

potential well. For an arbitrary integer / the solution to equation 2.12 is not so familiar.
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With the substitution of x=4kr into the equation 2.11 we get spherical Bessel

differential equation as [37]

d—zzR(x)+Em+[l—l(l—tl)}R(x) =0. (2.13)
dx X X

R has two linearly independent solutions. They are called spherical Bessel and

Neumann functions of order / and are denoted by the symbols j,(x)andn,(x),

respectively. The first few values of these functions are [37]

) sin x COS X
Jo(x) = n,(x) =
. sinx cosx cosx sinx
Ji(x)=—- n(x)=— - (2.14)
X X X X
. 3 1). 3 3 1 3 .
Jo(x¥)=| ——— [sinx ——-cosx n,(x) =—| — —— |cosx ——sinx.
X X RS X X X
From equation 2.14 general formulas can be obtained for these functions as,
. (1dY . NEW A
Ji () =(=x)"| === Jo(x) n,(x) = (=x)'| —— | 1(x). (2.15)
x dx X dx
With this manner, for arbitrary / values the solution of equation 2.12 becomes
U(r) = Crj,(kr)+ Drn, (kr). (2.16)

The Bessel functions are finite and regular at the origin, but the Neumann functions are

irregular at the origin. Therefore, we set the value of D = 0, and equation 2.16 becomes
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U =Crj,(kr)  and  R,,(r)=Cjkr). (2.17)
For boundary conditions r = R, radial equation becomesR, ,(r) =0. So we can write

Bessel function as

j,(kR)=0. (2.18)

When we return to the notation x = k7, equation 2.18 becomes

Ji(x,) =0, (2.19)

where x,, is n” zero of /" order spherical Bessel function. The following table gives

the first number of zeros of j,(x)[37].

(hn) (0,1) (1,1) 2.1 0.2) (3.1 (1,2) (4.1)

Xin T 4.99 5.76 2n 6.99 7.73 8.18

Table 2.1: List of first number of zeros of j,(x)

Eigen functions and eigenenergies for the spherical well are then given by

. an" m
‘//n,l,m (7", 9’ ¢) = Cnl]l[ IR j )/l (99 ¢) H (220)
hix;
= o 2.21
nl 2mR2 ( )

When the ground state value of x,, = 7 is substituted into equation 2.21, ground-state

eigenenergies for spherical well can be expressed as
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2 2
hr

E = )
" 2mR?

(2.22)

In order to understand the size dependent band gap, different theoretical approaches
have been adopted. One of these approaches is effective mass approximation (EMA)

that relies on infinite well problem [2, 38, 39].
2.3 Effective Mass Approximation Method

Band gap structure of semiconductor and formation of exciton are discussed in section
2.1. The binding energy and the orbital radius of the exciton can be described in the
Bohr Theory. The two-body nature of the system should also be takes into account. The

electron mass becomes the reduced mass of the electron-hole pair, and is given by

R S (2.23)

m, m, m,
where m, is the effective mass of electron and m;, is the effective mass of the hole [8].
The distance between the electron and the hole is called the exciton Bohr radius. It is
obtained by using reduced mass in the well known Bohr Radius expression. For a bulk

semiconductor, it is given by,

&h’

(2.24)

where ¢ is the dielectric constant for the bulk semiconductor and e is the electron
charge [8].
Effective mass varies in different materials. It is also different for electrons and

holes in the same material [40]. That is the reason why exciton Bohr radius varies for
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different materials. Quantum confinement can be explained in terms of the Bohr radius.
When the radius R of the nanocrystal is smaller than the exciton Bohr radius, strong
confinement regime occurs [35, 41]. In this configuration, the Coulomb interaction
becomes important and reduce the transition energy [41].

In order to evaluate the transition energy, Brus solved the Schrodinger equation for

the electron-hole states,

_ 2
V24 TV ) W) = Ev () (2.25)
2m, 2m,

which is also known as the hydrogenic Hamiltonian [2]. The solution gives the energy

values for electron and hole separately where,

nr’ W’
E =E + , = 2.26
¢ f 2m R’ " 2m,R’ (2:20)
The transition energy can be expressed as [2, 32, 42]
2.2 2
E"=E wp T f 7[2 i +L _ 18 + higher order correction. (2.27)
2R |m, m, | 4ncR

E, 1s the bulk crystal band gap value while £ " is the band gap value of the nanoparticles.
The second term is the quantum energy of localization for both electron and hole. The
third term is due to Coulomb attraction. ¢ is dielectric constant for the bulk material

which is 5.7¢, for CdS quantum dots [2]. R is the radius of the nanocrystals. Higher-

order terms are typically neglected. For large band gap materials, the Coulomb term is
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important and must be added to the calculation. When the band gap is small, Coulomb

term is not as important in the calculations [42].

2.3.1 Application of Brus Equation to CdS Nanoparticles

From equation 2.27, the radius R of the nanoparticles (R) can be calculated. Neglecting

the higher-order terms, equation 2.27 can be written in the form

2.2 2
Y S R (2.28)
2R |m, m, | 4ncR

In order to analyze this equation easily, its simplified form can be written as,
X=Y-Z (2.29)

where X, Y and Z define the band gap differences, quantum energy of localization for
both electron and hole and Coulomb attraction, respectively. Determination of band gap
differences (X) is straight forward and easy method. Band gap differences is given by

the expression,
AE=E"-E_ . (2.30)

It gives us the band gap shift with respect to the bulk value. E,, is the band gap of the
bulk material. This value is 2.41 eV for CdS [43]. E" is the band gap value of the
nanocrystal. It can be obtained by the absorption analysis of the sample [44]. Figure 2.4
shows absorption analysis of CdS sample with Poly(acrylic acid)2K (PAA), COOH/Cd
ratio of 1.5 and with pH 5.5. In order to find the onset wavelength, firstly, an arbitrary

linear line is drawn from the start of absorption onset. Then, a reference line is drawn
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that starts before the absorption onset. The intersection of these two lines is absorption

edge and gives us absorption onset wavelength.

0.2

0.15 1 Absorption onset wavelength (A,,)
[0}
e 487 nm
S | 4
2 0.1
o
[72]
Q0
<

005 linear Line

reference line
0 T T = T
300 375 450 525 600
Wavelength (nm)

Figure 2.4: Absorbance of CdS nanoparticles, showing the absorption onset wavelength.

The onset point in the absorption analysis graph is the critical point for calculating the
band gap energy of nanoparticles. The well known formula (Planck’s relation) for the

energy 1is

he  6.626x107[J.s]x (2.998x10°[m/s] _1240eV (nm)
A(nm) A(nm)

E" = (2.31)

b

nm

where ¢ is the speed of light, 4 is Planck constant and 4,, is the onset wavelength (in
nanometers) of the absorption band. In Figure 2.4, when the onset wavelength is 487
nm, obtained E” is 2.55 eV from equation 2.31. This value is shifted when it is
compared with the bulk material band gap energy. It is the effect of the size
quantization in the sample. Reduction in the size causes a shift in the band gap of the

bulk sample. Equation 2.30 takes the form,
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1240[eV — nm|
A(nm)

AE —24leV =X . (2.32)

I

In the Y term of equation 2.28, the effective mass values for CdS are

m, =0.19m, ,m, =0.8m,[2, 40],
(2.33)

where m, is mass of the electron (9.10938188 x 10'31kg). When the constants are

substituted into Y (equation 2.28), it becomes

v~ (6.582x107"%eV .5)* x £° —nm”® 0.99 (234)
- 2R*(nm)? 0.152x9.109x10 " kg ) '

where R is the radius of the nanoparticles in nanometers. In order to use equation 2.28,
both sides of the equation must have the same units. In order to make unit conversion,

the following relations were used:

2
leV =1.602x10™°J =1.602><1o-19kg%. (2.35)
S

Thus, by using the conversion in equation 2.35, equation 2.34 can be written as

- (4.276x107")eV 5| — nm* [7:140x10" ) (kgxm®/s® | (1.602x107"J ) (2.36)
B 2R? (nm)? kg J leV
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By simplifying equation 2.36 the following expression can be obtained for Y:

2445V — nm?

Y
(R)* (nm)’

1

(2.37)

To figure out the final term (Z) of equation 2.28, the dielectric constant & for CdS must

be calculated with similar conversion. For CdS material,

£=575,, £, =8854x10"" 1 or z, =8.854x107
m Vm

(2.38)
Substituting these constants, the following expression is obtained for the Coulomb

interaction term:

1.8¢? _ (1.602x107")’eV _ 0.455[eV —nm)]

Z = —~10 -19 -
6.34x107" x1.602x10"" R R(nm)

I

(2.39)

4><7r><5.7><8.854><1012§R

By substituting equations 2.32, 2.37 and 2.39 into the equation 2.29, simplified form of

Brus equation can be obtained as

1240[eV —nm] 2.41fer]= 2.445eV — nmz]_ 0.455[eV — nm].
A(nm) (R)* (nm)* (R)(nm)

(2.40)

The only remaining unknown in equation 2.40 is the radius of nanocrystal, R. This
equation is valid for only CdS nanoparticles. The parameters such as effective masses

and dielectric constant are variables for each material. Also, absorption spectra must be
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measured. The Brus equation will be used in later chapters to determine the average

radii of nanoparticles in different samples.
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Chapter 3

Spectroscopic Characterization of CdS Quantum Dots

In this chapter, we investigate the influence of Poly (acrylic acid) (PAA) molecular
weight and amount on nanoparticle properties such as crystal size, photoluminescence
(PL) emission intensity, and quantum efficiency of CdS quantum dots. We also
investigate the effect of solution pH on size and optical properties. In Section 3.1, we
present the absorption measurements which are used in the determination of the size of
the quantum dots. Photoluminescence setup and measurement methods are then
discussed in Section 3.2. Finally, we present the results and discussion of experiments
with respect to control variables (PAA amount and molecular weight, and pH value) of

CdS nanoparticles.
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3.1 Absorption Measurements

Celebi and Yagci prepared three sets of PAA coated CdS quantum dots with varying
polymer concentration and reaction pH [11, 45]. In the characterization of the quantum
dot samples, the first step was absorption measurements in the UV-Vis region.
Absorption spectra of the samples were recorded with a Schimadzu UV-Vis-NIR
spectrophotometer (model 3101 PC, Figure 3.1). During the measurements, the
following parameters were used: (scan speed: slow, scan step: 0.5 nm, wavelength

resolution: 1nm in the range 600-300 nm).

Figure 3.1: Commercial spectrophotometer used in the absorption measurements.

Quantum dot samples were placed in quartz cuvette. While absorption and transmission
measurements were recorded, care was taken to obtain only the effect of CdS samples
by subtracting the influence of water and the cuvette. Figure 3.2 shows the absorption

spectrum of three different samples. In order to compare the samples, absorbed
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excitation power should be same or close. Because of this reason, the absorption of the
samples at the excitation wavelength of 355 nm was kept around 15% by controlling the

amount of water.

0.12

0.08 -

v
V]

Absorbance

0.04 \\

v
(o

350 400 450 500 550
Wavelength (nm)

Figure 3.2: Absorption spectra of CdS nanoparticles prepared at COOH/Cd = 1.6 using (a)
PAA2K at pH=5.5, (b) PAA5K at pH=7.5, (¢) PAA2K at pH=7.5.

The absorption onset wavelength was used to calculate the band gap energy of the
nanocrystals. In the previous chapter, Figure 2.4 shows the determination of absorption
onset wavelength. By using equation 2.31, Planck’s relation, the band gap values of
nanoparticles were calculated. Therefore, sizes of nanoparticles were calculated by

using Brus equation (Eq. 2.28). In our calculations, the bulk band gap of CdS is taken as
2.41 eV [43].

3.2 Photoluminescence Measurements

Figures 3.3 and 3.4 show the schematic and the photographs of experimental setup used
in photoluminescence (PL) measurements. PL measurements were carried out at the
excitation wavelength of 355 nm. A pulsed, 1064-nm Nd:YAG laser (Quantronix 116)

operating at a repetition rate of 1 kHz and outputting 140 nsec pulses was used to



Chapter 3: Spectroscopic Characterization of CdS Quantum Dots 23

generate the ultraviolet (UV) pump at 355 nm. To convert the output of the Nd:YAG
laser, two different crystals were used. The 1064-nm output was first frequency doubled
in a 10-mm-long potassium titanly phosphate crystal (KTP) to 532 nm. The
fundamental (1064 nm) and the second harmonic (532 nm) were then mixed inside a
20-mm-long lithium triborate (LBO) crystal to obtain sum frequency generation at 355
nm (45 deg. High reflective mirror at 1064 & 532 nm was used). After the LBO crystal,
there exists three different wavelengths. A 355 nm band pass filter (F1) was used to cut
the 1064 and 532 nm beams. LBO crystal efficiency graph (see in Figure 3.5) shows the
relation between the input Nd:YAG laser power and the output UV light. Up to 36 pJ of

UV light was obtained.
HR 1064 nm
45° & 45Deg. HR@1064 &
532nm
H; v N f . N
I V KTP U
4 L1 10 mm L2
Nd:YAG s 2 ' bt
y 1064nm 2
o~ f=20 cm f=20 cm 1064nm
2 AR@1064 nm AR@532 nm
1064nm
H LBO
20 mm
—T
F1 oV
uv Alum. Mir.
Alum. Mir. f=101.6 mm
f=101.6 mm

Sample

Concave
gold mirror
3inch
f=76.2 mm

Monochromator

PMT

Figure 3.3: Schematic of the luminescence measurement setup.
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Figure 3.4: Photographs of the luminescence measurement setup: (a) generation of 532 nm light
with KTP crystal, (b) generation of pump source (355 nm) with LBO crystal, (c) sample holder.
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Figure 3.5: UV efficiency graph. Nd:YAG power was measured after the lens L1; UV output
was measured after the filter F1. See Figure 3.3.
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In the luminescence measurements, 13 pJ of UV pump energy was used. This power
was measured just before the sample. Then, the pump beam was focused into the
aqueous quantum dot solution with an aluminium curve mirror (f = 102 mm). The
emitted fluorescence was collected with a concave gold mirror (dia: 3 inch, f: 76.2 mm)
and imaged to the entrance slit of a 0.5-m, Czerny-Turner type monochromator (CVI,
model DK 480). A long-pass filter (F2) was used in front of the slit to cut the light
below 380 nm. The luminescence signal was detected with H957-08 Hamamatsu
photomultiplier tube (PMT). PMT voltage was adjusted to 800 V. The entrance and
output slit widths were set to 100 um. The grating which works in the 330-1500 nm
range was used. When the luminescence signal was obtained, it was first maximized by
changing the position of the quantum dot solutions and adjusting the collecting mirror.
Then, the signal was amplified with a lock-in amplifier (LIA). While measuring
different samples, quantum dot solutions inside the cuvette must be changed. In order to
compare the quantum yield of the samples, they must be held at the same location. A
simple holder was made for this purpose as shown in Figure 3.4-c.

Emission spectra of the samples were calibrated (7, ) with respect to the absorbed

pulse energy at 355 nm by using the formula

S (3.1

where / is the PL intensity of the sample, Abs is the absorption at the excitation
wavelength. The area under the spectrum was calculated by employing the trapezoidal

method

1 1
Area = An[31+(12 +1, +----+1n_1)+§} , (3.2)

where An is the scan step and /, is the calibrated signal.
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In order to calculate the quantum yield of the samples, we needed a reference
spectrum. Rhodamine B was used as the reference material [46]. Measurement
parameters of Rhodamine B must be the same with those of samples for comparison. In
the first measurements of Rhodamine B, 6umolar concentration sample with an
absorption 19.78 % at 355 nm was used. In order to obtain optimum Rhodamine
concentration and pump energy, series of measurements were done with Rhodamine B
sample. Since pulse laser excitation was used in the quantum yield measurements, care
was taken to minimize the spectral broadening of the Rhodamine B emission band.
Thus, measurements at different pumping levels (for concentration = 6umolar), and
different concentrations (pumping energy = 13uJ) were performed. Figure 3.6 shows
the normalized emission spectra obtained from the measurements. As the pumping
energy or concentration is increased, the emission spectrum becomes broader. On the
other hand, the emission band becomes narrower as the pumping energy or
concentration is reduced. This effect is possibly due to of the amplified spontaneous
emission (ASE). At low concentrations and pumping levels, identical spectra could be
obtained. In our experiments, pump energy was kept at 13 pJ for samples. So, we had to
adjust the concentration of Rhodamine B. 6umolar Rhodamine B sample was diluted
with water to an absorption level of 2.82 % at 355 nm and used in the measurements.

Then, the total integrated luminescence intensity X, of each sample was used to

calculate the relative luminescence quantum yield n from

n= , (3.3)

where X, . is the integrated luminescence intensity for Rhodamine B for the same

absorbed pump power [46].
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Figure 3.6: (a) Normalized PL spectra of Rhodamine B (6 pmolar) at different pump energies.
(b) Normalized PL spectra of Rhodamine B at different concentration. Diluted Rhodamine B
has 2.82 % absorption at 355 nm. Pump energy is 13 pJ.
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3.3 Effects of Control Variables

Experiments provide results about effects of PAA amount, pH value and give quantum
yields of samples with respect to these control variables. Calibrated emission spectra of
samples are shown in Figures 3.7, and 3.8. In these spectra, the sharp peak at 532 nm
light could not be completely filtered. Similarly, the second peak at near 404 nm is the
Raman emission of water due to 355-nm excitation. These peaks were ignored in the
determination of the quantum yield of the samples. The emission spectra of all samples

are broad band emission, which shows a broad particle size distribution [47].
3.3.1 PAA Amount and Molecular Weight

Figures 3.7 and 3.8 show the calibrated emission spectra of samples with respect to
Acid-Cd ratio (COOH/Cd), with pH=7.5 and pH=5.5 for PAA2K and with pH=7.5 for
PAASK, respectively. Increasing the amount of PAA affects the size of crystals.
COOH/Cd ratio depends on the amount of PAA. This ratio increases from 1-12.5 for
different PAA and pH value. For PAA2K, the particle size varies from 3.6 to 4.9 nm
and for PAASK it varies from 3.7 to 6.5 nm, at pH=7.5. Crystal size as a function of
COOH/Cd ratio is also shown in Figure 3.9. When the ratios are investigated, it can be
observed that crystal sizes are very close to each other around COOH/Cd ratio of 1.5-2
for both PAA molecular weights, which can be named the critical ratio for sizes. Above
this ratio, increasing the amount of polymer increases the crystal size at pH=7.5. Same
critical point can also be obtained from calibrated PL spectra of samples. According to
Figures 3.7 and 3.8, Acid/Cd ratio around 1.5-2 is also critical for maximum PL
intensity. Further increase in the coating amount causes a decrease in the PL intensity.
This is quite interesting since increasing the amount of surface capping agent is
generally expected to decrease the crystal size and ensure full surface coverage,
decreasing non-radiative coupling. When PL intensities of PAASK and PAA2K with
pH=7.5 (Figures 3.7 (a) and 3.8) are investigated, above the critical Acid/Cd ratio,
PAASK coated CdS nanoparticles have larger crystal size (Figure 3.9) and lower PL
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intensity. Negative influence of the chain length and increase in the charge density on

the capping of crystal surface and arresting crystal growth could explain both outcomes.
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Figure 3.7: Calibrated PL spectra of PAA2K coated CdS prepared at (a) pH=7.5, (b) pH=5.5.
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Figure 3.8: Calibrated PL spectra of PAASK coated CdS prepared at pH=7.5.
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Figure 3.9: Crystal size as a function of COOH/Cd ratio for different PAA molecular weight
and reaction pH.
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3.3.2 pH Value

Reaction pH has a significant influence on both the crystal size and luminescence
efficiencies. Although the overall variation in the crystal size as a function of
COOH/Cd ratio is less dramatic at pH 5.5, as the ratio increased from 0.8 to 2, size
decreased from 4.8 to 4.1nm and stayed around 4.7 nm above this ratio. This indicates
the existence of a two-way interaction between the pH and the polymer amount in
affecting the crystal size. At fixed COOH/Cd ratio, particles prepared at pH 5.5 absorbs
at longer wavelengths (Figure 3.2) suggesting less effective surface capping as means to
arrest the particle growth. When we look at Figure 3.7 (b), we observe that
luminescence intensities of samples prepared with pH=5.5 dropped significantly. PL
spectra showed that pH influences the optimum polymer amount required for the
maximum luminescence intensity. At a pH of 5.5, PL intensity increases with increasing
coating amount until the optimum COOH/Cd ratio of 2 is reached and afterwards it
shows a downward trend as seen for both molecular weights at pH 7.5 and 5.5 (Figures

3.7 and 3.8).
3.3.3 Quantum Yield

Comparison of the luminescence of quantum dots and the trends observed as a function
of our variables can be clearly seen in the quantum yields calculated against a reference
Rhodamine B. Figure 3.10 shows the calculated relative quantum yields (1) (QY) for all
samples. QY of CdS quantum dots is slightly better with PAA2K than PAASK at pH
7.5: 8-17 % versus 5-13 %. Overall, a significant decrease in the QY is observed
(around 7 %) at reaction pH 5.5. QY decreases with increasing coating amount at pH
7.5, but at pH 5.5 it has a bell-shaped trend with a maximum around COOH/Cd=2, in
agreement with the PL intensity trend. Also, it is important to note that this COOH/Cd
ratio is the same critical ratio observed in UV analysis and corresponds to the smallest
crystal sizes for the stable colloids in each series. Smaller crystal sizes may contribute

to enhanced quantum efficiency as well. This further supports the importance and
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dependence of size and luminescence on polymer amount-pH interaction. Optimum
COOH/Cd ratio for best QY appears to be at around the critical ratio of 1.5-2 for both

molecular weights and pH.
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Figure 3.10: Quantum yield (n) of the samples with respect to the Rhodamine B as a function of
the reaction variables.

3.4 Results and Discussions

Table 3.1 summarizes the obtained results of CdS nanoparticles. CdS quantum dots
were prepared successfully in a simple aqueous solutions with PAA coating of 2100 and
5000 g/mol molecular weight. Calibrated emission spectra of CdS quantum dots show
that these particles are luminescent mostly in the light yellow-orange part of the
electromagnetic spectrum. They have an absorption in the range of 460-508 nm. The
changes in the amount and molecular weight of PAA (COOH/Cd in the range of 0.8-
12.5) cause small differences in sizes between 3.6 to 6.5 nm. However, obtained sizes
(Table 3.1) and PL spectra show that there is broad particle size distribution [47]. PAA

provides surface adsorbing groups that are dependent on each other. The chain
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conformation is affected by the repulsion of neighboring groups which enables the

growing and prevents adsorption on the crystal surface. Thus, it causes limited size

tuning. Carboxylates of PAA adsorb on Cd** rich surface much more effectively, and

therefore, Cd/S ratio above 1 is desirable for better surface capping, enabling better size

control and better luminescence. Thus Cd/S ratio is fixed to 1.1.

Sample ID° COOH/Cd Cd/S Absorption  Size’  Band FWHM"
onset (Aw) ~ (nm)  gap’ (V) (nm)
PAA2K-la 1.0 1.1 460 3.6 2.70 181.5
PAA2K-2a 16 1.1 464 3.7 2.68 161.0
PAA2K-3a 2.1 1.1 486 4.5 2.55 176.5
PAA2K-4a 2.5 1.1 488 4.6 2.54 179.5
PAA 2K-5a 33 1.1 492 4.9 2.52 177.0
PAA2K-6a 112 1.1 459 3.6 2.71 153.0
PAA2K-1b 0.8 1.1 490 4.8 2.53 189.5
PAA2K-2b 15 1.1 487 4.6 2.55 163.5
PAA2K-3b 2.0 1.1 477 4.1 2.60 165.5
PAA 2K-4b 3.0 1.1 477 4.1 2.60 182.5
PAA 2K-5b 5.0 1.1 484 4.4 2.57 193.5
PAA 2K-6b 8.1 1.1 488 4.6 2.54 173.0
PAA2K-7b 112 1.1 490 4.8 2.53 196.5
PAA 2K-8b 13.1 1.1 489 4.7 2.54 201.5
PAASK-la 16 1.1 463 3.7 2.68 161.0
PAA 5K-2a 2.5 1.1 476 4.1 2.61 160.5
PAA5K-3a 5.0 1.1 508 6.5 2.44 143.0
PAA 5K-4a 125 1.1 506 6.2 2.45 1335
PAA 5K-5a 1.6 2.5 470 3.9 2.64 164.5
PAA5K-6a 1.6 0.6 490 4.8 2.53 1525

Table 3.1: Average size and band gap of CdS nanoparticles calculated from UV-Vis spectra, a:

synthesized at pH=7.5, b: at pH 5.5, * calculated by Brus effective mass approximation,

b

corresponding band gap energy, € full width half maximum calculated from PL spectra.
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QYs of the PAA coated CdS quantum dots are in the range of 5-17%. A very
important outcome of this study is the identification of an optimum COOH/Cd ratio
around 1.5-2 for the highest PL intensity and QY for both molecular weights and pH
(5.5 and 7.5) within the limits of colloidal stability. pH effect is investigated, and we
realized that it is also critical parameter for the QY and particle size. Particles prepared
at higher pH values have higher QY due to better surface passivization.

This work is the first detailed study of PAA coated CdS nanoparticles [11]. In spite of
having colloidal stability, PAA coated CdS nanoparticles do not have very high QY. It
is possible to improve the luminescence intensity and QY of these particles further by
coating CdS crystals with ZnS or CdSe/ZnS as described in the literature [48-50]. The

knowledge gained from this study can be applied to other polymers and quantum dots.
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Chapter 4

Saturation Analysis of Fe’":ZnSe

Over the last years, Fe’:ZnSe crystal has been demonstrated as a mid-infrared laser
medium [13, 24-28]. In addition, this material can also be used as a saturable absorber
for lasers working around 3um [29, 30]. In this chapter, we investigate the saturation
analysis of Fe*":ZnSe crystal. In order to determine the saturation parameters such as

absorption cross section (o,(A4)), normalized excited-state absorption cross section
(f,) values at the wavelengths of 2645 and 2730 nm, a best-fit algorithm was used.

Determination of the absorption cross section provides a convenient method to measure
the concentration of sample. In section 4.1, the theoretical model is presented for
analysis of experimental data, especially for pulsed case. Experimental set-up,
application of best-fit algorithm and its results are discussed in section 4.2. Then the

obtained o,(4) and f, values are compared to reported values in the literature.

4.1 Theoretical Model

If Fe ion concentration (N, ) of Fe*":ZnSe crystal is known exactly, absorption cross

section at a given wavelength can be obtained by the formula:

A, (4)

o)==y

(4.1)

Fe

wherea (1) is the measured absorption coefficient of the sample. When iron ion

concentrations of samples are not known definitely, absorption cross section value can
be determined by saturation measurements. In these measurements, operating laser
wavelength must coincide with the absorption band of the sample. These measurements

can be performed with two different methods. In the first method, transmitted power



Chapter 4: Saturation Analysis of Fe*":ZnSe 36

(cw case) or energy (pulsed case) of the sample is measured by changing the focus
position at a fixed incident pump power (z-scan method). In the second method, the
transmission of the sample with respect to laser power or energy change is measured. In
this theoretical model, rate equation analysis will be discussed based on 4-level energy
systems [51]. Figure 4.1 shows the transitions between the energy levels of a 4 level

system.
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Figure 4.1: Energy level diagram for Fe:ZnSe crystal (4-level system), with the possibility of
excited state absorption. o, is excited state absorption cross section. o, is the absorption

cross section, 4, is the pump wavelength.

When the pump photons at the wavelength of 4, coincide with absorption band of the
material, transitions occur between the energy levels. By the absorbed photons, ions in
the ground state (| g>) make transitions to the upper energy level|3>. Then, they decay
to the second energy level (|2>) as a result of a non-radiative process. For Fe:ZnSe

crystal, laser emission occurs around 4 um due to stimulated emission from the second
energy level. In our analysis, we will ignore the stimulated emission from second
energy level to first energy level (|1> ), and assume that only spontaneous emission

occurs. Then ions in the first energy level decay very rapidly to the ground energy level.

In addition to these transitions, the ions in the second level can also absorb photons at
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the wavelength of 4, and make transitions to the upper level (|4> ). This process is

called excited-state absorption and o, is the excited-state absorption cross section.

Excited ions in level 4 also decay rapidly to second level. The interactions above obey

the following rate equations:

ON, _8Ng _ o4, N _ﬁ’ 42)
ot ot hc ‘o,

where /Zis Planck’s constant, ¢ is the speed of light, /,is the intensity of the pump
radiation at 4,, o,is the ground-state absorption cross section at A,, 7, is the
fluorescence lifetime, N, is the population density of ions in the ground-state and N,
is the population density of ions in the second state. Ion populations N,, N, and N, are
negligible when they are compared with N, and N,. So we did not take into account

these ion populations in equations 4.2.
Next, consider a thin slab of the saturable absorber with a cross sectional area 4 and

thickness dz, as shown in Figure 4.2.

1(2) I (z+dz)

) )

A

z z+dz
Figure 4.2: Thin slab of the saturable absorber with cross sectional area 4 and thickness dz.

Conservation of energy gives

ou, :[]p(z)—lp(z+dz)]A—(Ng0'alp +N,o,, 1 )Adz, (4.3)

Adz ,
at esa” p
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where u, is the electromagnetic energy density at the wavelength 4,, and second term
of the right hand-side of the equation corresponds to the pump energy lost. The
expression can be simplified by using the relation u v, =1 (v, =group velocity):

Do L o N fN) (4.4)
I A + . :
oz v, o e T e

Here, f,is the normalized excited state absorption cross section at 4, and denoted as

_ O-esa (ﬂ”)
f, _—Ua D 4.5)

Furthermore, the sum of ion population density at ground energy level (N, ) and second
energy level (N, ) give us the total Fe ion population density of the material:
Np =N, +N,. (4.6)

By using equations 4.2 and 4.6, equation 4.4 can be written as

ol 1 of ON
Ly Ry B g
v, Ot =7 ot

£l Wy =1, @)

where « ,, is the small signal differential absorption coefficient at 4, and discussed in

equation 4.1. In our analysis we assume that pulsewidth of the laser is much shorter

than the lifetime of material. The pulsed intensity 7,(f)and the integrated energy

density E , are related by the expression
[a,(0)=E,. (4.8)

where 7 is larger than the pulsewidth. So that pump intensity vanishes atz (/,(z) =0).

If we substitute equation 4.8 into the equation 4.7 and integrate with respect to time

from -oo to 7, the following expression is obtained:

oE
L =(1~ f,)hv, (N, ()~ Ny, )= E,0,,Np,. (4.9)

82 p - esa
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In equation 4.9, we assume that initial as N, (-o0) = N, . Integrating equation 4.2 over

the same intervals by using the assumption that 7 is much shorter than the fluorescence

lifetimez ., we obtain the relation between the ion population density of the ground

level and total ion population density as

sa

E
N, =N, exp(— E—p} (4.10)

where £, (E,, =hv,/c,) is the absorption saturation fluence. Substituting this

equation into the equation 4.9 gives

aEP— 1 E |1 E, E 4.11
oz =—( _fp)apo sa| 1= €Xp _E_ - papofp' (4.11)

The relation between the pulse energy density and the total energy per pulse is given by

the expression
E,=E,®, (4.12)

where @  is the normalized distribution function. For Gaussian beams, it is given by

2 2r?
®, = ) exp{— e J, (4.13)
p p

where w, is the position-dependent spot size function. If we substitute equation 4.13

and 4.12 into the equation 4.11 and integrate over the beam cross section, we obtain
pump energy change per unit area in the saturable absorber in terms of the total pump

energy per pulse as

0z

OE, % E,®,
= (1= f,)at,E,, [ dr2m| 1-exp| - || = B0 (4.14)
0 sa
Transmission of the material depends both on the pump pulse energy and focused
position of pump pulse inside the material. Equation 4.14 will be used in the analysis of

experimental data taken with Fe*":ZnSe sample.
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4.2 Experimental Results

Figure 4.3 and 4.4 show schematic and photograph of the experimental setup used in
the saturation measurements. In the experiments, tunable Cr’":ZnSe laser was used as
the pump source [52]. The laser light was focused on the Fe*:ZnSe crystal by using a
lens with 3.5 cm focal length. The transmitted power was measured with a power meter
(Coherent, Model PowerMax 5200). Corresponding transmitted energy was determined

by dividing the average power by the pulse repetition rate which is 1 kHz in our case.

f=3.5cm r
Cr2*:.ZnSe {\ /2 [1Powermeter
Laser U O 7
LV Fe2+:znSe
Sample

Figure 4.3: Schematic of experiment setup.

Figure 4.4: Photograph of the experimental setup for saturation measurements.
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In saturation measurements, pump spot-size function is another parameter that must be

measured. Spot size (w,(z)) measurements were performed by using the knife-edge

technique. In this technique, a vertical razor blade was used. It was scanned across the

beam cross section to determine the transverse locations x, and x, which gave 84% and
16% power transmission, respectively. The difference |x2 —x1| between the locations

gives the spot size at that location. In order to determine the beam parameters, the spot

size function is written as

,V2

zZ—Z,
w,(2)=w, 1+[—f”] , (4.15)

Zg,
where w, is the pump beam waist, z, is the beam-waist location, and z,, is the

Rayleigh range. The beam waist was determined to be 14 pm with a value of M*=1 by
using best-fit algorithm. Figure 4.5 shows measured and fit spot-size function with

respect to position.

2000
— best-fit
1600 m measured
€
=2 1200
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= 800
400
0
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Figure 4.5: Measured and fit variations of the spot-size function as a function of position.

The sample was placed near the focal point of the lens and located at Brewster

incidence to minimize the reflection losses from the surfaces. The cylindrical
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polycrystalline ZnSe samples with 10 mm diameter were supplied by Crystran Ltd., and
Fe was added by thermal diffusion doping technique [23]. Our sample has Fe ion
concentration of approximately 6.8 x 10'® jon/cm’ and a length of 1.98 mm. After
determination of the beam-waist, we adjusted the output wavelength of our pump
source 2645 and 2730 nm for two measurements, respectively. We used two methods in
order to measure the transmission of the sample. In the z-scan method (first method),
the transmission of the pump source is measured with respect to position of the
Fe*":ZnSe crystal. By this method the spot size was varied by translating the samples
along the optical axis. In the second method, we measure the variation of transmission
as a function of incident power. We used a best-fit algorithm for both methods in order
to analyze the experimental data. In the best-fit analysis, equation 4.14 was used to

model the saturation of Fe*":ZnSe. For initial a,y,0,and f, values, equation 4.14 is

solved and the standard deviation between the experimental and theoretical

transmission calculated. Then, «,,, 0, and f, values are changed until the standard

po°
deviation is minimized. By this way, for two different pump wavelengths, best-fit

values of @, 0, and f, were determined with both methods. Best-fit parameters are

summarized in Tables 4.1 and 4.2. Figures 4.6 and 4.7 show experimental and best-fit

transmission results for both methods and wavelengths.

pump

wavelength apo(m'l) apo(m'l) f, value 6.())

(A)(nm) Spectrometer value  Best fit value  6,()) / 6.(2)  (10cm?)
2645 614 764 0.09 1.35
2730 866 1015 0.04 1.97

Table 4.1: The best-fit saturation parameters of the Fe’":ZnSe sample at two different
wavelength for the z-scan method (first method).

pump

wavelength apo(m'l) apo(m'l) f, value c.(V)

(A)(nm) Spectrometer value  Best fit value  6,(}) / 6e(h) (10 em?)
2645 614 852 0.36 2.1
2730 866 1141 0.29 2.96

Table 4.2: The best-fit saturation parameters of the Fe*:ZnSe sample at two different
wavelength for the power saturation method.
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Best-fit « ,,(4) values differ from spectrometer values for both methods. This result is

due to the fact that pulsed pump source was used. In the pulsed case, small-signal

transmission data are not sufficient to estimate ,,(4), since saturation starts even at
low incident power.
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Figure 4.6: Measured and calculated transmission at 2645 nm as a function of the (a) crystal
position (incident pump energy = 84 wJ) and (b) incident energy.
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Figure 4.7: Measured and calculated transmission at 2730 nm as a function of the (a) crystal
position (incident pump energy = 53 wJ) and (b) incident energy.

However, if we investigate the ratios of spectrometer and best fit « ,,(4), it can easily

be observed that they are close to each other. The spectrometer &, (4) ratio, z-scan
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method and second method «,,(4)ratios are 1.41, 1.32 and 1.34, respectively.
According to the equation 4.1, spectrometer & ,, (1) ratio and o, (1) must be consistent.
Spectrometer absorption ratio for different wavelength is« ,,(2730) / a,,(2645)=1.41
as discussed above. The ratio of the best-fit o, (4) values at two wavelengths

(0,(2730)/0,(2645)) for the first method (z-scan method) is 1.46. It is 1.41 for the

second method. The percentage errors of the best-fit ratio with respect to spectral
absorption coefficient are = 3.5%, and = 0% for first and second method, respectively.

Obtained o,(A) values (Tables 4.1 and 4.2) are different for both methods. But, the
ratios are consistent for each method. In addition, o, (A)values are less than the
literature values (o, (2790nm) =5x10™"" cm’ [30], o,(2698nm) = 6.5x107"" cm”[24] ).
Variations in host material may cause these differences.

On the other hand, there is a wider range of f, values for these methods. The
obtained f, values by the first method indicate that the excited-state absorption is

negligible as found in reference [30]. The results of the power transmission method are
unexpected. Therefore, for both methods the average value of absorption cross section
and (0,) and normalized excited-state absorption cross section (f,) are determined to be
1.73x10™" cm?® and 0.23 at 2645 nm. At the wavelength of 2730 nm, these values are

2.47x10" cm® and 0.17. The ratio of average best-fit values of o,(4) at two
wavelength (o,(2730)/0,(2645)) is = 1.43 which is also consistent with the

spectrometer absorption ratio (& ,,(2730) / a,,(2645) =1.41).
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Chapter S

Trials of Lifetime Measurement and Lasing in Fe’*: ZnSe

Iron ion-doped chalcogenide crystals such as Fe*":ZnSe are potentially important solid
state laser gain media due to their strong, broad absorption and emission in the mid-
infrared region. In this chapter, we first review the previous studies performed with
Fe’":ZnSe crystals, which proved that laser emission is possible at low and room
temperature. We first attempted to characterize Fe’":ZnSe samples at cryogenic
temperatures. In order to perform the low temperature measurements, a cryogenic
system was developed. The design is discussed in Section 5.2. Finally, we discuss our
attempts for lifetime measurements at both low and room temperature, as well as laser
trials at room temperature with two Fe*":ZnSe crystals. So far, we have not manage to

observe fluorescence and lasing near 4 pm.
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5.1 Literature Review

In 1996, Deloach et al. reported that chalcogenide crystals such as ZnS, ZnSe, and
ZnTe, which are doped with transition metal (TM) ions like Cr*", Ni*", Co®" ,and Fe**
have potential applications as room-temperature, mid-infrared tunable laser media in the
2-5 um range [19]. Among these media, Cr has the highest gain at room temperature
and wide-band emission in the 2-3 pum region. The first laser demonstration of
Cr*":ZnSe crystal was performed by Page et al [20]. The success in the Cr:ZnSe laser
has motivated further research into other TM ion doped chalcogenide crystals. The lack
of a widely tunable lasers operating in the 3-5 um range is the main reason for working
on Fe ion doped II-VI crystals. The Cr*" ion has four electrons in its d shell (d*) while
Fe”" has six electrons (d°). Because of this, energy levels are inverted. Figure 5.1 shows
the simplified energy level diagram of the Fe*" (3d°) ion. The ground level of the Fe**
ion splits into the °E and T, energy levels inside ZnSe host by the crystal field. The
energy level splitting of Fe*™ is smaller than that of Cr’" that is why Fe*":ZnSe laser is

expected to operate at longer wavelengths [15, 24].

5T2

o 1
N

3400 cm™

°E

Figure 5.1: Energy level diagram of Fe*" in ZnSe. °D energy level of the Fe*" ion splits into °E
and °T, energy levels under the influence of the crystal field. Splitting is estimated to be around
3400 cm'[13].
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The first Fe*":ZnSe laser was demonstrated by the Lawrence Livermore researchers,
Adams et al., in 1999 [24]. Single crystal samples prepared with Bridgman-growth
method with different Fe ion concentrations between 3.41 to 6.53 x 10" ions/cm’ were
used in the experiments. The pump was an Er:YAG laser operating at 2.698 um.
Absorption cross sections for pump source were 2.9 x 10" and 6.5 x 10" cm? at 14
and 300 K, respectively. Lasing of the Fe’":ZnSe crystal was obtained in the
temperature range from 15 to 180 K. In the experimental setup, a cryogenic chamber
was used to cool the Fe*":ZnSe crystal. The sample was placed between two identical
10 cm concave mirrors. The output wavelength of the Fe?":ZnSe laser was observed to
tune with temperature. It operated at 3.98 um at 15 K and 4.54 pum at 180 K. The
highest output pulses had an energy of to be 12 pJ with a duration of 48 ps. The
absorbed pump energy was111.2 uJ.

In later studies, Akimov et al. obtained laser operation in a different spectral range
of laser emission [25]. In particular, lasing of Fe*":ZnSe was observed to tune from 3.77
to 4.40 um with a pump radiation of 2.9364-um from an Er:YAG laser. In this work,
Fe’":ZnSe single crystals grown from the vapor phase by the free growth technique
were used. All experiments were performed at liquid nitrogen temperature. Instead of
liquid nitrogen, thermoelectric cooler was used for the first time to cool the laser crystal
by Voronov et al [26]. Flash lamp pumped free-running 2.9364-um Er:YAG laser was
the pump source. Generation of Fe’":ZnSe laser was observed in the 85-255 K
temperature range. The slope efficiency of the laser decreased with the temperature
from 43% (85 K) down to 9% (255 K). The emission spectrum of Fe’":ZnSe laser was
shifted from 4.0 to 4.17 um in this temperature range.

The first room-temperature Fe’":ZnSe laser operated in the 3.9-4.8 um spectral
range [27]. Polycyrsytalline samples were grown by chemical vapor deposition and
doped with Fe ion by thermal diffusion method. The calculated iron ion concentration
in the crystals was about 6-8 x 10" jons/cm’. Absorption cross section of the samples
was estimated in reference [24]. The main pump source operated at 2.92 um which is

obtained by the 2" Stokes radiation of Q-switched Nd:YAG laser with a repetition rate
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of 10 Hz, and pulse duration of 7 ns. The pulse duration of the pump system was
shorter than the lifetime of the excited state of Fez+:ZnSe, which is one of the
advantages of room temperature studies. The crystal temperature remained 300 K
during the experiments. The laser cavity was formed by a gold mirror and the Fresnel
reflection from the output face of the crystal. Further room-temperature study of the
Fe’":ZnSe laser was performed by Fedorov et al [28]. Spectroscopic properties of
Fe’:ZnSe and co-doped Fe*":Cr*":ZnSe crystals were studied at room and low
temperature [25-27]. In addition, microchip lasing of Fe*":ZnSe crystal at 4.4 um was
demonstrated at room temperature. The Fe’":ZnSe crystals were excited at 2.92 pm
with a 5ns pulse [28]. The output spectrum of the room temperature Fe*":ZnSe laser
was tuned in the 3.95-5.05 pm range. So, the overall tuning range demonstrated in these

studies was from 3.77 to 5.05 um.

5.2 Cryogenic System Design and Construction

Mid-infrared transitions in the Fe*":ZnSe crystal undergo multi-phonon quenching at
room temperature[28]. For transition metal ions, large part of the nonradiative decay is
multi-phonon relaxation [12]. The rate of multi-phonon relaxation is temperature-
dependent [53]. When the temperature increases, multi-phonon relaxation rate
increases. Therefore, nonradiative decay processes become dominant in the crystal.
Because of this reason, in order to perform lifetime measurements and laser trials, first
we decided to cool our samples. For this purpose, we designed a simple cryogenic
system. This system consists of Fe*":ZnSe crystal holder, vacuum chamber, vacuum
valve, and cold finger parts.

Figure 5.2 shows the drawing and photograph of crystal holder part. The material of
the holder is copper due to its high heat conductivity. The holder was cut at the
Brewster incidence for ZnSe. When the crystal is put in the cavity at Brewster
incidence, Fresnel losses (reflection losses) are minimized. The index of refraction
(nznse) of ZnSe crystal is 2.45. The inverse tangent of nz,s. gives us the Brewster angle,

which is 67.79°. The angled part of the holder is for the crystal. The hole with a
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diameter of ¢, =3 mm allows the passage of the pump light. The other hole in the left

of the holder with a diameter of ¢, = 6.5 mm is for the cold finger connection. Cold

finger is also made of copper. Heat is transferred from the cold finger to the holder by

surface contact, which is an effective method for copper.
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Figure 5.2: (a) Drawing and (b) photograph of the crystal holder. ¢,, ¢,, ¢, are the diameters

of the holder, the hole for cold finger, and the hole for the path of the light, respectively.
Mounted diode and spring were used to measure the temperature.
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In Figure 5.2 (b), the mounted diode and spring on the crystal holder are seen. With
the diode and the spring, we can measure the temperature of the holder. More
information about temperature measurements will be given later. Figure 5.3 shows the
cold finger and the crystal holder part together. The crystal holder connection to the

cold finger is established with a screw.

Figure 5.3: Picture of the cold finger and the crystal holder.

The end of the cold finger was connected to a thin, wide, copper wire. This part was put
in the liquid nitrogen (LN) tank. A large part of this copper wire was isolated to
minimize heat loss. The cold finger was connected to the vacuum chamber with a sealed
glass. The drawings and the photograph of the vacuum chamber are shown in Figures
5.4. and 5.5. The shape of the vacuum chamber is cylindrical (dia: 40 mm), and it is
made of stainless steal. It has three windows. Two of them are within the laser cavity
while the third is for monitoring luminescence. Undoped polycrystalline ZnSe crystals
(dia: 10 mm, thickness: 2 mm) were mounted on these windows with vacuum epoxy
(Varian-Torr Seal Vacuum Epoxy). This is because pure ZnSe is transparent from 0.5 to
22 um [21], which is appropriate to observe emission of the Fe*":ZnSe crystal. The
laser cavity windows are also at Brewster incidence. The vacuum valve (Springless
Diaphragm Valve-Swagelok) was also connected to the vacuum chamber with the

stainless steel tube. Here, we used the valve in order to prevent the inside of the vacuum
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chamber from moisture after the cooling process was finished. The vacuum valve was
fastened to the vacuum pump. In our case, rough pumping was enough, so we did not

use a high-vacuum pump. Figure 5.6 shows the whole system.
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Figure 5.4: (a) Drawing of the vacuum chamber and (b) side view B-B' of drawing (a). o, 0,,
Oy, @,, @ are the diameters of the vacuum chamber, laser cavity windows, hole for sealed

glass that holds the cold finger, luminescence window, and vacuum hole, respectively. M6
threads are for posts. They are perpendicular to the optic axis.
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T e

Figure 5.6: The whole cryogenic system.

The diode and the spring in Figure 5.2 were mounted on the crystal holder to measure
the temperature of the crystal. The potential across the anode and the cathode of the
diode changes with respect to the temperature. When the diode is cooled, the potential

increases. At room temperature, the potential has a value of = 0.6 V, while it is = 1.04 V
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at liquid nitrogen temperature (77 K). The cathode of the diode is connected to the
crystal holder, in other words, the copper end of the cold finger. The anode of the diode
is connected to the spring. The spring touches the surface of the vacuum chamber. Thus,
we can measure the temperature as a difference in the voltage with a simple voltmeter.
Figure 5.7 shows the calibrated temperature values as a function of the voltage across

the diode.
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Figure 5.7: The calibrated temperature as a function of the potential difference across the diode.

We performed vacuum trials, after we completed the development of the cryogenic
system. In vacuum systems, the vacuum pump is first started. After it reaches the stable
value of vacuum, cooling is initiated. Subsequently, both the temperature and the
pressure values of the system decrease. In the vacuum trials, we observed this expected
trend in our system. Figure 5.8 shows the changes of pressure and temperature with
respect to the pumping time. The system becomes stable approximately after 40 minutes
of pumping with the roughing pump. The minimum obtained pressure value was
measured to be 0.2 mbar at 137 K. According to reference [24], the luminescence
lifetimes ranged from 5 to 105 ps for temperatures less than 220 K. Therefore, the

obtained temperature value is sufficient for performing fluorescence measurements.
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Figure 5.8: The changes in the pressure and temperature as a function of the pumping time.

However, in our system we were not able to adjust the temperature. The small
changes on the pumping or the cooling rates influenced the temperature values.
Therefore, we always had to work at the minimum possible temperature. After the
successful vacuum trials, we used our cryogenic system in an attempt to make lifetime

measurements

5.3 Trials of Lifetime Measurement and Lasing

Figure 5.9 shows the schematic of the lifetime measurements setup. In our experiments,
the tunable Cr’":ZnSe laser operating at 2645 nm, and outputting 10-30 ns pulses was
used as the pump source [52, 54]. The repetition rate was 1 kHz. The pump was focused
inside the Fe’":ZnSe crystal with a 10-cm focal length CaF, lens (L1). Incident pump
energy was around =~ 42 pJ. Hamamatsu InSb and Electro Optical System Mercury
Cadmium Telluride (MCT) liquid nitrogen cooled detectors were used during the
experiments. The response of the first detector (Hamamatsu) is higher than that of the
second (MCT) detector in the spectral range of 2-5 um. However, after 5.2 um, the first

detector has a cut off, while the MCT detector can operate in the spectral range of 2-15
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um. We thought that Fe*":ZnSe might have luminescence band above the cut-off
wavelength of the first detector. Therefore, we also tried the MCT detector. We used a
filter in front of the detectors, which has high reflectivity at the pump wavelength, and
high transmission at the expected emission wavelength of Fe’":ZnSe crystal. In order to
collect the luminescence from the Fe*":ZnSe crystal, a MgF, lens (L2) with a focal

length of 8 cm was located at 90° with respect to the direction of the excitation beam.

Cr2*:ZnSe

Laser > 0 \v\ ___________________

/ ) Fe*":ZnSe crystal

T |2
Vacuum chamber

Dedector

Figure 5.9: Schematic of the lifetime measurement setup. L1 is a CaF, lens with a focal length
of 10 cm, L2 is a MgF, lens with a focal length of 8 cm. Cooled InSb or MCT detectors were
used.

In the lifetime measurements, we used two different Fe*":ZnSe crystals. Table 5.1
shows the properties of the samples. Our cryogenic system was designed for samples
with a diameter of = 10 mm and thickness of = 2 mm. Therefore, sample 1
(polycrystalline) was cooled in the experiments. Saturation analysis of sample 1 was
also discussed in the previous chapter. The minimum temperature of 180 K was
obtained during the lifetime measurements. According to reference [24], luminescence
can be obtained below 220 K. However, we could not detect any luminescence signal.
Then, we decided to try sample 2 (single crystal) at room temperature. We also could

not observe any luminescence signal. The samples have higher absorption values at
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longer wavelengths. The incident pump wavelength was tuned to a longer wavelength
(2700 nm), and the trials were performed again with both crystals. Nevertheless, the

luminescence of Fe*":ZnSe crystals could not be obtained at this wavelength.

Diffusion Diffusion Crystal Length o ,y(cm™) Average Fe ion
sample no: . 0 R 3
Time (days) Temperature (C) (mm) at2645nm  concentration (ion/cm”)
1 4 1000 1.98 6.14 6.8x10"®
2 1.5 1000 0.7 5.64 4.9x10"®

Table 5.1: Properties of the Fe*":ZnSe crystals used in experiments.

The failure in the lifetime measurements affected the laser trials. If we had obtained
luminescence signal, it would have been straightforward to align the laser cavity by
maximizing the signal. In the laser trials, the 4-mirror Fe*":ZnSe laser x-cavity was set
up. Figures 5.10 and 5.11 show the schematic and photograph of the experimental

setup.

Fe?*:ZnSe
crystal
L1 - l M2
Cr**:ZnSe R i
Laser U
M 3 M4 OC

Figure 5.10: 4-mirror Fe*":ZnSe laser cavity. L1 is the lens with a focal length of 10 cm. M1
and M2 are concave mirrors. They are highly reflective at 4300 nm with a radius of curvature
10 cm. M3 is the flat mirror highly reflective at 4300 nm. M4 is the flat output coupler with
%10 transmission at 4300 nm.
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3

Figure 5.11: Photograph of the 4-mirror Fe*:ZnSe laser cavity.

The Cr*":ZnSe laser operating at 2645 nm was focused inside the crystal with a
CaF; lens (L1) having a focal length of 10 cm. Two identical concave mirrors (M1 and
M2) highly reflective at 4300 nm with a radius of curvature 10 cm were around the
crystal. A flat mirror (M3), highly reflective at 4300 nm was put in the feedback arm. A
flat output coupler (M4) with 10% transmission at 4300 nm was further used. All mirror
substrates were made of CaF,. The designed x-cavity laser system has two important
advantages. First, in order to tune the laser output wavelength, a prism can be put into
the cavity, between the mirrors M2 and M3. Second, the spot-size of the pump source
can be made smaller by using x-cavity design, in comparison with a 2-mirror resonator.

The lifetime measurements were tried with the two crystals at low and room
temperature. In both measurements we could not observe any signal. The single crystal
sample could not be placed inside the cryogenic system due to its size. Therefore, the
single-crystal was not cooled (sample 2). In addition, we could not observe the
minimum temperature (137 K) in the trials, due to the heat load covered by the pump
laser source. We were able to reduce the temperature up to 180 K. The cooling

mechanism can be improved by using high vacuum systems. It is likely that sample 2
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will produce fluorescence when cooled. However, this was not tried. In these
experiments, we had a limited number of samples. Furthermore, the pump sources used
in the literature are generally operating around 3 pum [25-28]. The output power of our
pump source decreases when we select longer wavelengths. We believe that by further
improving the sample quality, cooling scheme and by using longer-wavelength pump

source, it should be possible to observe fluorescence and lasing from Fe*":ZnSe.
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Chapter 6

Conclusions

In this thesis, we have presented the spectroscopic investigation of CdS quantum dots
and Fe?":ZnSe crystals. The review and theoretical analysis of quantum dots including
the effective-mass approximation method were first discussed. Brus equation was
analyzed and used in the determination of the size of nanoparticles. We have provided
the first detailed information about the spectroscopic properties of PAA coated CdS
quantum dots [11]. Characterization of CdS quantum dots including the determination
of crystal size, photoluminescence intensity, and quantum yield was investigated. The
results show that there is a critical COOH/Cd ratio (1.5-2) in order to obtain the highest
PL intensity, quantum yield, and smaller crystal sizes. The effect of reaction pH was
also investigated. CdS nanoparticles prepared at pH 7.5 have higher quantum yields
than those prepared at 5.5.

Saturation analysis of Fe’:ZnSe crystals was then discussed. The experiments were
performed at two different wavelengths (2645 and 2730 nm) with two different
methods. The absorption cross section (o,) and normalized strength of excited-state
absorption (f,) were determined. The results are comparable within each method. We
have attempted to make lifetime measurements and laser trials with polycrystalline and
single-crystal Fe*":ZnSe samples at low and room temperature. For low-temperature
measurements, a cryogenic system was designed and developed that enables cooling
down to 136 K. Under heat loading, the minimum temperature obtained was 180 K. We
could not obtain any signal during the lifetime measurements. The failure in the lifetime
measurements affected the laser trials. The amount of Fe ion concentration, the limited
output power of the pump source, limited cooling and the defects on the crystal surface

are possible reasons for the failure in the experiments. In order to obtain luminescence
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and laser emission from Fe*":ZnSe crystal, new samples can be synthesized and tried

with an improved pump source and more aggressive cooling mechanism.
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