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Abstract

Quantum dots are three dimensionally confined systems where motion
of the charge carrier is restricted in all three dimensions. For semiconductor,
such confinement is possible when the radius of the semiconductor crystallite
approaches the Bohr radius of the exciton. Practically semiconductor crystallites
having size 1-100 nm are termed as quantum dots. They exhibit physical and
chemical properties different from either the individual molecule or the
extended solid, and their size, shape, and composition can all be tailored to
create a variety of desired properties. Apart from quantum size effect or
quantum confinement effect, the other main features of quantum dots are high
surface to volume ratio and high oscillator strength, For the last few years, a
great deal of interest has been shown by many research workers to prepare
semiconductor nanoparticles and to study their optoelectronic and optical
properties. Producing monocrystalline, monodispersed and uniformly
distributed quantum particles involve many physical parameters and machine
complexities all of which cannot be controlled ideally and simultaneously in a
specific route. And so, each synthetic route has its own advantage and
limitations. The various physical and chemical synthetic processes for
nanoparticle formation include: molecular beam epitaxy, electrochemical
deposition, RF sputtering, dc magnetron sputtering, sol-gel, photochemical, low
pressure chemical vapour deposition (LPCVD), chemical precipitation in
colloids, mechanical grinding/alloying, magnetron co-sputtering, vapour
deposition on cold substrates and on heated substrates, Selective area metal
organic chemical vapour deposition (SA-MOCVD) etc. These fabricated
structures are being studied for practical applications in electronic as well as
linear and nonlinear optical devices. Much larger nonlinear effects have been

observed in quantum dots than in bulk crystals of the same material. As a



result, quantum dots have been considered for many optical and electronic
devices including light emitters, all-optical analog-to-digital converters,
nanoelectronic devices, high-density information storage devices, and catalyses
etc.

Recently, ion beam has become an important aspect for synthesis,
modification characterizations of nanoparticles. The synthetic procedures
include ion-implantation, ion beam mixing, ion beam assisted self organized
nanostructure formation and template synthesis.

In this work we have fabricated lead sulphide (PbS), cadmium sulphide
(CdS) and zinc sulphide (ZnS) quantum dots with narrow size distribution
using poly vinyl alcohol (PVA) as matrix following chemical route. The
quantum dots samples were characterized with the help of various
characterization techniques, viz, XRD, UV-Vis absorption, TEM and
Photoluminescence (PL). The sizes of the quantum dots were found to be 5-10
nm.

Next, in order to control nanocrystalline growth and increase stability,
the surface of these low dimensional systems are coated. For coating the
prepared nanoparticles, viz, PbS, CdS and ZnS we used PVA/silica hybrid. To
the best of our knowledge this is the first approach of this kind. For the
synthesis of PVA/silica hybrid we have followed a cheap, non-toxic and
environment friendly route where sodium silicate was used as the inorganic
source. The coated quantum dots were found to be within the size limit 4.8-9
nm.

In case of bare samples the PL peaks were observed in low energy
regime which was attributed mainly to surface state emission surface state as
well as band edge emission for PbS and due to surface defects like dangling
bonds and vacancies in case of ZnS quantum dots. In case of CdS quantum dots
the low energy peak is attributed due to formation of Cd-O complex. After
applying silica coating the PL spectra of CdS and ZnS quantum dots show high
energy emission. We believe that the origin of hi;gh energy emission is electron

hole recombination at the surface of the nanoparticle. The occurrence of such
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peak in case of coated sample indicates that coating may enhance the possibility
of electron hole recombination.

We have also investigated the effect of ageing in quantum dots. The PL
spectra of quantum dots were taken after 30 and 60 days. The PL intensity
significantly increases with time in case of bare samples. However no
significant increase in intensity has been observed in case of coated samples.

Swift heavy ion (SHI) beam impact on quantum dot is relatively new
area in nanoparticle research. The effect of SHI irradiation on particle size and
luminescence properties has been studied extensively in this work. The
irradiation experiment was carried out on each of the bare and coated quantum
dots samples. The samples were mounted on a vacuum shielded vertical sliding
ladder having six rectangular faces. They were irradiated in the GPSC chamber
under high vacuum (5x10% Torr) by using the 160 MeV Nil?* beam with
approximate beam current of 1.0 pnA (particle nanoampere), available from the
15UD tandem Pelletron Accelerator at NSC, New Delhi. The samples were
irradiated with fluences 102, 5x10'2 and 10 ions/cm? respectively. Using
Monte Carlo simulation program SRIM the projectile range for PbS, CdS and
ZnS sample were calculated as 42.38, 36.48 and 34.44 um. Following the SRIM
calculation for SHI irradiation the sample thickness was kept ~20 um so that the
possibility for ion implantation can be ruled out.

After SHI irradiation we have observed particle growth in case of bare
samples whereas the coated samples were found stable. Some high peaks were
also appeared in PL spectra of the samples after irradiation.

In recent years, there are extensive studies on optical responses of
semiconductor nanocrystals. Such studies enhances the possibilities of there
application in nonlinear optical and optoelectronic devices. We have carried out
DFWM experiment to explore nonlinear optical phenomena shown by
embedded PbS quantum dots and presence of large high third order

nonlinearity has been observed in such systems. For application of quantum
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dots in optoelectronic devices we have studied the optoelectronic switching
characteristics of the prepared quantum dots.

The frequency dependent electrical behaviour of PbS quantum dots have
also been studied in terms of their capacitance -voltage (C-V) and current
voltage (I-V) responses. The C-V characteristics show that in low frequency
range (300-900 Hz) they can be used as passive elements like capacitors. Also at
mid frequency range (20-40 kHz) single electron effects has been indicated for

such systems.
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CHAPTERI

In recent years there has been much excitement surrounding the possible
applications of ultra small systems on the 10-1000 A length scale in the areas of
electronics and optoelectronics. Structures whose dimensions are of this length
scale are often called nanostructures. In a wider sense of the term, any material
containing grains or clusters below 100 nm, or layers or filaments of that
dimension, can be considered as nanostructure.

Though the changes in fundamental optical and electronic properties
with decreasing size is observed in any materials but, for a given temperature,
this occurs at a very large size in semiconductors, as compared to metals,
insulators and van der Walls or molecular crystals [1]. For example, the band
gap of CdS, a II-VI semiconductor, can be made to vary more or less
continuously between the bulk value of 2.4 eV to 4.0 eV for a 15A nanocrystal
by merely tuning the size of the CdS nanocrystals [2]. Thus the quantum
mechanical behaviour can be easily observed in a low dimensional
semiconductor structure and therefore while discussing low dimensional

structures we have confined our attention to semiconductor nanostructures

only.

1.1 Types of nanostructured materials:

In semiconductor, the principle of reducing dimensions is based on
confinement of charge carriers in one, two or all of the three dimensions, unlike
in the case of bulk structure, where they are free to move in all three
dimensions. On reducing the size, the dimension of the structure which
becomes comparable to the de-Broglie wavelength at Fermi energy, the motion

of the charge carriers along that particular direction, will be confined. These



Chapter 1

reduced structures having size in nanometer regime are known as
nanostructures.

Depending on how many dimensions are comparable to the de-Broglie
wavelength there may be three types of nanostructures (1) quantum well

(2) quantum wire and (3) quantum dot as shown in fig 1.1.
l |

(A) (B) ©

Figure 1 1: Carrier confinement in low dimensional systems (A) quantum well
(B) quantum wire and (C) quantum dot

In quantum well, electron motion is restricted only along one dimension
(say, thickness). These quasi two dimensional systems show pronounced optical
nonlinearities even at room temperature. The research on electronic structure of
quantum well begins in 1970 and GaAs is used most commonly for fabricating
quantum wells.

In quantum wires, two dimensions, e.g. thickness and width, are made
comparable to de-Broglie wavelength, thus confining the electron motion in
these two dimensions. At the beginning of 1980s quantum wires are fabricated
in the form of miniature strips, etched in sample containing a quantum well.

Quantum dots are three dimensionally confined systems where motion
of the charge carriers is restricted in all three dimensions. Thus in quantum
dots, all the three dimensions (i.e. thickness, width and length), are made

comparable to de-Broglie wavelength. For semiconductor, such confinement is
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possible when the radius of the semiconductor crystallite approaches the Bohr
radius of the exciton. Practically semiconductor crystallites having size 1-100
nm are termed as quantum dots.

\ In a semiconductor, when an electron is excited from the valance to
conduction band, leaving a hole in the valance band, the electron and the hole
can form a loosely bound state, the Mott-Wannier exciton. A quantum dot is

formed when the radius of the semiconductor crystallite approaches the exciton

Bohr radius (the distance between the electron and the hole).

A A
3D Bulk 2D Quantum Well
p(E) p(E)
E > = >
F 3 A
1D Quantum Wire 0D Quantum Dot
I T I
E g E >

Figure 1.2: Density of states of 3D-bulk and reduced dimensional systems
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An important aspect of semiconductor quantum dots is the modification
of energy level and density of states (DOS) owing to the confinement of the
charge carriers.

The density of states for a bulk semiconductor has the form

3

Py 1
dN dE2 >
—x——=E (1.1)
dE dE
for a two- dimensional system (quantum well) is a step function,
dN d
—_— o — E-¢g;)= 31
dE dE eEE( l) eiZ<:E (1)
for a one- dimensional system (quantum wire has a peculiarity),
dN d 1/2 -1/2
S w3 (E-¢g)/2= S(E-¢,
E “aES ) BE ) a3
And for a zero-dimensional system (quantum dot) has the shape of
&— peaks
dN d
—ox— ) OE-¢;)=>08E-¢,
aE “ qE 5 O ~a)=28(E-s) (14

Where &; are discrete energy levels, O is the Heaviside step function, and § is the
Dirac function [3]. The variation of density of states (from continuous to
discrete) with reducing system dimensionality is shown in fig. 1.2.

The quantum dots systems are also termed as nanocrystal, nanoparticles,
artificial atoms etc. They exhibit physical and chemical properties different from
either the individual molecule or the extended solid, and their size, shape, and
composition can all be tailored to create a variety of desired properties.

Such quasi zero dimensional system was first fabricated by scientists
from Texas Instruments Incorporated. Reed et al. [4] reported the creation of
Quantum Dof:with a side length of 250 nm, etched by means of lithography.
Soon after Quantum Dots with diameters 30-45 nm were fabricated in Bell

Laboratories and Bell Communication Research Incorporated.
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The synthesis of colloidal suspensions of nanocrystalline semiconductor
particles in the 1980s initiated an enormous amount of research on quantlim
dots. Semiconductor nanocrystals with the same interior bonding geometry as
bulk often exhibit strong variations in their optical and electronic properties
with size [5, 6]. The change of the optical properties of semiconductor was
reported as early as 1926. Jaeckel [7] related the red shift of the absorption onset
observed for glasses containing CdS particle to the growth of the CdS particles.
Later in 1967, Berry reported a blue shift of the absorption spectrum for small
crystals of AgBr [8] and Agl [9] compared to macroscopic crystal. Interestingly,
it was suggested that the blue shift should not be regarded as due to band gap
widening. However some 15 years later it was established by the groups of
Ekimov [10] and Rosseti [5, 6] that it was indeed the widening of the band gap
that caused the observed blue shift in the absorption spectrum and was due to

so called quantum size effect.

1.2 Distinguished physical properties of Quantum Dots:

Quantum dots have chemical and physical properties different from
those of the bulk and isolated atoms or molecules with the same chemical
composition. Here we discuss some of the important properties of these small

crystallites:

1.2.1: Quantum Confinement Effect:
The quantum confinement concept is really the reason quantum dots are
becoming so important. The exciton Bohr radius (as) is given by;

2
aB:4neoec;h ( 1: + 1¢J=a0 Ga( 1: +L1J (15)

mge m, my m, my

In equation (1.5) a, is the Bohr radius of hydrogen atom (0.529A), &, is the high
frequency relative dielectric constant of the medium, m’e and m, are the

effective masses of the electron and hole respectively both in units of m,, the

rest mass of electron. The resulting Bohr radius for exciton is much larger than
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that of hydrogen atom, since the effective masses of the charge carriers are only

a small fraction of the electron rest mass and €, is considerably larger than 1 in

semiconductor. As the size of the semiconductor particle approaches Bohr
radius of the exciton, the electron hole pair gets spatially confined and assumes
a state of higher energy. In this regime of spatial confinement of the charge
carriers, the kinetic energy becomes quantized and the energy bands will split
into discrete levels. This phenomenon is known as quantum size effect or
quantum confinement effect [11]. The increase in band gap is observed as a blue
shift in optical absorption spectra. The particles with reduced dimensions
exhibit size-dependent optical and electronic behaviour resulting from three-
dimensional (3D) carrier confinement [12].

Quantum confinement effect can be qualitatively explained with the help
of simple particle in a box model. The solution of the Schrédinger equation

gives the eigenfunctions

¥, (x)= E sin(kx); kn=nn/L (1.6)

And the corresponding energy eigenvalues are given by

n’k2  n%n’n? (1.7)
2m 2mL

Thus with the reduction of the size of the box, the energy level spacing
increases since it is inversely proportional to L2, the square of the length of the
box.

Quantitatively, there are two approaches to explain and understand
quantum size effect. The first approach uses the effective mass approximation
[13-15] following which the band gap (E) of a semiconductor nanoparticle can
be derived as [14]

n*h? { 11 )_ 1.8¢2

+
& 2R* (m! mj

E=E +smaller terms (1.8)

eR
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where R is the radius of the semiconductor nanoparticle, Eg is the band gap of
the bulk semiconductor. The second term in equation (1.8) represents the
quantum localization energy and has 1/R? dependence. The third term
represents the Coulomb energy with 1/R dependence. In the limit of large R the
value of E, approaches that of Eg Although the effective mass approximation is
not valid for very small particles, equation (1.8) has often been used to describe
quantum size effects in semiconductor nanocrystallites.

Equation (1.8) implies that when the radius of a semiconductor particle
decreases its band gap increases. As a result of the spatial confinement of the
charge carriers, the kinetic energy becomes quantized. The quantization of the
kinetic energy manifests itself as a gradual transition of continuous energy

bands to discrete energy levels.

Diatomic Cluster Crystal
molecule

Conduction band

Band gap

<@ =03 m

Valence band

Density of
states —

Figure 1.3: From diatomic molecules to crystals: evolution

of molecular orbitals into bands

The second approach to explain and understand quantum size effects
based on the linear combination of atomic orbital-molecular orbital (LCAO-
MO) to calculate the energy levels in a small semiconductor particle. In this
approach nanometer size semiconductor particles are described as very large
molecules. Fig.1.3 illustrates these approaches qualitatively. In case of large

crystals the large numbers of atomic orbitals as well as molecular orbitals form
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energy bands. The highest occupied molecular orbital (HOMO) forms the
valance band while the lowest unoccupied molecular orbital (LUMO) forms the
bottom the conduction band. The energy difference between the HOMO and
LUMO is the band gap of the material. As is clear from the fig. 1.3 the band gap
increases and the bands split into discrete energy levels with a decreasing
number of atoms or reduction in size. Contrary to the effective mass
approximation the LCAO-MO theory provides a good way to calculate the

energy structure of very small semiconductor clusters.

1.2.2: Large surface to volume ratio:

Besides quantum size effects, statistical effects influence the
optical/electronic and optoelectronic properties of quantum dots as well. One
of the statistical effects of reducing the size of semiconductor particle is the
existence of large surface to volume ratio (S/V), for example, a 50 A CdS cluster
has ~ 15% of the atoms on the surface [11]. The large S/V ratio results in
producing electronic states within the band gap of the semiconductor. These
are called surface states. These surface states have a large influence on the
physical and chemical properties of nanocrystalline semiconductors. For
example, in case of photoluminescence, unlike in bulk specimen, in quantum
dots excited electrons may be captured by these states, either before or after the
direct radiative recombination which ultimately influences the luminescence
property. Again, bulk CdS melts at about 1600 °C, whereas a 25 A nanocrystal
of the same material has a melting temperature of about 400 °C [16]. Such effects

are observed because of the higher surface energy of the nanomaterial.

1.2.3: High oscillator strength:

The intensity of a UV-Visible absorption band is a function of the energy
of the transition and to the square of the oscillator strength. In a bulk
semiconductor, the electron and hole are bound together by the Coulomb

attraction with binding energy of a few to tens of meV. This exciton is easily
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ionized at thermal energies, which accounts for the absence of the ‘strong
exciton bands’ in bulk semiconductors at room temperature. In case of quantum
dots, due to reduction in size the overlapping of electron and hole
wavefunction enhances significantly which results in high oscillator strength.
This also explains the presence of excitonic features in absorption spectra of
quantum dots.

The oscillator strength of the exciton is given as [10]

£ =22 B UO) ©

Where m is the electron mass, AE is the transition energy p is the
transition dipole moment and [U(0) P represents the probability of finding the
electron and hole at the same site (the overlap factor). For clusters with R>>ag,
lUO)  is independent of size and it is the macroscopic transition dipole
moment that determines the oscillator strength. For cluster with size R <as, the
overlap between electron and hole wavefunction increases and the oscillator
strength of the cluster weakly depends on size. However, exciton absorption
bands are difficult to observe practically due to inhomogeniety of the sample

and also due to surface defects.

1.2.4: Fast transition speed:

In quantum dots the electronic transition between surface states and
valance band and surface states and conduction band is faster due to the fast
trapping and detrapping of the charge carriers by surface states. This property

of quantum dots makes them very efficient for fast optic and photonic switch.

1.3 Coating the surface of Quantum dots:

Quantum dots are characterized by large surface to volume ratio. Thus
the surface has a profound effect on the physical and chemical properties of the
quantum dots. It is usual practice to modify the surface in someway in order to

reduce or prevent the charge carriers interacting with the surface. Surface
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passivation with various organic ligands or epitaxial overcoating with a wide
band gap semiconductor is already reported [17-18]. Such surface coating
enhances optical properties and stability of the nanostructured materials. For
example, in colloidal CdS, surface defects have been passivated by Cd (OH),
with a significant increase in fluorescence [19]. Significant increase in nonlinear
absorption coefficient has also been reported in case of 1-thioglycerol capped
ZnS nanoparticle [20].Mulvaney et al. used silica coating for nanostructuring
metal and semiconductor nanoparticles [21]. The unusual property of silica,
especially in aqueous media, provides nanoparticles enhanced colloidal
stability, so that they remain stable for considerable duration in solution
condition. Apart from preventing coagulation during chemical or electronic
process, the silica coating leads to a decrease in the polydispersity of the
particles and reduces the van der Waals attraction, which enhances the colloid
stability and the ability to form colloidal crystals, and such a shell is chemically
inert and optically transparent [22].

1.4 Fabrication techniques:

Producing monocrystalline, monodisperse and uniformly distributed
quantum particles involve many physical parameters and machine complexities
all of which cannot be controlled ideally and simultaneously in a specific route.
And so, each synthetic route has its own advantages and limitations.

The various physical and chemical synthetic processes for nanoparticle
formation include: molecular beam epitaxy (MBE) [23-25], electrochemical
deposition [26,27], RF sputtering [28, 29], dc magnetron sputtering [30, 31], sol-
gel [32], photochemical [33, 34], low pressure chemical vapour deposition
(LPCVD) [35-37], chemical precipitation in colloids [38], mechanical
grinding/alloying [39], magnetron co-sputtering [40, 41], vapour deposition on
cold substrates and on heated substrates [42, 43], Selective area metal organic
chemical vapour deposition (SA-MOCVD) [44-47] etc.

Recently, ion beam has become an important itinerary for synthesis,

modification and characterizations of nanoparticles. The synthetic procedures

10
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include ion-implantation [48-54], ion beam mixing [55-57], ion beam assisted

self organized nanostructure formation [58, 59] and template synthesis [60-62].

1.5 Overview of the recent work on quantum dot research:

For the last few years, a great deal of interest has been shown by many
research workers to prepare semiconductor nanoparticles and to study their
optoelectronic and optical properties. Passler et al. [63] prepared the films of
ZnS, ZnSe, and ZnTe nanoparticles on GaAs substrate by MBE and studied
their temperature dependent optical spectroscopy while Ganeev et al. [64] used
laser ablation method for the preparation of CdS nanoparticle. Using sol-gel
technique Boroditsky et al. [65] prepared Mn doped CdS quantum dots and
exclusively carried out the photoluminescence studies on IlI-V semiconductor
nanostructures to develop ultra small light emitting diodes. Bera et al. prepared
Silicon nanocrystals with the help of dc magnetron sputtering technique [66).
Mahamuni et al. [67] reported the synthesis of ZnO nanostructure by chemical
route and studied its photoluminescence behaviour that revealed its ultra fast
switching phenomena. Zhang et al. [68] and others [69-71] studied the X-ray
absorption of dendrimer stabilized CdS quantum dots. Chen et al. [72] has
detected the surface states of ZnS nanoparticle by UV/VIS absorption
spectroscopy and luminescence study. Also, they have reported the ultra fast
trapping and detrapping of electrons by these surface states. Chen et al. also
investigated different mechanisms of photoluminescence of Si nanocrystals
formed by pulsed laser deposition in argon and oxygen gas [73]. Coe et al. [74]
carried out electroluminescence study of CdSe nanoparticle to develop highly
efficient quantum dot LED’s. CdS, ZnS and Zn-CdS nanoparticles are
synthesized by Kulkarni et al. [75] through wet chemical route. Tanaka [76] had
studied photoluminescence properties of Mn doped ZnS and CdS nanocrystals
dispersed in polyvinyl alcohol while strong photoluminescent emission was
observed by Femée et al. [77] in case of surface passivated PbS quantum dots.

Desnica et al. [78] reported direct ion beam synthesis of 1I-VI nanocrystals.

11
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1.6 Advantage of chemical route:

The primary advantage of chemical methods over other methods is good
chemical homogeneity, as chemical synthesis offers mixing at the molecular
level. It also provides basic understanding of the principles of crystal chemistry,
thermodynamics, phase equilibrium and reaction kinetics. The prime
motivation towards adopting chemical routes is:

* Simplicity of fabrication.

* Requirement of only inexpensive instruments.

* Relatively short synthesis time.

Possibility of large scale productions.

* Possibility of surface passivation with less difficulty.

Feasibility of synthesis of metals, alloys, insulators, semiconductors and
even compound nanoparticles.

* Possibility ~of producing single crystalline (monocrystalline)
nanoparticles.

Possibility of doping of large number of materials (Mn, Ni, Fe, Cu etc.)
even at room temperature.

Possibility of coating, capping and coupling of synthesized nanoparticles
as per desired stoichiometric proportions.

Accurate synthesis of nanoparticles in the form of colloids, powders and
thin films.

Semiconductor quantum dots have been grown in different host
materials like micelles [79, 80], porous host lattice such as zeolites [81],

polymers [82] and glasses [83].

1.7 Application of Quantum Dots:
The size-dependent optical and electronic properties of quantum dots
make them interesting for potential applications in related areas. Next we

highlight on some such promising application of quantum dots.

12
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Quantum dots can be used to produce light emitters of various colors
just by tuning the band gap rather than the current complex techniques of
synthesizing compound semiconductors [84]. In semiconductors, the direct
recombination of photogenerated charge carriers produces a narrow emission
band at energy close to the absorption onset. For semiconductor quantum dots
this means that the luminescence is size tunable. Thus LEDs with a whole range
of output colors can be fabricated using quantum dots. Alivisatos [85] produced
light-emitting diodes (LED) with high conversion efficiencies by using quantum
dots embedded in polymer matrices. Recently Hwang et al. [86] investigated the
use of ZnS:Mn quantum dots for polymer light-emitting diodes.

Another potential application of quantum dots is the fabrication of
optical memories. A 3-D array of quantum dots which are addressed optically
can pack much larger amounts of information than conventional
microelectronic memory devices. This can be done, for instance, by spectral hole
burning in which those quantum dots in resonance with a specific laser
wavelength will be excited and thus ‘bleach’. This enables writing a ‘0" or a ‘1’
memory ‘state” with a resolution smaller than the size of the laser spot.

The need for faster switching times in microelectronics, demands
reduction in the size of the electronic components. In the conventional
technique, one switching cycle in a transistor gives rise to the movement of
many thousands of electrons, requiring a considerable amount of switching
energy and producing excessive heat which can hardly be dissipated in high-
frequency applications. This calls for developing single-electron devices, in
which the switching occurs with the motion of only a single electron. Such a
device may be realized by a quantum dot in which the charge of an added
electron effectively blocks the flow of other electrons by the so-called ‘Coulomb
blockade’. Both switching, which performs logic operations, and storage of

information are possible with these devices.

Enhancement of the nonlinear optical properties of quantum dots by
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behaviour quantum dots are suitable for fast optical switches and optical fibers
based on the nonlinear optical behaviour. In nonlinear optical materials, the
refractive index can be changed either by carrier injection or by applying
electrical fields. This change in the refractive index allows electronic
modulation of light, enabling, for instance, faster electro-optical switching as
compared to electronic switching.

Quantum dots have also been used as gas sensors. The simplest
nanomaterial based sensor concept involves measuring the changes in the
electrical resistance of a nanocrystalline metal when exposed to hydrogen.
Labeau et al. [87] investigated the sensitivity of a nanocrystalline SnO; gas
sensor doped with Pt and Pd nanoparticle. Gautheron et al. [88] observed that
the CO sensitivity was increased by a factor of 30 by adding Pd nanoparticles to

the nanocrystalline SnO> gas sensor.

1.8 Motivation of the present work:

Fabrication of quantum dots with uniform size distribution has always
been a prime objective in the concerned area of research. In the present work we
tried to fabricate IV-VI (PbS) and II-VI (CdS and ZnS) semiconductor quantum
dots through chemical route with narrow size distribution.

Due to the high surface to volume ratio of the nanocrystallite its surface
is very much sensitive to the surrounding environment. An effective surface
coating may enhance chemical stability as well as modify certain physical
properties of the quantum dots. Investigation of the effect of coating on
luminescence of quantum dots is interesting as it provides knowledge about the
charge carriers and energy states involved in the transition.

Swift heavy ion (SHI) irradiation of quantum dot is a relatively new area
and detail study about the physical and chemical changes occurring after SHI
irradiation needs to be carried out.

In the quantum confined region, nanoparticle exhibit large optical

nonlinearity. The four wave mixing experiments with quantum dots will be an

14
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important application in this regard. The quantum dots have large potential for
application in optoelectronic device and hence the study of quantum dots for
such possible device application is a fruitful area of research. The study of
frequency dependent electrical properties of quantum dots will reveal the scope

of their use as electrical components.

1.9 Thesis Plan:

The thesis is divided into seven chapters, each of which again split into
various sub-sections. Chapter I presents general introduction of different low
dimensional systems, modification of energy level and density of states (DOS)
owing to the confinement of the charge carriers, characteristic features of
quantum dots and fabrication methods etc. along with a brief outlook on
foregoing research work in this field. The method of synthésis of semiconductor
quantum dots and different characterizing techniques used in this work along
with the theoretical models are discussed in chapter II. In chapter III, the
experimental results on various unirradiated quantum dots are presented and
discussed in details. The experimental results and discussion of SHI irradiated
quantum dots are presented in chapter IV. Chapter V presents theory and
principle of degenerate four wave mixing (DFWM) along with the result of
DFWM experiment to measure the third order nonlinear susceptibility of PbS
quantum dots. The optoelectronic and electronic switching behaviour of
quantum dots have also been discussed in this chapter. The electrical behaviour
of PbS quantum dots in terms of capacitance-voltage and current -voltage
responses is presented in chapter VI. The conclusions and future prospects are

presented in chapter VII.
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CHAPTER I

In this chapter the chemical synthesis of quantum dots and various
experimental and measurement techniques used to characterize the fabricated
quantum dot samples have been discussed. The prepared quantum dot samples
were characterized by XRD (X-Ray diffraction), Ultraviolet-visible (UV-Vis)
optical absorption, Transmission Electron Microscopy (TEM) and

photoluminescence (PL) study.

2.1 Synthesis of quantum dots:

We have fabricated bare and coated quantum dots through chemical
method using polyvinyl alcohol as the dielectric matrix for the encapsulation of
the quantum particles. We have studied small (PbS) and wide band gap
materials (CdS and ZnS) as both of these systems in reduced dimensionality
are capable of showing excitonic absorption even at room temperature due to
enhancement in excitonic binding energies. Synthesis of bare quantum dots is

schematically shown in figure 2.1.

2.1.1 PbS quantum dots:

For preparation of PbS quantum dots in poly vinyl alcohol (PVA), first
the matrix was prepared. For this, a 5 wt% PVA solution was prepared in
double distilled water, by stirring in a magnetic stirrer wifh stirring rate at ~200
rpm at a constant temperature of 70 °C until a transparent solution is formed.
To this solution 0.01 M PbNOs solution was added in the volume ratio 2:1
followed by stirring at the same rate. The temperature is maintained at ~55 °C.
To this solution, 0.01M NaxS was added drop wise, until the whole solution
turns dark brown. The atomic structure of PbS is shown in fig. 2.2 a. After

keeping this solution in a dark chamber for 12 hours for stabilization, it was
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caste over glass substrate and dried. The film contains PbS quantum dots

embedded in PVA matrix.

2.1.2 CdS quantum dots:

For preparation of CdS quantum dots, 5 gm of PVA is dissolved into 100
ml double distilled water and the mixer is stirred in a magnetic stirrer at a
stirring rate of ~200 rpm in the constant temperature of 70 9C for 3 hours until a
transparent solution is formed. To this solution 0.01 M CdCl> solutions is added
in the volume ratio 2:1. The mixtureis stirred at the rate of 200 rpm at a
constant temperature of 55 °C while 0.01M NasS solution is put into it by
dropping funnel slowly unless the whole solution turns into yellow color. The
solution is kept in dark chamber at room temperature for 12 hours for its
stabilization followed by casting over glass substrate. This film contains CdS
quantum dots embedded in PVA matrix. Fig. 2.2 b shows the atomic geometry
of CdS.

2.1.3 ZnS quantum dots:

A PVA solution of 5wt% in double distilled water is prepared in the
similar way as in case of PbS and CdS quantum dots. Next 0.01M aqueous
solution of ZnClz and 0.01M solution of Naz5 are prepared so that the molecular
weight ratio of ZnCl> and NazS becomes 1:1. The solutions of PVA and ZnCl,
are mixed in the ratio of 1:2 and then stirred at about 200 rpm at 55 °C while
with dropping funnel, NaxS solution is put into it, until the whole solution
appears completely milky. The prepared solution is kept in dark chamber at
room temperature for 12 hours for stabilization. Finally, the solution is cast over
glass substrate and then dried. The film over substrate contains the quantum
dots of ZnS embedded in PVA matrix. The atomic structure of ZnS is shown in
fig. 2.2c.
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Figure 2.1: Schematic diagram for preparation of bare quantum dots

23



Chapter 11

o_.' { E ' : L)
¢ b:’ v ‘s” ¢ b” < Ub ¢ b ¢ b’b ' b‘
F i S VN AN £
'_,A" '.\ ::," ‘»\ ",’A * y e ".\ ; /' -\‘_ ’-/ .'\\ :l.-'/ '\
C
\ % }:L\ % \, N
“H L hS A * 3 t <
d

Figure 2.2: Atomic structure of (a) PbS, (b) CdS, (c) ZnS and
(d) small part of polyvinyl alcohol (PVA) chain
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Figure 2.3: Schematic diagram for preparation of coated quantum dots
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2.1.4 Synthesis of PVA/silica hybrid composite:

For the synthesis of PVA/silica hybrid composite [1] 6wt% sodium
silicate solution was mixed with 8wt% PVA solution in the volume ratiol:5 with
stirring to form a homogeneous mixture. Then the acid catalyst (0.5N HCI) was
added slowly with stirring at a temperature of 60 °C. Stirring was continued for
30 minutes to carry out the in situ acid hydrolysis of sodium silicate within

PVA.

2.1.5 Synthesis of Coated quantum dots:

To coat the PbS quantum dots with PVA/silica hybrid composite first
the colloidal solution of PbS was prepared as described in section 2.1.To 10ml of
this solution 2 ml of the PVA/silica solution was added with stirring at a
constant temperature of 60 ¢ C. The stirring was continued for %2 an hour. Then
the mixture is kept undisturbed for 48 hrs.

Following the same procedure CdS and ZnS quantum dots are also
coated with PVA/silica hybrid composite. The schematic diagram for synthesis

of coated quantum dots is presented in figure 2.3.

2.2 Properties of polymer matrix (PVA):

Polyvinyl Alcohol (PVA) (Fig. 2.2 d) is water-soluble and is produced by
the hydrolysis of polyvinylacetate which is made by the polymerization of vinyl
acetate monomer. PVA as an environmentally sensitive water soluble polymer
and is widely used for textile warp sizing, adhesive, paper sizing agent, ceramic
binder and also used in cosmetics, emulsion stabilizer, civil engineering,
pharmaceutical and electronic industries. Some of the physical parameters are

enlisted in Table 2.1
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Table2.1: Physical properties of PVA

Physical properties
Glass transition temperature (°K) 343
Melting temperature (°K) 483
Refractive index 1.55
Specific gravity 1.55
Specific heat (J/gm K) 1.66
Thermal conductivity (Wm*K1) 20
Molar mass of single structure unit (g)  58.2
Dielectric constant 20

2.3 Theoretical model used for size estimation:

The description of the quantum confinement within the framework of
the effective mass approximation (EMA) is a good approach. In case of solids,
the band dispersion describes a complicated dependence of energy on
momentum that usually cannot be described analytically. However, in the case
of a semiconductor, the dispersion relations at the top of the valence band
(TVB) and at the bottom of the conduction band (BCB) can often be described
approximately as parabolic. Therefore, near the band edges, the delocalized

electrons or holes follow a quadratic equation of the form

21.2
E(k)= ’;n‘n‘ 2.1)

where, m* is the effective mass of the charge carrier (electron or hole). To use
the effective mass approximation for describing the band gap variation with
size for nanocrystals, one needs to solve the Schrodinger equation for the

envelope function y

{_ AN S

V, ¥ ’ = E\P , 22
2me zmh 4r GOG reh * OJ (re rh) (re I‘h) ( )
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where the subscripts e and h refer to the electron and the hole with m and r
being the mass and position vector, respectively, and r en= |re — m|. €oand e
are the permittivity in vacuum and the relative dielectric constant of the
material. Using a trial wave function the above eqﬁation can be solved by
approximate methods.

Brus and Kayanuma [2-4] proposed the following equation for the band
gap, Egn, of a quantum dot of radius R, considering an infinite potential outside

the nanocrystals and zero potential inside,

E, =E, +L%25—)L—:;+-;ﬂ-1.78651;-0.24813;\( 23)
where ¢ is the dielectric constant and me and my are the electron and hole
effective mass, respectively. The first term on the right hand side of equation
(2.3) is the band gap of the bulk semiconductor of the particular material, the
second term represents the localization energy and has a 1/R? dependence, the
third term represents the Coulomb energy with 1/R dependence which is
usually small for semiconductors with large dielectric constant and the last term

is a result of spatial correlation. E*y is the effective Rydberg energy and is

defined as [5]:

Egy = e’ (1 v ] (2.4)

2¢?h%(m, my,

The energy of the nanocrystallite (Egn) can be calculated from the UV-Vis
absorption spectra using the relation hc/A, A being the corresponding
absorption edge.

Kayanuma [3] defined confinement regimes, depending on the ratio of
the radius of the quantum dot to the Bohr exciton radius, as of the bulk solid.
For strong confinement regime R/ap >>1, while for weak confinement R/ap<<1.
However, he found that strong confinement effect were observable upto R~ 2ag

[6] This is the regime where the effective mass approximation is relatively more

valid.
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2.4 Characterization Techniques:

2.4.1 X-Ray diffraction (XRD) study:

X-ray diffraction is a versatile, non-destructive technique used for
identifying the crystalline phases present in solid materials and powders and
for analyzing structural properties (such as stress, grain size, phase
composition, crystal orientation, and defects) of the phases. It probes a large
number of crystallites that are statistically oriented. The method uses a beam of
X-rays to bombard a specimen from various angles. The X-rays are diffracted
(according to Bragg's law) as they are reflected from successive planes formed
by the crystal lattice of the material. By varying the angle of incidence, a
diffraction pattern emerges which is characteristic of the sample. The pattern is
identified by comparing it with an internationally recognized data base

containing tens of thousands of reference patterns.

In the field of quantum dot research, XRD is commonly used for
identification of the sample and also for estimating the particle size. For sample
identification, the diffraction angles obtained from the diffractogram is
compared with the standard values of diffraction angles. A match between
these two values helps to identify the particular element.

The lines observed at subsequent peaks in the XRD of bulk material for a
particular structure, (normally, assessed from hkl parameters) are found to be
broaden with reduction of particle size. Figure 2.4 shows the XRD pattern of
CdSe nanocrystallites of different sizes (a-g) and of bulk (h). The reference is
taken from the contribution of Murray et al {7]. The line broadening can be
clearly understood from the figure.

The size of the nanocrystallites can be estimated by using Scherrer
formula [8]:

d=0. 9»/w cosb
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where d is the diameter of the particle, A is the wavelength of the X-ray used ,
w is the full width at half maximum (FWHM) of the diffraction peak and 6 is

the Bragg’s angle.
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Figure 2.4: XRD pattern of (a) 12, (b) 18, (c) 20,(d) 37, (e) 42, (f) 83, and (g) 115 A
diameter CdSe nanocrystallites compared with the bulk wurtzite peak positions (h).

2.4.2 Ultraviolet-visible (UV-Vis) spectroscopy:

UV-Vis absorption spectroscopy is the easiest tool available to
characterize semiconducting nanocrystals. Quantum dots generally exhibit
threshold energy in the optical absorption measurements, due to the size
specific band structure [9], which is observed by the blue shifting of the
absorption edge, with decreasing particle size. Thus the blue-shift in the band
gap reveals the formation of nanocrystals. In conjunction with more accurate

approaches to calculate the band gap as a function of the size available these
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days, it is possible to obtain reliable estimates of the size from the measure of

the band gap shift.
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Figure 2.5: Size dependent optical absorption spectra for
colloidal ZnSe nanocrystallite

Also, one can get an estimate of the size distribution from the sharpness
of the absorption peak. Figure 2.5 shows the size dependent optical absorption
spectra for colloidal ZnSe nanocrystallite [10]. The sharp excitonic peaks in the
spectra indicate narrow size distribution in the prepared samples while
featureless absorption spectra are indicative of broad size distribution and large
particle size. This is because, if there exists broad size distribution in the
sample, there would be a number of exciton peaks appearing at different
energies corresponding to different sized nanocrystals and they overlap with

each other yielding broad and featureless absorption spectra.

2.4.3 Transmission Electron Microscopy (TEM) study:

Transmission electron microscopy is one of the most vital non-
destructive testing methods in nanoparticle research which can probe the
particles down to < 1 nm. The size and shape of the particles can be directly

estimated from the TEM study. Additionally, when a reaction behaves in an
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odd fashion or produces precursors that emit broadly in the visible spectrum,
TEM provides a method for discerning whether or not quantum dot material
was actually produced. One can “see” and photograph the material, or rather
its shadow. In TEM, an electron beam is focused on a'monolayer of dried out
quantum dots on a 200 mesh copper grid coated in carbon (i.e. the quantum
dots are no longer a colloidal suspension). Electrons pass through these
quantum dots at a slower rate than through the plain carbon grid, and hence, a
shadow is detected by the film when it is exposed for the purpose of taking a

photograph.

Figure 2.6: TEM image of spherical CdS quantum dots

Unfortunately, at the high magnifications necessary for observation -of
very small quantum dots, the resolution is often not very good, but does at least
indicate that a certain kind of material was produced, such as dots, rods, or
other shapes. Additionally, the pictures taken through TEM provide a good
means of ascertaining aspect ratios and comparing samples. Figure 2.6 shows a

TEM image of spherical CdS quantum dot with an average size of 5.3 nm.

2.4.4 Photoluminescence (PL) spectroscopy:
Photoluminescence spectroscopy is another important method for

characterization of quantum dots. The emission characteristic of most of the
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quantum dots consists of a single-broad emission band, which is symmetric and
comes from states that fall in the quantum dot’s band gap. These states are not
detectable in absorption spectra. The luminescence characteristics depend upon
the nature of the semiconductors, the physical dimension as well as the
chemical environment and the luminescence property can be manipulated in
useful ways [11].

Luminescence is the general term used to describe the emission of
radiation from a solid when it is excited with some form of energy. When
excitation arises from the absorption of photons, the phenomenon is known as
photoluminescence. Whatever be the form of energy input, the final stage in the
process is an electronic transition between two energy states E1 and Ez (E2> Ei),
with the emission of radiation of wavelength A where,

hc/A=E;- Ex
h and ¢ being the Planck’s constant and velocity of light respectively.

According to Stoke’s law, the first law in the history of luminescence, the
wavelength of emitted light is generally equal to or longer than that of the
exciting light (i.e., of equal or less energy). This difference in wavelength is
caused by a transformation of the exciting light, to a greater or lesser extent, to
non-radiating vibration energy of atoms or ions. In rare instances e.g. when
intense irradiation of laser beam is used or when sufficient thermal energy
contributes to the electron excitation process—the emitted light can be of
shorter wavelength than the exciting light (anti-Stokes radiation).

Depending on the duration of the emission, one can distinguish between
two general classes of luminescence--fluorescence and phosphorescence. The
fluorescence is an instantaneous process whereas in phosphorescence, the
presence of vacant lattice sites or other impurities, lattice defects, and/or
irregularities in the host lattice, provide unoccupied states (traps) and delay the
luminescence by detaining (trapping) the charge carriers (electrons/holes)

before their radiative recombination with the luminescent centers.
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In photoluminescence spectroscopy, photons with energy greater than
the band gap of the semiconductor material studied are directed onto the
surface of the material. The incident monochromatic photon beam is partially
reflected, absorbed, and transmitted by the material being probed. The
absorbed photons create electron-hole pairs in the semiconductor. The electrons

are excited to the conduction band, or to the energy states within the gap. In

A

Conduction band

Trap

Energy

Luminescence

Trap

Valence band

Figure 2.7: PL mechanism in quantum dots

addition, electrons can lose part of their energy and transfer from the
conduction band to energy levels within the gap. Photons produced as a result
of the various recombinations of electrons and holes are emitted from the
sample surface and it is the resulting photon emission spectrum that is studied
in photoluminescence (PL). The photon energies reflect the variety of energy
states that are present in the semiconductor. A direct conduction band-to-
valence band recombination is rarely observed in PL spectra. Even if direct
band-to-band recombinations occur, the crystal will strongly reabsorb the
photons emitted. Therefore, in PL spectra, recombination processes are

observed with emission energies less than Eg. These processes include excitonic
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recombinations and indirect transitions, which involve the trapping of electrons
(or holes) by impurities.

The nature of the quantum dot surface is critical for photoluminescence
experiments. The influence of the surface on photoluminescence can be
understood in terms of the trap states described in figure 2.7 [12]. The created
electron-hole pair may recombine immediately to produce light (radiative

recombination).
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Figure 2.8: PL spectra of CdS quantum dots

These trap states are caused by defects, such as vacancies, local lattice
mismatches, dangling bonds, or adsorbents at the surface. The excited electron
or hole can be trépped by these local energy minima states and become less
available for the radiative recombination of luminescence. Radiative
recombination of the trapped charge carriers then produces luminescence that
is substantially redshifted from the absorbed light. Surface passivation is a well-
known phenomenon that decreases the possibility of charge carriers residing in

traps.

35



Chapter 11

Figure 2.8 shows the PL spéctra of CdS quantum dots with FWHM of ~ -
80 nm. The excitation wavelength is 325 nm (3.8 eV). The PL spectra exhibit a
red shifted emission peak around 591 nm.

In this chapter the method of fabricating PbS, CdS, and ZnS quantum
dots (both bare and silica coated) have been discussed. For fabricating the
samples a series of experiments were carried out with different experimental
parameters like concentration of the chemicals, stirring rate and temperature
and then the best composition was followed. In that sense this work is original
and the use of PVA and silica composite for coating the nanoparticle surface is a

novel work.
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CHAPTER I

In this chapter the results of various characterizations viz XRD, UV-Vis
absorption, TEM and Photoluminescence (PL) on quantum dots are presented
and discussed in detail. Also the ageing effect on PL behavior of both bare and
coated quantum dots have been discussed. The X-ray diffractogram are
recorded using Rigaku (D-Max series) diffractometer mounted on a Rigaku x-
ray generator. UV-Vis absorption spectra of the samples were taken with a
double beam spectrophotometer (Hitachi U 2001) ‘;zvhile PL study were
recorded with Mechelle 900 spectrometer for recording PL with IK series
KIMMON He-Cd laser. The 325nm line from He-Cd las:er was used for the PL

measurements.

3.1 Lead Sulphide (PbS) quantum dots:

Among semiconductor quantum dots, PbS is important due to their
unique optical and electrical properties. PbS is .a narrow gap IV-VI
semiconductor with a band gap of 0.41 eV (3027nm) at room temperature. By
varying the size and shape from bulk material to nanoparticle, it is possible to
enhance the band gap as large as 2.8 or 5.2 eV [1].

The nanoparticles of PbS and other lead saits like PbTe and PbSe are
better suited for strong confinement limit compared with other well-known II-

VI semiconductor nanoparticles like CdS. The electron radius (ae =¢# /mee? )

and hole radius (an=e# /mne?) of PbS are both ~10 nm which are much larger
than a.~3nm and ap~1nm of CdSe [2, 3].The Bohr excitonic radius is~ 20 nm for
PbS. Thus strong confinement effect of the carriers can-be precisely achieved in
these materials [4]. As the nonlinear optical properties of semiconductor
quantum dots are expected to be greatly enhanced in the strong confinement

regime, PbS would be a better candidate for exploiting non linear properties.
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Earlier investigations into the fundamental limits of the performance of PbS
nanoparticle based devices confirm their ability to become a versatile

technological platform for the creation of better optoelectronic devices [5].

3.2 Cadmium sulphide (CdS) quantum dots:

CdS is an important II-VI semiconducting material that has attracted
much interest owing to their unique electronic and optic:al properties, and their
potential applications in solar energy conversion, photoconducting cells,
nonlinear optics and heterogeneous photocatalysis [6]. CdS has a band gap of
242 eV (517nm) at room temperature and the Bohr excitonic radius of CdS is

approximately 2.5 nm.

3.3 Zinc sulphide (ZnS) quantum dots:

ZnS is also an important II-VI semiconductor with a large band gap 3.68
eV (337 nm). ZnS, which in the bulk form absorbs. in the UV region, is
technologically important for electroluminescent displays. It can be also used as
a host matrix for doping various ions. Tuning the band gap of ZnS in the
nanometer regime allows us to achieve large quantum efficiencies of emission.
Also, it can be used as a higher band gap material for passivating other

semiconductor quantum dots, thereby increasing their quantum yields [7].

3.4 XRD study of quantum dots:
3.4.1 PbS quantum dots:

The XRD pattern of uncoated PbS quantum dots is shown in figure 3.1.
The XRD of PVA is shown in the inset. For PbS, the ):%RD peaks at 26 =25.99,
30.19 and 430 corresponding to (111), (200) and (220) plans, suggest formation of
fcc crystal. The diffraction peaks are indexed accordi”ng to earlier published
work [8, 9]. The peak around 200 corresponds to PVA crystalline phase [10]. The

average size of the prepared PbS quantum dot samples calculated from XRD
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pattern using Scherrer formula [chapter II, section 2.4.1] was ~12 nm

corresponding to the FWHM of the most significant peak~0.116 radian.
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Figure 3.2: XRD pattern of coated PbS quantum dots
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Figure 3.2 shows the XRD pattern of coated PbS quantum dots. It has
been observed that the FWHM of the XRD peak have been broadened to a little
extent compared to the bare samples indicating smaller size of the coated
samples. This may be due to the coating effect of amorphous silica [11]. It has
been reported that SiO; exhibits a hump around 220 [12, 13] which in our case
might be overlapped by the PVA peak. Therefore it was not possible to locate
the bump due to silica individually. However the peaks assigned to PbS appear
in the same position which confirms the formation of PbS. The FWHM of the
most significant peak measures ~0.127 radian. Thus the size of the silica coated

PbS quantum dots estimated from XRD was 11 nm.

3.4.2 CdS quantum dots:
The XRD patterns of bare CdS quantum dots are shown in figure 3.3. The
diffraction peaks at 26 =27.19, 44.80 and 53.4° which are assigned to (111), (220)

(111)
£
3
()
220
220 3G11)
] o L] v U S 1 o || - L] | ol
10 20 30 40 50 60 70 80
20

Figure 3.3: XRD pattern of bare CdS quantum dots

41



Results of Characterizabion & Discussion

and (311) plans of CdS nanoparticles suggests cubic structure. The average size
of the bare CdS quantum dots estimated using FWHM of the most prominent
peak (~0.14 radian) were 10 nm.

Figure 3.4 shows the XRD pattern of silica coatéed CdS quantum dots.
Since silica (S5iO;) has an amorphous network only, the XRD peaks of coated
CdS particle retain the same pattern as that of the bare samples. However the
peaks have been broadened to some extent in case of co;ated samples, which is
caused by the coating effect. For coated samples, the average size estimated

using Scherrer formula corresponding to FWHM value of 0.2 radian was 7 nm.

(111)

Counts

220) (311)

10 20 30 40 S0 60 70 80
20

Figure 3.4: XRD pattern of coated CdS quantum dots

3.4.3 ZnS quantum dots:

The XRD pattern of bare ZnS quantum dots is shown in figure 3.5. For
ZnS the diffraction peaks are recorded at 26 = 28.90, 48.10 and 56.60. The peaks
are assigned to (111), (220) and (311) plans of ZnS nanocrystal, exhibiting pure
zinc blend structure [4]. The FWHM of the most significant peak measures
~ 0.15 radian. Substituting this value in Scherrer formula the average size of the

uncoated ZnS quantum dots were found to be 9 nm.

42



Chapter 111

{111}

Counts

{220}

L L L 2
I J 1

b
10 20 30 40
20

30 60 70 80

Figure 3.5: XRD pattern of bare ZnS quantum dots
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Figure 3.6: XRD pattern of coated ZnS quantum dots
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Like PbS and CdS quantum dots, in case of silica coated ZnS quantum
dots also, no appreciable change in XRD pattern is observed (Figure 3.6), apart
from a slight broadening of the FWHM of the XRD peak. The average dot size
estimated from XRD using Scherrer formula were 6 nm corresponding to
FWHM value of 0.23radian. The results of the XRD analysis are summarized in
table 3.1

Table 3.1: Size of the quantum dots estimated from XRD analysis

i Peak positions  Particle size (nm)
Sample Diffraction plan

(26) bare coated
PbS (111), (200), (220) 25.99,30.10, 430 12 11
Cds (111), (220), (311)  27.19, 44.8°, 53.40 10 7
ZnS (111), (220), (311)  28.99, 48.19, 56.6° 9 6

3.5 UV-Vis optical absorption study :
3.5.1 PbS quantum dots:

The UV-Vis absorption spectra of bare PbS and silica coated PbS
quantum dots are shown in figure 3.7. In the inset the UV-Vis absorption
spectra of PVA and PVA /SiO; have been shown.

For uncoated sample the absorption edge is found at ~511nm (2.42eV)
which is largely blue shifted from the corresponding bulk value ~3027 nm (0.41
eV) indicating strong quantum confinement. |

The absorption edge for coated sample is observed at ~506 nm. Table 3.2
records band gap enhancement for both bare and coated PbS quantum dots due
to size quantization and the corresponding size, estimated from optical

spectroscopy using EMA.

44



Chapter U1

3

It

]

2 PYA

AN -
o T o

% PVA/SiO,

200 400 600 800

WAVELENGTH (nm)

ABSORBANCE (Arb. Unit)

L) i
200 400 600 S00
WAVELEN GT H amw

Figure 3.7: UV-Vis absorption spectra of (a) bare and (b) coated PbS quantum dots
Inset UV-Vis absorption spectra of PVA and PVA/SiO»

Table 3.2: Size of the quantum dots calculated using EMA

Absorption Blue shift Aver.age size
Samples edge for quantum  Ega ener estimated
P dots sample (eV) &Y from EMA
(nm) (AE) (eV). (nm)
PbS 511 242 2.01 3.6
PbS/Si0; 506 2.45 2.04 3.56

3.5.2 CdS quantum dots:

The UV-Vis absorption spectra of bare and silica coated CdS quantum
dots are shown in fig 3.8 (a) and (b). |

The absorption spectra of uncoated sample have absorption edge at ~

445 nm which is significantly blue shifted from the bulk value of 517 nm. We
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note a slight blue shift in the onsets of absorption in case of coated samples (~

439 nm) compared to the bare one (~445 nm). The data is presented in Table 3.3.
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Figure 3.8: UV-Vis absorption spectra of (a) bare and (b) coated CdS quantum dots

Table 3.3 Size of the quantum dots calculated using EMA

Absorption

dee for Blue A\}erage size
Samol s ta Egn shift ~ estimated
amp-es dqt“a“ ml (eV)  energy . from EMA
ots sample (AE) (eV) (nm)
(nm) ‘
Cds . 445 278 0.36 5.3
Cds / SiO; 439 2.82 0.38 5.0
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3.5.3 ZnS quantum dots:
The UV-Vis absorption spectra of bare and coated ZnS quantum dots are

shown in figure 3.9 (a) and (b) respectively.
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Figure 3.9: UV-Vis absorption spectra of (a) bare and (b) coated ZnS quantum dots

The absorption edge for uncoated samples is observed at ~327 nm which
is blue shifted from the corresponding bulk value (337 nm).The coated samples
have the absorption edge at ~320 nm . The different data obtained from UV-Vis

absorption spectra is presented in Table 3.4.

Table 3.4: Size of the quantum dots calculated using EMA

Abzorp ftion Blue Average size
Samol € gemm Egn shift - estimated
amp?es dqtuan ml (eV) energy from EMA
ots sample (AE) (eV) (nm)
(nm)
ZnS 326 3.8 0.12 5.4
ZnS/ SiO: 320 3.88 0.22 4.5
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3.6 Transmission electron microscopy (TEM) study:
3.6.1 PbS quantum dots:

The TEM image of bare PbS quantum dots is shown in figure 3.10. It can
be observed from the TEM image that the nanoparticles are almost spherical in
shape. It also indicates size distribution in the sample. The average particle size

estimated from TEM for bare PbS quantum dot is ~10 nm.

mage of bare PbS q

Figure 3.11: TEM image of coated PbS quantum dots

The TEM image of coated PbS quantum dots is shown in figure 3.11. The
particles are almost spherical in shape but size distribution is still present in the

sample. The particles measure an average diameter of 9 nm.
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3.6.2 CdS quantum dots:
The TEM image of bare CdS quantum dots is shown in figure 3.12. As
revealed from the TEM, the p‘articles‘ are spherical in shape and the size

estimated from TEM is ~ 8 nm

Figure 3.12: TEM of bare CdS quantum dots

Figure 3.13 shows the TEM image of coated CdS quantum dots. The
particles are almost spherical in shape. From the TEM, the size estimated for

CdS coated quantum dots is ~6 nm.

Figure 3.13: TEM of coated CdS quantum dots
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3.6.3 ZnS quantum dots:
The TEM images of bare and coated ZnS quantum dots show (figure 3.14
and figure 3.15) the formation of spherical quantum dots with an average size

of 5 and 4.8 nm respectively.

Figure 3.14: TEM of bare ZnS quantum dots

!

.
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‘{*‘4:..4’" 4

LS

Fig 3.15: TEM of coated ZnS quantum dots

The result of TEM analysis regarding size and shape of all the quantum dots

under investigation are summarized in Table 3.5.
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Table 3.5 Size of the quantum dots estimated from TEM analysis

Quantum dot Sample Shape Size (nm)
PbS Spherical 10
PbS/SiO2 Spherical 9
CdS Spherical 8
CdS/SiOn Spherical 6
ZnS Spherical 5
ZnS/Si0Os Spherical 4.8

It has been observed that there are discrepancies between theoretical
and experimentally calculated particle size, being maximum for lowest band
gap semiconductor under study (PbS) and minimum for semiconductor with
highest band gap (ZnS). Such discrepancies may arise due to the non-
parabolicity and anisotropy of the bulk band structure which result from the
interaction between the conduction and valence bands in the narrow-gap
materials and their couplings to nearby bands while in EMA, the parabolic
band structure has been used for describing the band gap variation of quantum

dots with size [14].

3.7 Photoluminescence (PL) study:

3.7.1 PbS quantum dots:

The PL spectra of bare and silica coated PbS quantum dots are shown in
figure 3.16(a) and (b). For both the samples the PL peak i;s observed at 700 nm.
A fluorescence peak for PbS nanoparticle at 700 nm has already been reported
[15]. The low energy peak has been attributed to deep 51|1rface state as well as
band edge emission in PbS [14]. However the peak intensity in case of coated

samples increases significantly.
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Figure 3.16 PL spectra of (a) bare and (b) coated PbS quantum dots

3.7.1.1 Effect of ageing on photoluminescence:

The PL spectra of both bare and coated PbS quantum dots were recorded
after 30 days and 60 days, the corresponding spectra are shown m figure 3.17
and 3.18. In case of bare sample, it has been observed that the PL intensity
increases with time. This may be due to the formation of an oxygen layer over
nanoparticle surface as suggested by Myung et al. [16]. Table 3.6 presents the PL
peak positions and corresponding intensities of freshly prepared and aged PbS

quantum dots, both bare and coated.
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Figure 3.17: PL spectra of bare PbS quantum dots (a) freshly prepared
(b) 30 days old and (c) 60 days old

Table 3.6: PL peak position and intensity of the freshly prepared and
aged PbS quantum dots

PL peak PL intensity

Sample positions (nm)  (Arb. Unit)
Freshly prepared 700 52.2
PbS 30 days old 700 110.5
60 days old 700 129.4
Freshly prepared 700 63.5
PbS/SiO2 30 days old 700 63.8
60 days old 700 63.8
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However no significant increase in intensity has been observed in case of
coated samples. The positions of the peaks remain same in both coated and

uncoated samples.
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Figure 3.18: PL spectra of 60 days old coated PbS quantum dots

3.7.2 CdS quantum dots:

The PL spectra of uncoated CdS quantum dots [figure 3.19(a)] show that
the sample possesses luminescence peak around 700 nm, corresponding to
energy of 1.7 eV, which is less than the band gap energy. Therefore the
transition involves donors, acceptors and surface traps. In case of chemical
synthesis of CdS quantum dots, when they are exposed to atmosphere, the
sulphur atoms at the surface oxidize to sulphate leaving a fresh surface with
reduced Cd. This reduced Cd reacts with atmospheric dxygen to form Cd-O
complex [7]. We assign the low energy peak in CdS quantum dot sample to the
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transition associated with CdO. In case of silica coated CdS quantum dots, the
PL spectra show a high energy peak around 570 nm [figure 3.19 (b)]. The
absence of low energy peak may be due to the coating applied, which restricts
the formation of Cd-O complex. We believe that the origin of this emission is

electron hole recombination at the surface of the nanoparticle.

601

Normalized PL Intensity (Arb. Unit)
o .

o <

00 400 600 500 1000 1200
Wavelength (nm)

Figure 3.19: PL spectra of (a) bare and (b) coated CdS quantum dots

The occurrence of this peak in case of coated sample indicates that coating may

enhance the possibility of electron hole recombination.

3.7.2.1 Effect of ageing on photoluminescence:

The bare CdS quantum dot samples were aged between 30 and 60 days
and the PL (figure 3.20) were recorded. No shift in PL peaks positions are
observed in either case. However, the intensity of 700 nm peak, observed in
case of bare CdS sample increases significantly. This is obvious as the density of

CdO increases with time.
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The PL spectra of coated sample after ageing for 30 and 60 days are same
in regards of PL peak position and intensity. Figure 3.21 shows the PL spectrum
of 60 days old coated CdS quantum dots. Like coated PbS quantum dots the
peak position and intensity remain almost unchanged for CdS quantum dots

also.

91

301

404

Normalized PL Intensity {Arb. Unit)

10+

Y
v

200 400 600 500 1000 1200
Wavelength (nm)

Figure 3.20 PL spectra of uncoated CdS quantum dots (a) freshly prepared
b) 30 days old and (c) 60 days old
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Fig 3.21: PL spectra of 60 days old coated CdS quantum dots

The position of the PL peaks of freshly prepared and aged CdS quantum

dots along with the corresponding intensities have been presented in Table 3.7.

Table 3.7 PL peak position and intensity of the freshly prepared and
aged CdS quantum dots

PL
PL peak
Sample intensity
positions (nm)
(Arb. Unit)

Freshly prepared 700 379
CdS 30 days old 700 713

60 days old 700 81.9

Freshly prepared 570 50.8
CdS/SiO2 30 days old 570 50.9

60 days old 570 50.9
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3.7.3 ZnS quantum dots:
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Figure 3.22: PL spectra of (a) bare and (b) coated ZnS quantum dots

The PL spectrum of bare ZnS quantum dots is shown in figure '3.22(a)
which displays the luminescence peak at 591 nm. This emission is attributed to
surface defects like dangling bonds and vacancies. The PL spectrum of coated
ZnS quantum dots is shown in figure 3.22 (b). In this spectrum the peak is
observed at 350 nm while the low energy peak is quenched. This emission may
be attributed to band edge emission of ZnS quantum dots: From the PL study
we observe that the surface state emission of ZnS quantu}n dots is quenched

after coating, enhancing the band edge emission.
3.7.3.1 Effect of ageing on photoluminescence:

The PL spectra of bare ZnS quantum dots are recorded after 30 and 60

days and are presented in figure 3.23.
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Figure 3.23: PL spectra of bare ZnS quantum dots (a) freshly prepared
b) 30 days old and (c) 60 days old
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Figure 3.24: PL spectra of 60 days old coated ZnS quantum dots
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Table 3.8: PL peak position and intensity of the freshly
prepared and aged ZnS quantum dots

PL peak positions  PL intensity

Sample
(nm) (Arb. Unit)

Freshly prepared 591 39.1
ZnS 30 days old 591 69.9

60 days old 591 80

Freshly prepared 570 52.1
ZnS/SiO2 30 days old 570 52.1

60 days old - 570 52.1

It has been observed that the PL peak occurs at the same wavelength for
fresh and aged samples but there is significant increase in PL intensity with
time.

The increase in PL intensity of the uncoated sample with time is
attributed to the adsorption of atmospheric oxygen by the surface of the

quantum dots, as discussed in case PbS quantum dots.

The observation for coated ZnS quantum dots indicates enhanced
stability of the samples. The PL spectrum of coated ZnS quantum dots after
ageing for 60 days is shown in figure 3.24. No change either in PL position or
intensity has been observed for coated ZnS quantum dots as in case of bare
ones. The corresponding data for bare and coated ZnS quantum dots are
presented in Table 3.8.

In this chapter the results obtained from XRD, UV-Vis optical absorption
spectra, TEM and PL spectra of bare and silica coated quantum dots have been
discussed. All these analysis confirm formation of crystalline semiconductor
quantum dots. The nanoparticles coated with PVA/Silica hybrid composite
show higher PL intensity and stability.
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CHAPTER IV

4.1 Swift Heavy Ion (SHI) Irradiation Effect:

Ion beams have become an integral part in the modification of solids and
of numerous surface processing schemes [1]. Recently there has been a growth
of interest in high energy ion irradiation of polymers and other materials [2-7].
Ions couple energy to the target atoms in a solid predominantly through
electronic excitation and ionizations and through direct collision displacement
of the target atoms. Effect of Swift Heavy Ion irradiation (SHI) on quantum dots
is comparatively a new area in the field of nanomaterial research. However ion
implantation technique was used for fabrication of' quantum dots [8-10].
Prajacta et al. reported fabrication of Si nanoparticles on SiO2 [11] with the help
of SHI irradiation. Mohanta et al. observed enhancement in size of ZnS:Mn
quantum dots [12] and ZnO quantum dots [13] while I:3erthelot et al. reported
fragmentation of SnOz nanoparticles upon SHI irradiation [14].

In this chapter we have investigated SHI induced modified properties of
quantum dots. Prior to discussion of experimental results, we shall review in

brief the ion-matter interaction process.

4.1.1 Ion ~Mater Interaction:

Due to the passage of swift heavy ions throuéh a material, the free
electrons available in its path get excited within a time scale ~ 10 -5 sec. This
electronic excitation leads to rise in temperature of the ion’s track known as
electronic temperature which is of the order of 1059K. Next, the energy of the
ions is relaxed into the lattice and phonons get excited within a time frame of
1012 sec, giving rise to lattice temperature rise of the order of 103 °K. Thus the
energy of the ion is quickly transferred into other parts of the specimen [15].
This energy is spent either in displacing atoms of the sample by elastic collision

or exciting the atoms by inelastic collision. The energy lost in the former process
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is known as nuclear energy loss while energy lost in the later case is known as
electronic energy loss. In case of low energy ion (a few tens of KeV to a few
MeV) nuclear energy loss is predominant. In case of heavy ions with energies
from few tens of MeV and higher the electronic energy loss process dominates
and they are referred to as swift heavy ions. In SHI irradiation the impinging
ions do not get embedded in the sample due to their large range (typically a few
tens of pm or larger) and effect of elastic collision can be neglected. Also the

effect of embedded ions does not come into picture [16].

4.1.2 Parameters Related to SHI Irradiation:
4.1.2.1 Fluence (¢):

It is defined as the total number of irradiating ions incident per square
centimeter (ions/ cm?) of the sample. It varies from sample to sample
depending upon its size and material.

Fluences are calculated using the following formula

Time (t) x Beam Current x pnA
Charg e State

Fluence (¢) =

Beam currents for ion irradiation experiments are usually taken in the range of

2-5nA.

1077 Coul / sec

Lex10-" Coul = 6.25x109particles/sec
.OX ou

1 pnA (particle nano — ampere) =

4.1.2.2 Count:
During ion irradiation process, fluences are recorded by using a counter.

Following relation relates the counts and the fluences

Counts = w
S

where ¢ is the fluence,
q is the charge state of ion beam,
e is the electronic charge (1.6x10 -1° coulomb ),

S is the scale of the counter
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4.1.3 The SHI irradiation experiment:

The irradiation experiment was carried out on each of the bare and coated
quantum dots samples. The samples were mounted on a vacuum shielded
vertical sliding ladder having six rectangular faces. They were irradiated in the
GPSC chamber under high vacuum  (5x10% Torr) by using the 160 MeV Nj2*
beam with approximate beam current of 1.0 pnA (particle nanoampere),
available from the 15UD tandem Pelletron Accelerator at NSC, New Delhi [17,
18]. The samples were irradiated with fluences 1012, 5x1012 and 103 ions/cm?
respectively. Using Monte Carlo simulation program SRIM the projectile range
for PbS, CdS and ZnS sample were calculated as 42.38, 36.48 and 34.44 pm.
Following the SRIM calculation, the sample thickness was kept ~20 um so that

the possibility for ion implantation can be ruled out.

4.2 XRD study:
4.2.1 PbS quantum dots:

Figure 4.1 displays the XRD pattern of bare PbS quantum dots after
irradiation with the fluences 102, 5x1012 and 103 ions/cm?2. It has been observed
that the FWHM of the XRD peaks after irradiation has been gradually reduced
indicating increase in particle size. The TEM image of bare PbS quantum dots
embedded in polyvinyl alcohol (PVA) matrix (chapter III), reveals that the
quantum dots are closely distributed with very small inter particle distances.
During SHI irradiation enormous heat generates in the ion track and the
polymer matrix starts melting and gets easily amorphized even at low energy.
This can be confirmed by the XRD pattern which shows that the sharp peak
around 200 which is attributed to PVA becomes a hump with increase in ion
fluence. This is because of amorphization of PVA. The quantum particles thus
loose their support in the polymeric matrix and they agglomerate to form
bigger clusters. Practically, it has been found that higher the ion fluence more is
the generated heat, and hence bigger "is the particle size. Using Scherrer

formula, (chapter II, section 2.4.1) the particle size of PbS quantum dots after
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irradiation were found to be 70, 72 and 74 nm corresponding to FWHM values

of 0.02, 0.019 and 0.189 radian at fluences of 1012, 5x10'2 and 10 ions/cm?

respectively.
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Figure 4.1 XRD patterns of bare PbS quantum dots after SHI irradiation
at fluences (a) 1012 (b) 5x1012and (c) 103 ions/cm?

In case of coated samples no significant difference is observed in the
FWHM of the XRD pattern of unirradiated (chapter III) and irradiated samples
as shown in the figure 4.2. This is because of the high melting point of 5102
(approximately 1000°C) compared to PVA (483°C). However it is interesting to
note the appearance of a new peak around 54° which indicates the formation of

PbO in the sample [19]. The formation of PbO is believed to be due to the
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reaction of Pb atom with SiO; during SHI irradiation. The size of the bare and

coated quantum dots after SHI at different fluences are presented in Table 4.1

Counts
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Figure 4.2 XRD patterns of coated PbS quantum dots after SHI irradiation
at fluences (a) 102 (b) 5x1012and (c) 103 ions/cm?

Table 4.1 Size of the bare and coated PbS quantum dots after SHI irradiation
calculated from XRD

Average size of bare  Average size of coated

(il:}:;?;fz) PbS quantum dots PbS quantum dots
(nm) (nm)

1012 70 12

5 x 1012 72 12

101 74 12
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4.2.2. CdS quantum dots:
The XRD patterns of uncoated CdS quantum dots after SHI irradiation at
different fluences are displayed in figure 4.3. The increase in FWHM of the XRD

peak after irradiation indicate the size enhancement of the quantum dots

Counts
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Figure 4.3 XRD patterns of bare CdS quantum dots after SHI irradiation
at fluences (a) 1012 (b) 5x1012and (c) 10% ions/cm?

after irradiation. Also the peak assigned to PVA seems to be amorphized after .
irradiation. Like PbS quantum dots, in case of CdS quantum dots also the size

enhancement of the nano particles is believed to be due to melting of the
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supporting matrix PVA so that the nano particles come out of the polymer cage
and agglomerate to form bigger particles. The particle size estimated from
Scherrer formula after irradiating with fluences 1012, 5x10?2 and 10?® ions/cm?
were found to be 21, 37 and 50 nm respectively. The corresponding FWHM
values were 0.07, 0.037 and 0.028 radian.
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Figure 4.4 XRD patterns of coated CdS quantum dots after SHI irradiation
at fluences (a) 1012 (b) 5x102and (c) 10' ions/cm?

68



Effects of SHI irradiation on quantum dots

The XRD patterns of coated CdS quantum dots after SHI at fluences 1012,
5x10'2 and 103 ions/cm? are shown in figure 4.4. No significant change in XRD
pattern of the coated CdS sample compared to the unirradiated sample (chapter
IIT) imply that the size of the coated samples remain same after SHI irradiation.
Thus silica coating can restrict particle growth under SHI irradiation.

The sizes of the bare and coated CdS quantum dots calculated from their

XRD pattern after SHI irradiation is recorded in Table 4.2.

Table 4.2 Size of the bare and coated CdS quantum dots after
SHI irradiation calculated from XRD

Average size of bare Average size of coated

(ilcz)lrlxlse/rcl;i) CdS quantumdots  CdS quantum dots
(nm) (nm)
1012 71 >
5x1012 37 7
1013 50 7

4.2.3 ZnS quantum dots:

The XRD patterns of uncoated ZnS quantum dot after irradiation with
SHI at fluences 10'2, 5x10'2 and 10 ions/cm? are shown in figure 4.5. The XRD
patterns reveal the same observations as in case of PbS and CdS quantum dot
systems including reduction in FWHM of the XRD peak and change in PVA
peak structure after SHI irradiation. The particle size was calculated with
Scherrer formula and corresponding to the FWHM values of 0.07, 0.045 and
0.031 radian the sizes calculated were 20, 31 and 45 nm at fluences of 102, 5x1012
and 102 ions/cm?. Thus particle size enhancement of bare ZnS with increase in

ion fluence has been confirmed from XRD study.

Figure 4.6 shows the XRD pattern of coated ZnS quantum dots after SHI

irradiation with fluences 1012, 5x10'2 and 103 ions/cm?
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Figure 4.5 XRD patterns of bare ZnS quantum dots after SHI irradiation
at fluences (a) 1012 (b) 5x1012and (c) 103 ions/cm?

There is no any significant change either in position of the XRD peaks or in
FWHM of the peaks compared to the unirradiated coated ZnS sample (chapter
II). Thus XRD results indicate stability of the particles after SHI irradiation.
The sizes of bare and coated ZnS quantum dot calculated from corresponding
XRD pattern are given in Table 4.3.

From the XRD studies it has been observed that the size enhancement is

maximum in case of PbS as compared to CdS and ZnS quantum dots. This may
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Figure 4.6: XRD patterns of coated ZnS quantum dots after SHI irradiation
at fluences (a) 102 (b) 5x102and (c) 103 ions/cm?

Table 4.3 : Size of the bare and coated ZnS quantum dots after SHI

irradiation calculated from XRD

Fluence Average size of CdS quantum dots (nm)

ions/cm?

(ions/cm?) Bare Coated
1012 20 6
5x1012 31 6
1013 45 6
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be due to low melting point (1118 °C) of PbS than CdS (1750 °C) and ZnS (1700
°C). Also, as revealed from the TEM images of bare quantum dots, (chapter III,
section 3.6), the CdS quantum dots are more closely packed so that many near
by particles can agglomerate. But in ZnS the inter particle distances are more

and therefore less number of particles will be available for coalescence.

4.3 UV-Vis optical absorption study:
4.3.1 PbS quantum dots:
The UV-Vis absorption spectra of bare PbS quantum dots after SHI

irradiation at different fluences is shown in figure 4.7.
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Figure 4.7: UV-Vis absorption spectra of bare PbS quantum dots after
irradiating with fluences (a) 1012 (b) 5x1012 and (c) 1013ions/cm?
The spectra show red shift of absorption peaks compared to the
corresponding spectra for unirradiated sample (chapter III) indicating
formation of bigger particles during irradiation. The result is consistent with

previous work [2
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The shift in the onset of absorption and corresponding band gap
enhancement at respective fluences is shown in Table 4.4. The calculated
particle size using EMA is also given.

Table 4.4: Size of the bare PbS quantum dots calculated
using EMA after SHI irradiation

Absorption edge

Fluence from UV-Vis Band gap of the Calculated
(ions/cm?) absorption spectra nanoparticles particle
(nm) (eV) size (nm)

10" 567 218 133
5x10" 590 2.10 13.84
10" 596 2.09 14.52
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Figure 4.8: UV-Vis absorption spectra of coated PbS quantum dots after
irradiating with fluences (a) 102 (b) 5x102 and (c) 10®*ions/cm?

The UV-Vis absorption spectra of coated PbS quantum dots irradiated

with different fluences 1072, 5x1012 and 103 ions/cm? are shown in figure 4.8.
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The absorption edge is observed at around 510 nm without any
significant shift from the corresponding position of the unirradiated sample
(chapter III), indicating size consistency of the coated samples after SHI

irradiation.

4.3.2 CdS quantum dots:
Figure 4.9 shows the UV-Vis absorption spectra of bare CdS quantum

dots after SHI irradiation with fluences 1012, 5x10'2 and 10 ions/cm?

respectively.
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Figure 4.9: UV-Vis absorption spectra of bare CdS quantum dots after
irradiating with fluences (a) 1012 (b) 5x10'2 and (c) 10**ions/cm?

For bare CdS quantum dots, like PbS quantum dots clear red shift of the
absorption edge compared to unirradiated samples (chapter III) is observed

with increasing fluences. This indicates the size enhancement of the quantum
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particles. The shifts in the onsets of absorption and corresponding band gap
enhancement at respective fluences are shown in Table 4.5. The calculated

particle size using EMA is also given.

Table 4.5: Size of the bare CdS quantum dots calculated
using EMA after SHI irradiation

Fluence A?:(?;lpg({’n\?iisge Band gap of the Calculated
(ions/cm?)  absorption spectra nanoparticles Partlcle
(nm) (eV) size (nm)
102 475 2.61 73
5x1012 481 2,58 78
101 500 2.48 11.9

The UV-Vis absorption spectra of coated CdS quantum dots after

irradiating with fluences 1012, 5x10'2 and 10" ions/cm? are shown in figure 4.10.
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Figure 4.10: UV-Vis absorption spectra of coated CdS quantum dots after
irradiating with fluences (a) 1022 (b) 5x10'2 and (c) 10"*ions/cm?
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The onsets of absorption are occurring ~ 439 nm which is same as in case
of unirradiated sample. Thus the UV-Vis spectra of coated CdS quantum dots

samples reveal the size consistency of the particles after SHI irradiation.

4.3.3 ZnS quantum dots:

The UV-Vis absorption spectra of bare ZnS quantum dot after SHI
irradiation with fluences 1012, 5x1012 and 1013 ions/cm? are shown in figure 4.11.
After irradiating the samples with the lowest fluence the onset of absorption is
observed at ~ 327 nm which is just Inm red shifted from the corresponding
value for unirradiated sample (326 nm). However the extent of red shift

increases with increase in ion fluence.

The blue shifted energy and calculated particle size of bare ZnS quantum
dot is presented in Table 4.6.
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Figure 4.11: UV-Vis absorption spectra of bare ZnS quantum dots after
irradiating with fluences (a) 1012 (b) 5x10'2 and (c) 10%%ons/cm?



Effects of SHI irradiation on quantum dots

Table 4.6: Size of the bare ZnS quantum dots calculated
using EMA after SHI irradiation

Absorption edge from Band gap of the  Calculated

(il(:gzlc];ez) UV-Vis absorption nanoparticles particle size
spectra (nm) (eV) (nm)
10" 327 3.79 6.8
5x10' 331.8 3.75 72

10" 336 3.69 7.4
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Figure 4.12: UV-Vis absorption spectra of coated ZnS quantum dots after

irradiating with fluences (a) 1012 (b) 5x10'2 and (c) 10**ions/cm?

The UV-Vis absorption spectra of silica coated ZnS quantum dots after
irradiating with fluences 1012, 5x10'2 and 10'3ions/cm? are shown in figure 4.12.
Unlike bare samples no red shift was detected in case of coated ZnS

quantum dots. Thus like silica coated PbS and ZnS quantum dots the result of

77



Chapter IV

UV-Vis spectroscopy for ZnS quantum dots also indicates the size consistency

of the coated particles under SHI irradiation.

4.4 Transmission Electron Micrograph (TEM) study:
4.4.1 PbS quantum dots:

TEM study of the quantum dots after SHI irradiation were carried out to

2. 7
10"%ions/cm’.

5x10"%ions/cm’.

= ‘mé?\’
100nm

10"ions/cm?.

i

Figure 4.13: TEM images of bare (left) and coated (right) PbS quantum dots after

irradiating with fluences 102, 5x10'2and 10! ions/cm?
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calculate the actual size of the quantum particles and to investigate the
structural changes of the samples.

The TEM images of bare and coated PbS quantum dots after SHI
irradiation with different fluences are shown in figure 4.13. The agglomeration
of bare nanoparticles after SHI irradiation can be observed clearly from the
respective TEM images. The average size calculated from TEM after irradiating
the samples with fluences 1012, 5x1012and 103 ions/cm? were 80 nm, 96 nm and
120 nm respectively. Also there is change in shape of the particles after
irradiation and most of them are no longer spherical as in case of unirradiated
particles. As discussed in section 4.2 the heat produced in the ion track during
SHI irradiation may amorphize the matrix such that closely placed
nanoparticles agglomerate to form bigger particles.

The TEM images of the coated PbS quantum dots indicate no particle
growth under SHI irradiation. The shape of the quantum dots also remains
almost spherical. Thus SiO; coating can prevent the agglomeration of nano

particles under SHI irradiation.

4.4.2 CdS quantum dots:

The TEM images of bare and coated CdS quantum dot samples after
irradiating with different fluences (10'2, 5x1012 and 10'3 10ns/cm?) are shown in
figure 4.14.

The particle growth and also deviation from' spherical shape has been
observed in case of bare samples. The average size calculated from TEM after
irradiation with fluences 10!2, 5 x 10!2 and 10'3 1ons/cm? were 20, 35and 48 nm
respectively.

In case of coated samples it is observed that the particles remain almost

stable both in size and shape after SHI irradiation.
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Figure 4.14: TEM images of bare (left) and coated (right) CdS quantum dots after

irradiating with fluences 10?2 5x10'2and 10?3 ions/cm2.

4.4.3 ZnS quantum dots:
The TEM images of uncoated and coated ZnS quantum dots after SHI
irradiation at fluences102, 5x10'2 and 103 ions/cm? are shown in the figure 4.15.

For uncoated particles, the size calculated from TEM, after irradiating with
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fluences 1012, 5x10'2 and 10'% ions/cm? werel8, 30 and 43 nm respectively. Thus

the particle size enhances considerably after irradiation.

10" ions/cm>

5x10"%ions/cm’

. 2
10" ions/cm

Figure 4.15: TEM images of bare (left) and coated (right) ZnS quantum dots after

irradiating with fluences 10'2 5x10'2and 10** ions/cm?2.

But coated samples were found almost consistent with there size
measuring ~ 6 nm, which is same as before irradiation. Thus, like PbS and CdS

quantum dots, ZnS quantum dots also show greater stability under SHI
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irradiation after coating. Thus SiOz can prevent particle agglomeration after SHI
irradiation.

The results so far described in this chapter shows that the bare
nanoparticles are affected by SHI irradiation and their size and shape changes
considerably. Though the theoretical results showed size enhancement of the
particles corresponding to red shifted absorption edges, the results were much
lower than that determined experimentally from XRD and TEM. We believe
that the absorption recorded in the UV-Vis absorption spectra are due to the
particles which are less affected by SHI irradiation. It is obvious because all the
particles in the sample will not be equally affected due to irradiation, those
lying near the ion track will be affected more. It is also believed that the bigger
particles, some of them being no longer spherical, contribute to the tail
absorption of the UV-Vis absorption spectra. For PbS quantum dots the XRD
and TEM results differ and the difference increases for particles irradiated with
higher fluence. This indicates that Schrrer formula may not be accurate for
determining the size of too large particles. However the size calculated by XRD

and TEM are comparable in cases of CdS and ZnS quantum dots.

4.5 Photoluminescence Study:
4.5.1 PbS quantum dots:

Figure 4.16 shows the PL spectra of PbS quantum dots after SHI
irradiation with fluences 1012, 5x1012 and 10?3 ions/cm?2. For the lowest fluence
(1012 ions/cm?) the PL peak appears at 700 nm. This low energy peak has
already been observed in case of unirradiated sample (chapter III) and
attributed to surface states emission. However the intensity is significantly
increased in case of irradiated sample. The possible mechanism for the
enhancement of PL intensity is the thermal detrapping of charge carriers from
the shallow trap states. In a nanocrystalline material there will be many

different trap levels, each with a slightly different trapping energy.
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After the excitation of the nanocrystals an electron can be trapped in a
shallow trap state from which it cannot escape. At higher temperatures the
trapped electrons can have sufficient thermal energy to escape from the trap
level into the conduction band and thereafter recombine with trapped holes

giving intense luminescence.
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Figure 4.16: PL spectra of bare PbS quantum dots after irradiating
with fluences (a) 102 (b) 5x1022 and (c) 1013ions/cm?

No shift in position of this peak has been observed though the particles
are growing in size upon ion irradiation, as confirmed from XRD, UV-Vis
absorption spectra and TEM. Such size independent surface state emission has

been reported earlier [21].
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The increase in luminescence intensity may be due to the combined effect
of surface state emission as well as emission from the large defects generated
during SHI irradiation [22]. Similar observation has been reported earlier also

[20].
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Figure 4.17: PL spectra of coated PbS quantum dots after irradiating
with fluences (a) 1012 (b) 5x10?2 and (c) 103 ions/cm?

It is interesting to note the PL peak at 600 nm appearing after irradiation
with fluence 5x10'2 jons/ cm? along with the peak at 700 nm. The intensity of the
peak increases when the sample is irradiated with fluence 10 ions/cm?,
completely dominating the peak at 700 nm. The high energy peak indicates the
involvement of excitons in luminescence process, after irradiating the sample
with higher fluence. We believe that the excitonic recombination is possible due
to thermal detrapping of charge carriers owing to the enormous heat generated

during SHI irradiation [23]. The possibility of détrapping is expected to be
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increased with ion fluence, thus enhancing luminescence intensity. In case of
coated sample the intensity of the 700 nm peak increases with fluences up to
5x10%%ions/cm?2. The enhancement of the luminescence intensity is believed to
be due to thermal detrapping of charge carriers as well as more defect states
generated after SHI irradiation. Another peak appears.at around 550 nm after
irradiating the sample with fluence 103 ions/cm?. It is believed that a PbO layer
is formed due to the interaction of Pb with oxygen in SiO2 The high band gap of
PbO (275 eV) [24] also supports the probability of such low wavelength
emission. Also the XRD peak around 530 [19] indicates, the formation of PbO in

the sample.

4.5.2 CdS quantum dots:

The PL spectra of uncoated CdS quantum dots after SHI irradiation at

fluences 102 5x102and 103 jons/cm? are shown in figure 4.18.

100

!

Normalized PL Intensity (Arb. Unit)
S
<

300 500 700 900 1100

Wavelength (nm)

Figure 4.18: PL spectra of bare CdS quantum dots after irradiating
with fluences (a) 1012 (b) 5x1012 and (c) 1013 ions/cm?
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As observed from the spectra, irrespective of the fluence applied, the PL peaks
are appearing at 700 nm as in case of unirradiated samples. Thus there is no
shift of PL peak position of the samples after SHI irradiation. Also the PL
intensity significantly increases with fluence as observed in case of bare PbS

quantum dot samples.
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Figure 4.19: PL spectra of coated CdS quantum dots after irradiating with fluences
(a) 1012 (b) 5x1012 and (c) 103 ions/cm?

In case of coated sample, the peak appears at 570 nm with significant
increase in luminescence intensity after irradiating with fluence 10'2ions/ cm?,
as revealed from the PL spectra in figure 4.19. But after irradiating the sample
with higher fluences the peak at 700 nm, which is assigned to CdO, appears
along with the high energy peak. We believe that during SHI irradiation some

Cd** ions become free to react with oxygen atoms in SiO; to form CdO [25].
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The intensity of both the peaks increases with ion fluence. The increase in
intensity of the high energy peak may be due to the thermal detrapping of the

charge carriers during SHI irradiation.

4.5.3 ZnS quantum dots:

The PL spectra of bare ZnS quantum dots after SHI irradiation with

fluences 102, 5 x 1012 and 10?3 ions/cm? are shown in the figure 4.20.
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Figure 4.20: PL spectra of bare ZnS quantum dot after irradiating with fluences
(a) 1012(b) 5x1012 and (c) 10%ions/ cm?
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Like PbS and CdS quantum dots, in case of ZnS (bare) quantum dots also
significant increase in PL intensity has been observed, which is supposed to be
due to increase in defect concentration as well as thermal detrapping of charge
carriers as discussed earlier. The PL peak position also does not change,
appearing at 591 nm as in case of unirradiated sample.

Figure 4.21 shows the PL spectra of coated ZnS quantum dots after SHI
irradiation. In case of coated samples, the PL peak appears at 350 nm as in case
of unirradiated sample. This peak is already assigned to band edge emission.
However the PL intensity increases considerably with increased fluences which

is believed to be due to thermal detrapping of charge carriers.
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Figure 4.21: PL spectra of coated ZnS quantum dots after irradiating
with fluences (a) 1012 (b) 5x10?2 and (c) 10'3ions/cm?
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The FWHM of the PL peak in case of coated samples becomes narrower
indicating low size distribution of the sample. Also the spectra reveal that e-h
recombination plays the main role in case of luminescence of the coated ZnS
particles overcoming contribution from the surface states.

In this chapter the SHI irradiation induced effects on PbS, CdS and ZnS
quantum dots (both bare and coated) have been presented. The results from
XRD, UV-Vis absorption spectra and TEM analysis show size enhancement of
bare quantum dots upon SHI irradiation, whereas coated particles were found
stable regarding size. The PL behavior has been modified in both bare and
coated quantum dots. SHI irradiation effects on bare CdS and ZnS quantum
dots using CI*® [15, 20] ion beam were reported earlier. To the best of my
knowledge for the first time such studies have been carried out with silica
coated quantum dots [25] along with bare PbS [23, 26] quantum dots. In that

sense this work is novel and original.
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5.1. Nonlinear Optics:

Nonlinear optics is a material phenomenon in which intense light
induces a nonlinear response in t]he medium, and in return the medium
modifies the optical fields in a nonlinear way. Any real, physical oscillating
system will exhibit a nonlinear response when it is overdriven. In an optical
system, a nonlinear response can occur when ther[e is sufficiently intense
illumination. In fact, all media are nonlinear to a certain degree.

The field of nonlinear optics was ushered in with the development of the
first laser by Maimen [1] in 1960. Although nonlinear optical effects had been
known as early as the nineteenth century (The Pockels and Kerr effects), only
DC fields could be produced with enough intensity to reach the regime of
nonlinear optical response. Due to this deficiency, nonlinear optics remained
unexplored until the classic experiment by Franken and co-workers [2] in which
second-harmonic generation was demonstrated in quartz with the use of a ruby
laser. Soon after the first observations of optical nonlinearities were made, a
theoretical explanation was provided based upon the nonlinear response of
electron oscillators in the atomic Coulomb field. The field of nonlinear optics
has continued to grow at a tremendous rate since its inception and has proven
to be a nearly inexhaustible source of new phenomena and optical techniques.

For the typical light intensities encountered in everyday situations, the
response of a medium to an applied optical field can, to a good approximation,
be considered linear. In other words, the optical properties of the medium do
not depend on the intensity of the incident field. But in presence of high
intensity beams such as laser beam, the optical properties of the medium
become dependent on the intensity of the applied field. Under such conditions
the light waves can interact with the medium and with each other, resulting in a

wide range of effects unseen at the lower everyday intensities. This is the realm
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of non-linear optics. An extensive discussion of high-order nonlinearities can be
found in literature [3 - 6].

When a material medium is subjected to one or more electromagnetic
waves, the atoms and molecules of the medium oscillate not only at the
frequencies of the electric fields applied, but also at different combinations of
those frequencies, as a result of the nonlinear response of the medium. The
particles of the medium are displaced from their equilibrium positions, so that
positively charged particles move in the direction of the field, while the
negatively charged particles move in the direction opposite to the direction of
the applied electric fields. As a result of the displacement of these charged
particles, dipole moments are created and the dipole moment per unit volume
describes the induced polarization of the medium. When the applied electric
fields are sufficiently small, the electric polarization is approximately linearly
proportional with the applied electric field E

P =yE ' (5.1)
where x is called the polarizability or dielectric susceptibility or electric
susceptibility tensor of the medium and is constant ofnly in the sense of being
independent of E; its magnitude is a function of freq;;ency. This is the case of
linear optics. However, when the applied electric fieids are high enough, the
induced polarization has a nonlinear dependence on these electric fields and

can be expressed as a power series with respect to the électric field:

=p+p™ (5.2)

D is the 'second order nonlinear

where ") is the linear susceptibility, %'
susceptibility, and x* is the third order nonlinear susceptibility. The term x" is

responsible for linear absorption and refraction, and is the only term that
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reflects the linearity between the induced polarization and the incident electric
field. The termx® is present only in noncentrosymmetric materials, i.e.
materials that do not have inversion symmetry. x** is responsible for sum and
difference frequency mixing, optical rectification, and the electro-optic effect.
Third-order nonlinear optical interactions, which are described by the term xm,
can take place in any material. Equation 5.2 shows that the total polarization (P)
can be expressed as sum of linear P) and nonlinear contributions PNt Third-
order nonlinear optical materials can be useful for all optical switching and
signal processing. The significance of the higher order terms increases with the
increase in the intensity of the light source.

The third-order susceptibility, ¥, describes third harmonic generation,
four-wave mixing, and the optical Kerr effect. Optical switching and image
processing are some of the important technologi'cal applications of ¥®
processes.

For a material possessing third-order optical nonlinearity the relation
between its refractive index (n) and the intensity of incident light(I ) , can be
expressed as;

n=ng+n,l (5.3)
where n, is the refractive index at the low-intensity limit, and nz is called the
nonlinear refraction coefficient.

Such type of change in the refractive index can be induced by either a
resonant or a nonresonant process [7]. In resonant process, the frequency of the
incident light overlaps with an electronic absorption band. The sample absorbs
the energy, and an excited-state population is generated. This induces a
transient change in the absorption spectrum and of the material due to the
bleaching of the ground-state absorption and/or the a‘ppearance of the excited-
state absorption. The change in the absorption coefficient, gives rise to a change in the
refractive index, since they are interdependent according to the Kramers-Kronig
relations. Thus the resonant nonlinearity originates from a transient change in

the absorption spectrum (and refractive index) of the material.
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For non resonant process the wave length of the incident light is different
from any electronic transitions of the sample. The optical nonlinearity basically
originates from the anharmonicity of the electronic system. Traditionally, the
nonresonant optical nonlinearity of a material is described by equation (5.3).

Third order nonlinearities can be determined by many different
processes, the commonly used are the Z scan technique, third harmonic
generation and a large number of three and four wave mixing processes, the

most common among them being the degenerate four wave mixing (DFWM).

5.1.2 Principle of DFWM:

DFWM is a third order nonlinear optical process where two counter
propagating pump waves and a probe wave, all with the same frequency o,
interfere in a medium having a third order nonlinearity resulting another wave
with frequency o= w+w-0, counter propagating to the probe wave. The output
of the mixing process can be interpreted in terms of induced gratings and
diffraction. Two of the three input waves interfere and form either a spatially or
temporally modulated grating; the third input wave is scattered by the grating
to yield the output wave. Since the output is directly related to the nonlinear
response of the medium, DFWM is often used to measure third-order
nonlinearities.

Advantages of DFWM: ,

i) A single light source can be used because the frequencies involved are
the same.

ii) Not only crystals, but also gases, liquids, semiconductors and organic
materials can be used as media since third order nonlinear polarization
exists for all media.

iii) Since the phase conjugate wave is automaticallil the reverse of the probe

wave, the condition of phase matching is much less rigorous.
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5.1.3 Theory of DFWM:
In order to find the wave equation for a beam that propagates through a
nonlinear optical medium, one starts with Maxwell's equations (expressed here

in Gaussian units):

V.D =4np (5.4a)

V.B=0 (5.4b)
1 0B

VxE=-—— 5.4

* c Ot (5.4¢)

10D 4

v«H=-19D, 21 (5.4d)
¢ dt d

We assume nonmagnetic materials, with no free charges or currents, i.e.

p =0 (5.52)
J=0 (5.5b)
B=H (5.5¢)
D =P +4nE (5.5d)

We can determine the wave equation, using the conditions above and

Maxwell's equations:

2
vxvxE+ L 2D g 59
ce ot

which can be rewritten as:

Therefore, the nonlinear wave equation becomes

() 52K _j{EazPNL
c? ot? c oat?

~V2E+ (5.8)

The equation is inhomogeneous, and the nonlinear response of the medium

represents the source term, which is included as the right-hand term.
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5.1.4 DFWM and Phase conjugation:

Let us consider an electric field El(r,t)=Re{\u(r)e'(kZ'““)} which has a spatial
dependence A(r)=y(r)e*. If we can produce in the material another electric
field Ey(r,t)=Re{y*(r)e'™***" with Az(r)=w'(r)e-'kZ=A|‘(r) at any z, we call this
tield Ez the phase conjugate of Ei.Degenerate four-wave mixing (DFWM) can
yield phase conjugation and is useful, for example, for correcting aberrations by
using a phase conjugate mirror (PCM). It can be thought of as the complex
conjugate of space but not time, or as a time-reversed wave front. Now consider
light that passes through an aberrating medium and becomes distorted. By
reflecting the distorted wave front off a phase-conjugate mirror, when the
generated phase-conjugate wave front passes back through the distorting
medium, the output wave would be, ideally, undistorted.

As a technique, DFWM 1is mostly used in characterizing third order
nonlinear materials. There are several configurations that are used: folded
boxcars, phase-conjugate or backward geometry, and two beam DFWM or
forward geometry. The latter configuration is not phase matched. The working
principle for all of these geometries is the following: two beams interfere to
form some type of grating (e.g. intensity grating) and a third beam scatters off
this grating, generating the fourth beam named the conjugate or signal beam.

The most frequently used DFWM configuration is the phase-conjugate
geometry (fig. 5.1 (a)). In this configuration, two counter propagating pump
beams, called backward (B) and forward (F), and a probe beam (P) are incident
on the nonlinear material. Since beams B and F are collinear, kr = - kg. The
probe beam is incident at a small angle to the direction of the forward beam.
Due to the third order nonlinear polarization, a fourth beam is created and is
referred to as the conjugate beam. This fourth beam is counter propagating to
the probe beam, k¢ = -kp. The process can be understood using the grating
diagram (Fig. 5.1(b) and (c)). The forward and the probe beams interfere to form

a grating from which the backward beam scatters, generating the conjugate
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beam. Similarly, the backward and probe beams create a grating from which the

forward beam scatters and generates the conjugate beam.

B
Nenlinear Medium

- {1}

C (<)

Figure 5.1: (a) Geometry and grating interpretation for phase-conjugation (b) Backward
beam scattering off grating created by forward and probe beams c) Forward beam

scattering off grating formed by backward and probe beams.

We express the input fields as:
E (r,t)=A, (r)e% " (5.9)
The nonlinear third-order polarization produced by the interaction of the three

beams is oscillating at the same frequency w as the input fields
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3 * : k k k . (5.10)
=6ngk)1(— co;(n,co,—co)AjAkAle‘( 1+kg+ko)r

and is propagating in the k;+ k -k; direction, where kjand k ; correspond to the
forward and backward beams and kj; corresponds to the probe beam. The
subscripts j, k, and I correspond to the vector components of the forward,
backward, and probe beams, respectively. Because the two pump waves are
counter propagating, their wave vectors are related by

ki+ k=0 (5.11)
The field amplitude of the wave generated by the nonlinear polarization is

proportional to AjAxAr'and is the phase conjugate of A

5.1.5 Wave-equations for phase conjugation:
The third order polarization expressed in the previous section couples
the four interacting waves. Let us consider the counter propagating pump

beams as strong (undepleted), plane waves with slowly varying amplitudes A,.

| |

This condition is valid as long as the fractional change in A, over a distance of

Therefore, the second order derivative

2
( 9A
dz

2

<<

d?A,/dz2 may be neglected ( dd
z

the order of the optical wavelength is much smaller than unity. The amplitude

of the generated wave E4 satisfies the wave equation:

= 5.12
¢ a? ¢ o 12

where, PNF = 63 ®) (- 0;0,0,0)E{E,E}

is the nonlimear source term.

Let E3(r,t) = A3(2)e'*®" and try a solution of the term
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Eu(r,t) = Ag(2)e' K=o, (5.13)
Substituting E4 in the wave equation

d’A

V2E,(r,t)= dzz' ~2ik*A, — Ak’ (5.14)
and using the slowly varying amplitude approximation, one can
obtain:
dA I
2 - _ikA, (5.15)
dz
dA; . =«
and —> = ikA} (5.16)
dz
3
where k= 1‘?‘(’“; «PALA, (5.17)
c

is called the coupling coefficient. To obtain the set of coupled equations above,
it is assumed that, the angle between the probe and forward beam is very small.
Otherwise, the left-hand sides of the equations should be multiplied by cos®.
Using the boundary conditions As (0) #0 and A4 (L) =0 we obtain the solutions

to the coupled wave equations:

cos [[x|(z - L.)]

Aj(z)= co0s (<L) A;(0) (5.18)

Ay(z)= —%Sincn()‘zlaili)L)]A;(o) (5.19)
The output amplitudes of the two waves are:

As(L)= EsqlT]L—)A?’ (0) (5.20)

A40)= g tan(L)A5 0 621

The generated wave is therefore seen to be proportional to the complex

conjugate of the input probe beam A3 (0).
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5.1.6 Grating formation and types of gratings:

In terms of the intensity dependent refractive index, the DFWM process
is considered as the interference of two input beams which results in a grating
formation from which the third beam scatters generatmg the phase-conjugate
wave. This is because the interference results in a spatially periodic light
intensity or distribution of polarization. As a result, theé optical properties of the
material are changed, with the grating represented by the spatial modulation of
these parameters. The type of grating created depends on the properties of the
medium as well as the characteristics of the input beams.

For highly absorptive materials, for example, an incident laser beam
populates the excited electronic states due to the absorption of light. Therefore,
a population density grating is created. During the relaxation of the excited
states, a space charge grating can form if there are excited, mobile charges. Space
charge gratings are important in photorefractive materials. During the
absorption process, heat is generated in regions of high optical intensities and
therefore a temperature grating is formed. The material tends to expand in
these regions generating stress, strain, and density gratings and in mixtures it
can be accompanied by concentration gratings. Various time-dependent studies
of the phase-conjugate signal can give information on the different relaxation
mechanisms in the nonlinear medium and their characteristic parameters. These
five gratings are included in one large category generally known as the thermal
grating. The response time for the thermal grating is approximately 10-s.
Another type of grating is the orientational grating, which forms on time scales
of 10-12%s. It is a result of the alignment of anisotropic molecules to the electric
field when an optical wave is applied.

Nonresonant electronic nonlinearities (resulting strictly from the
redistribution of the electrons in the medium) are very fast, since they involve
only virtual processes. The time necessary to form electronic grating is very
short, <10-%sec, which is the time required for an electron cloud to become

distorted in response to an applied optical field. For this study we are
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interested only in the electronic contribution to the nonlinear susceptibility

+® because of its inherently fast response.

5.1.7 Optical nonlinearity in quantum dots:

In recent years, there are extensive studies on optical responses of
semiconductor nanocrystals because of there size-dependent optical properties
like optical absorption, photoluminescence (PL), and the nonlinear refractive
index. By incorporating semiconductor nanoparticles into polymer, glass, or
ceramic matrix materials, many of their interesting optical properties including
absorption, fluorescence, luminescence, and nonlinearity may be studied. Such
studies enhances the possibilities of there application in nonlinear optical
devices [8, 9].

For the same reasons materials with large third order non linear
susceptibility x> have been an object of increasing interest in recent years. In

particular, great effort has been devoted to the determination of the third-order

Quantum dots

P, (Nonlinear medium)

v

P,

Figure 5.2 : Schematic diagram of DFWM. P; and P; are the counter propagating

pump waves P, is the probe wave and P. is the phase conjugate output wave.

nonlinear optical susceptibility, x’, responsible for phenomena such as third
harmonic generation or optical phase conjugation [10,11].

Whereas in bulk semiconductors the physical origin of nonlinear
absorption and refraction is associated with the optically created high density

many particle system causing screening, band gap renormalization and band

1
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filling, the mechanism of nonlinearity in quantum dots is of a basically different
kind. With decreasing size the optical nonlinearity is strongly influenced by
quantum confinement.

Again like bulk semiconductor, semiconductor nanocrystal also exhibit

resonant and non resonant nonlinearity.

5.1.8 Resonant Nonlinearity of Semiconductor Clusters:

For quantum dot with size comparable to that of the exciton, the laser
excitation can generate an electron-hole (e-h) pair bounded by the cluster
surface. Because of the large surface to volume ratio in quantum dots, the
bound exciton may rapidly trapped by the surface states forming a trapped e-h
pair. The presence of such trapped e-h pairs affects the cluster absorption

spectrum and gives rise to the optical nonlinearity.

5.1.9 Nonresonant Nonlinearity of Semiconductor Clusters:

When the wavelength of the laser source is not in resonance with any
electronic transitions of the quantum dot, the effects of excitons can be
neglected. For semiconductor clusters embedded in a dielectric medium, the
major factor to be considered is the local field effect. Inorganic semiconductors
usually possess large refractive indices. When they are embedded in media
with lower refractive indices such as glasses, polymers, or solvents, a boundary
is established by the difference in the refractive indicés. When illuminated by
light, the local electric field experienced by the clusters can be enhanced
compared to the incident field because of the presence of this boundary. The
local field effect can also arise from the dipole-dipole interaction between the
molecule and the surrounding medium. Significant increase in nonlinearity due
to local field effects has been reported for CdS semiconductor clusters [7]

Though the enhanced nonlinear optical properties of quantum confined
semiconductors, attracted many, Wang et al. have been the pioneers in making

these measurements on polymeric systems. In 1987, Wang and Mahler reported
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the first study of NLO properties in polymer stabilized CdS quantum dots
using the degenerate four-wave mixing (DFWM) [12]. It has been reported [13]
that the non-linear refractive index for the CdS nanoparticle in distilled water

was measured to be 10% times lager than that of bulk CdS.

5.2 Third order nonlinear susceptibility measurement:
There are several research papers reporting third-order nonlinear optical

susceptibilities of quantum dots. For CdS doped glasses Takada et al. {14]

B|BS,
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¥

BS,

Storage \ L7

Oscilloscope  [====~ '|Si Dererror\

Dark room

Figure 5.3: Experimental set up for DFWM

measured a y’ value of 1.1 x 106 esu (1.5 x 10-14¢ m2/v2) while Woggon [15] et al.
reported y’ value of 3.2 x 108 esu for CdS quantum dots. For surface modified
CdS nanoparticle Yamaki et al. [16] observed y’ value near ~ 107 esu.
Significantly some bulk semiconductor like HgTe possesses y’ value as high as

1.6x 104 esu [17].
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For PbS quantum dots in PVA coating Lu [18] et al. measured a y* value
of 1.06 x 1075 esu. Fick et al. [19] reported a y* value of 4x 108 m2/v2 for PbS
nanocrystal prepared by sol-gel technique.

For DFWM experiment high power pulse laser like Nd:Yag or Ar ion
laser are extensively used as the laser source [19]. Yang ef al. [20] for the first
time showed that a low-intensity cw laser can be used as the DFWM source. In
their experiment they used an argon ion laser as the exciting light source.
Earlier Kiessling et al. showed that Phase-conjugated signals are achievable with
relatively low intensities of the interacting waves (in the range 1-100mW/cm?)
[21]. Recently Kurian et al. [22] studied optical nonlinearity induced in PbS
nanoclusters by the z-scan method using low power continuous wave He-Ne

laser.

5.2.1 DFWM Expetiment:

In this work we report the first ever DFWM experiment using low power
He-Ne (A=32.8 nm) laser. The experimental set up and circuit diagram are
shown in tig. 5.3 and 5.4 respectively.

This is the counter propagating-pump configuration. The wave from the
laser source is divided into pump and probe waves by beam splitter BS: The
pump wave is further separated into two wave paths by beam splitter BSy,
becoming pump waves P; and P.. These two waves counterpropagate from
both sides of the quantum dot sample (S) and are injected into it. The probe
wave Pr reflected by the beam splitter BSs is also injected into the sample along
with the pump waves. The resulting phase conjugate wave is guided to the
observation system by the beam splitter BSs. The amplified signal, detected

with the help of a Si detector (TIL 81), is recorded with a storage oscilloscope
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Figure 5.4: Circuit diagram for measuring x’ of PbS quantum dots

[HM1507-3, HAMEG Gmbh, Germany]. The sample was in the form of thin film

measuring a thickness ~ 20 pm .The x’ value was calculated using the relation
18]

3 4n2cs0?»a\/ﬁ

X = m (5.22)

where n = I;/Io is the linear refractive index, c the velocity of light, A the
measurement wavelength, a the sample absorption coefficient at A, Ip the pump
intensity, T the transmission at Ip, & the dielectric con;tant of the material. Here,
n is the diffraction efficiency, i.e., the intensity relation of the transmitted first-
order (I1) and zeroth order (lo) of the diffraction pattern, which appears by self-
diffraction of a laser induced grating.

Using experimental data, n =1.52 [19], c=3 x 108 m/s, g9 =17.2 for PbS [23]
A= 632.8 nm, I, =1.7 x 106 watt/m? n=0.05 and a= 6.65 x 108 [24] we calculate
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value as 19.6x10# m?2/v2. A comparison of this result with other published
results could not be made because the discrepancy in the order of ¥’ arises due
to the smaller value of Ip, appearing in equation 5.22. For a high power laser
with I, ~ GW/m?, the order will automatically come down. Since we have
recorded the absorption onset at around 511 nm, exciton resonance can not be
the origin of the observed nonlinearity. Instead we believe that the surface
states absorption is the right mechanism to be considered here. However the
surface states are not detectable in the optical absorption spectra [25] may be
due to lower content of the surface states in the samples synthesized in polymer
matrix [26]. Here ‘lower content’ has only a relative meaning, the surface state
in these nanoparticles is considerably higher than the bulk material. The PL
spectra of the sample also confirm the presence of surface states in our sample
as discussed in chapter III. Thus it is worth believing that the surface state
absorption during intermixing of the laser beam on the sample may induce a
transient change in the absorption coefficient resulting a change in refractive

!
index which in turn gives rise to nonlinearity in the sample.

5.3 Application of quantum dots in optoelectronic devices:

Any device that operates as an electrical-to-optical or optical-to-electrical
transducer is termed as optoelectronic device. Optoelectronic switching devices
accept optical signals and yield electrical signals or vice versa. When the input
is optical, the term “detector” switch is used; when the output is optical, the
term is “transmitter switch” [27]. In the following section we discuss the
application of quantum dots in optoelectronic switch (detector). It is
experimentally found that up to a critical bias potential, the specimens function
as detector switch while above the critical bias, the same specimen acts as
electronic switch. Therefore the quantum dots samples are also tested for

electronic switch. The details of the experiments and results are presented here.
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5.3.1 Quantum dot as optoelectronic and electronic switch:

Current conduction in semiconductors occurs due to electronic transition
between two energy states in the specimen. These transition and hence current
generations are of two types. These are:

(i) Current generation takes place in semiconductor due to increase in
electrical conductivity caused by biased voltage or photons of energy
higher than or equal to the band gap. Under this condition, free electron-
hole pairs are produced by applied bias or by absorption of incident photon
while electrons and holes serve as the charge carriers in conduction band
and valance band respectively producing current in the external circuit.

(ii) In another type, current conduction is not of this intrinsic kind where
impurities and other imperfections plays significant role in producing out
current with fast response peak, even with biased voltage or photons
having energy below the threshold (band gap energy) for production of
mobile electron/hole. In fact, in quantum dot we'can not understand the
experimental facts of conductivity, without invoking the presence of
imperfection and impurities. Imperfections produce discrete energy level in
the forbidden gap, which are called ‘traps’. From this point of view, current
conductivity is described as a process where by, electrons are trapped and
detrapped by crystal imperfections (traps), excited by biased voltage or
photons and produce current in the external circuit.’

Trapping and detrapping of charge carriers are very fast in the order of
10 sec to 10-14 sec depending upon the types of traps.

To investigate quantum dots as electronic and optoelectronic switch we
experimentally show that it produces electronic (current) output excited by
biased voltage and optical signal of proper energy. The investigation is carried
out on bare PbS, CdS and ZnS quantum dots. The optical operating range of the
devices are revealed from photoluminescence studies, as the reason behind
electronic and optoelectronic switching is the same as that of

photoluminescence phenomena i.e., like luminescence process electronic and
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optoelectronic switching are also caused by fast trapping and detrapping of

charge carriers.

5.3.2 PL study to estimate optical operating range of quantum dots:

As mentioned above the optical operating range of optoelectronic device
can be estimated from photoluminescence studies. For that we have carried out
photoluminescence (PL) studies of the samples with different excitation
wavelength. The results of PL studies for bare PbS, CdS and ZnS quantum dots

are discussed below.

5.3.2.1 PbS quantum dots:

To carry out the PL study of PbS quantum dots the samples are excited
with excitation sources of wavelengths 200 nm, 325 nm and 680 nm. The results
with 325 nm excitation source has already been discussed in chapter III,
therefore those PL plots are not displayed here. The PL spectra recorded with

200 and 680 nm excitation sources are shown in fig. 5.5 and 5.6.

Normalized PL Intensity (Arb. Unit)
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Figure 5.5: PL spectra of PbS quantum dots with excitation at 200 nm
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It has been observed that irrespective of the wavelength used for
excitation, the PL peaks occurred around 700 nm, which has been attributed to
deep surface state as well as band edge emission in PbS [28].

No emission has been observed in PbS quantum dot samples with
excitation sources of wavelength more than 680 nm as this energy may not be

sufficient for band to band or surface states related excitation to cause

luminescence.
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Figure 5.6: PL spectra of PbS quantum dots with excitation at 68§0nm

5.3.2.2 CdS quantum dots:

To estimate the optical operating range of CdS optoelectronic switch PL
studies were carried out with excitation sources of wavelengths 200nm, 325 nm
and 630 nm. In all the cases the PL peaks appeared at around 700 nm which is
related to CdO phase as discussed in chapter III. The PL spectra recorded with
200 and 680 nm excitation sources are shown in fig. 5.7 and 5.8. To avoid

repetition, the PL spectrum with excitation source 325 nm is not shown. For
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CdS quantum dots, no emission was observed with excitation source of

wavelength more than 630 nm.
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Figure 5.7: PL spectra of CdS quantum dots with excitation at 200 nm
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Figure 5.8: PL spectra of CdS quantum dots with excitation at 630 nm
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5.3.2.3 ZnS quantum dots:
Similar to PbS and CdS quantum dots, the PL studies of ZnS quantum

dots also reveal source independent emission regarding the PL peak position.
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Figure 5.9: PL spectra of ZnS quantum dots with excitation at 200 nm
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Figure 5.10: PL spectra of ZnS quantum dots with excitation at 460 nm
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For the analysis, three excitation sources with wavelengths 200 nm, 325
nm and 460 nm were used and the corresponding PL peaks appeared at 591
nm. No emission was observed in ZnS samples with excitation source of
wavelength more than 460 nm. The PL spectra of ZnS quantum dots excited
with 200 nm and 460 nm are shown in figure 5.9 and 5.10, while that with 325

nm were already presented in chapter III.

5.3.3 Switching speed:

From the PL studies of quantum dots it has been revealed that quantum
dots can convert a wavelength lying within a specific range, depending on the
sample, into another optical output of different \;vavelength. This is the
principle of optical switches. Thus our prepared quantum dots can be used as
optical switches. We can estimate the switching speed of corresponding optical
switch from the PL experiment because it is the trapping and detrapping of
electrons by the traps (e.g. vacancies, surface states) that cause the switching
phenomena [29-31]. From luminescence studies, the different transitions are
identified and corresponding transition speed of electrons between any two
traps can be estimated. This transition speed is the response speed of the device
which depends on the types of traps.

From the PL data it can be shown that PbS quantum dots can convert
optical signal lying between 200-680 nm range into a signal of wavelength 700
nm. Similarly CdS quantum dots accepts signal within the range 200-630 nm
and yield output at 700 nm and ZnS quantum dots can convert any wavelength
within 200-460 nm giving output at 591 nm. The switching speed of the

quantum dots optical switches is estimated to be ~10-14 sec.

5.3.4: Experimental setup for optoelectronic and electronic switching:
Two ends of 99% pure fine gold wire of 0.01 mm diameter are fixed very
close to each other within micron range. A small drop of quantum dot sample is

gently dropped over the ends of the gold wire to make the micro contact and
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dried under vacuum. The free ends of the gold wire are connected to a mV
range bias source with one micro ammeter in series. All the connections are
made with silver paste to avoid air gap resistance in the contacts. Nd:YAG laser
has been used to illuminate the sample. The experimental setup is shown in

figure 5.11.

Nd:YAG laser

Quantum dot
assembly

Figure 5.11: (a) Experimental setup for electronic and optoelectronic switching

(b) schematic presentation of quantum dots in polymer matrix

5.3.5: General behaviour of quantum dot electronic and Ioptoelectronic switch:

We have studied the electronic and optoelectronic switching behaviour
of our prepared quantum dot samples and plotted the characteristic curves
between current generated and bias voltage for three illumination intensities ¢,
¢2 and ¢3. The general pattern of such curve is shown in figure 5.12.

First we consider the plot ABCDEFG for intensity ¢1, photocurrent starts
to flow at point A and produces a steep rise at point B and than saturates at
point C. It falls at point D and again rises at point E and then saturates again at
point at point F. Next the reasons are explained.

Optical signal excite charge carriers and produces corresponding trap’
related transition in quantum dots. But to produce effective current, electrons

must tunnel from one dot to another through the insulating matrix.
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Figure 5.12: Pattern of optoelectronic and electronic switching characteristics of

quantum dots (¢ = illumination intensity, ¢:1<¢2<¢3)

That is why a minimum bias voltage is needed to;cause electronic current
through polymer. This voltage corresponds to the point A and is denoted by V1.
At point B the bias voltage V2 produces breakdown phenomenon by causing all
the charge carriers to tunnel through the polymer wall at a time and produces
steep rise in photocurrent. This process can be compared with the breakdown
phenomenon of avalanche photodiode. Furthermore, at point C, photocurrent is
saturated due to the saturation of tunneling of charge carriers and no further
change in it is observed from C to D. The similar behaviour of photocurrent
observed with higher illumination intensity with only difference that
photocurrent saturates with higher magnitude.

To observe the effect of bias in the absence of illumination, we switch off
the optical source (laser) at point D. The photocurrent falls but does not reach

zero, rather, it starts rising again at point E corresponding to the bias voltage Va
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with steep rise at point F corresponding to the bias'Vs and then saturates at
point G.

In the absence of illumination, photocurrent tends to cease, but at the
critical point E, bias V3, itself can excite some of the cﬁarge carriers even in the
absence of light while at point F, the bias V4 causes the;avalanche breakdown by
detrapping all the charge carriers at a time, resultinlg in steep rise in output
current. The phenomena may be compared to zener breakdown of
semiconductor diode. Furthermore, at the point G, the current is saturated as
trapping and detrapping of charge carriers is saturatedi at this point.

The portion AB and EF indicate optoeléctronic switching and electronic
switching respectively. Interestingly, in the actual plots, we find that, both the
portions show similar kind of steep rise, which infer the same optoelectronic
and electronic switching speed. This behaviour also suggests that both the
switching phenomena are caused by same mechanism, that is, trap related
charge carrier transition.

It is experimentally found that up to point E, corresponding to bias
voltage V3 quaﬁtum dots act as optoelectronic switch but beyond it, it acts as

electronic switch.

5.3.6 Optoelectronic and electronic switching characteristics:
5.3.6.1 PbS quantum dots:

Investigation of optoelectronic and electronic switching phenomena of
PbS quantum dot assembly embedded in PVA matrix were carried out with
three illumination intensities ¢1, ¢2 and ¢s (¢p1<¢p2< ¢3). The presence of surface
traps and related transitions are the origin of the switching behaviour. The
optoelectronic and electronic switching characteristics are shown in fig 5.13 and

corresponding data are presented in table 5.1 and 5.2.
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Figure 5.13: Switching characteristics of PbS quantum dots
Table 5.1: Optoelectronic switching data of PbS quantum dots
Saturation Optical
e Vi V2 .
INlumination  Current (mV) (mV) Operating
(nA) Range (nm)
1 6.9
¢2 8.4 482 557  200-680
o3 9.7
Table 5.2 Electronic switching data of PbS quantum dots
Vs Vs Saturation Current
(mV) __ (mV) (1A)
114.6 125.4 91
5.3.6.2 CdS quantum dots:

Both optoelectronic and electronic switching phenomena of CdS

quantum dot assembly embedded in PVA matrix are studied under the three
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illumination intensities ¢1, 2 and ¢3. The switching characteristics are shown in

fig 5.14 and related data are represented in table 5.3 and 5.4. The reason behind

the switching phenomena is the transition between CdO center (donor level

acting as trap) and valance band of CdS quantum dots [32].
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Figure 5.14: Switching characteristics of CdS quantum dots

Table 5.3: Optoelectronic switching data of CdS quantum dots

[

Saturation v vV Optical
INlumination  Current ! 2 Operating
(mV) (mV)
(nA) Range (nm)
1 4.6
b2 5.5 521 572  200-630

0 6.4
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Table 5.4: Electronic switching data of CdS quantum dots

Vs Vi Saturation Current
(mV) (mV) (nA)
96.5 123.5 6.0
5.3.6.3 ZnS quantum dots:

To investigate optoelectronic and electronic switching phenomena in

ZnS quantum dots, the quantum dots sample are illuminated with three

intensities.
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Figure 5.15: Switching characteristics of ZnS quantum dots

Like PbS and CdS quantum dots the transition from surface states caused

by trapping and detrapping of charge carriers are attributed as the origin of the

switching phenomena [33]. The optoelectronic and electronic switching

characteristics are shown in fig. 515 and the corresponding data are

represented in table 5.5 and 5.6 respectively. The results are in close agreement

with previous work [34]
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Table 5.5: Optoelectronic switching data of ZnS quantum dots

Saturation v v Optical
IMlumination = Current ! q Operating
(mV) (mV)
(HA) Range (nm)
M 6.9
(07} 8.2 641 745  200-460
b3 9.5

Table 5.6: Electronic switching data of ZnS quantum dots

Vs Va4 Saturation Current
(mV) _ (mv) (1A)
132.7 166.9 8.7

In this chapter we have studied the application of PbS quantum dots
(bare) in the field of nonlinear optics. As we are using a low power laser source
so DFWM experiment is limited for PbS quantum dots only, since it has a large
strong confinement regime due to the large Bohr excitonic radius (~20 nm).
And nonlinear optical properties of semiconductor quantum dots are expected
to be greatly enhanced in this strong confinement regime.

The prepared PbS, CdS and ZnS (bare) quantum dots have been tested
for possible application in optoelectronic as well as electronic switches. The
results show that the quantum dot assembly can be used as efficient

optoelectronic switch and also optical switch of high speed.
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CHAPTER VI

The ongoing miniaturization of solid state devices make it possible to
fabricate electronic devices such as single electron transistor (SET) which are
small enough to have device characteristics sensitive to the motion of single
electron within them even at room temperature. Quantum dots may be used to
fabricate single electron transistor [1] that can be viewed as an electron box,
which has separate junctions for the entrance and exit of single electrons. It may
also be viewed as field effects transistor, in which, the channel is replaced by
two tunnel junctions forming the metallic island. The voltage applied to the
gate electrode affects the amount of energy needed to change the number of
electrons. This device works on coulomb blockade effects. The advantage of this
device is higher sensitivity, theoretically, by several orders of magnitude and
low power consumption.

A quantum dot, also termed as artificial atom, can contain roughly a
million of atoms together with an appropriate number of tightly bound
electrons. However, a dot can also contain a small number of free electrons,
which can be varied as desired. Just like in a real atom, these electrons are
attracted to a central location being trapped in a bowl-like parabolic potential
well. Because of the small dimension of the well, at sufficiently low operating
temperatures electrons occupy quantized energy levels, and thus have a
discrete excitation spectrum. Measurements of the orbital energies in these
‘atoms’ allows us to probe directly many important laws of quantum
mechanics. Also quantum dots provide an experimental system to probe our
understanding of single-particle and many-particle physics. One of the main
efforts currently under task is the study of the applicability of a single-particle
model to a many-particle system. If the size of the quantum dot is sufficiently
small and the charging energy Ec is much greater than the thermal energy KgT,

no electron tunnels to and from the quantum dot. Thus the number of electron
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inside the dot becomes fixed. The charging effect, which blocks the injection
/ejection of a single charge into/from a quantum dot, is called Coulomb
blockade effect [2]. Therefore, the condition for observing Coulomb blockade

effect at room temperature is [3, 4]

Ec=e2/2C >> KT,

where C is the capacitance of the quantum dot and T, the temperature of the
system. The charging energy manifests itself in a different way in the nonlinear
current voltage characteristics, in the form of stepwise increase known as the
Coulomb staircase [5, 6]. Another condition for observing Coulomb effect is that
the tunnel resistance must be much larger than h/e? = 26 kQ [4].

The Coulomb blockade (CB) regime in transl:)ort through quantum dots
provides a near perfect system to probe the applicability of the single particle
mode] to a system involving many electrons. Pafticularly, the CB regime is
characterized by a large charging energy, Ec which suppresses transport
through the device except at points of degeneracy in dot occupation number.
This charging energy represents the interaction energy of the electrons on the
dot; hence, Ec represents a characteristic energy o.'f the many-particle system.
Coulomb blockade in isolated quantum dots at low temperatures is
characterized by transport through a single level of the dot spectrum [5]. As
such, the measured transport properties provide statistics of a single level on
the background of a many-particle interacting system.

Some of the many-body effects have already been investigated in
lithographically defined quantum dots, including the physics of Coulomb
charging and the Kondo effect. Measurements of transport properties in a
magnetic field have been used to study the filling of energy levels and the
validity of Hund's rule in these electrostatically defined quantum dots [7].
Unexpected effects have been reported in these systems, including the pair wise
loading of electrons into quantum dots [8].

Since quantum dots are of the order of a few atomic dimensions, direct

electrical probing is a cumbersome job for practical applications. Direct use of
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conventional lithographic techniques such as electron beam lithography [9] or
scanning probe microscope related nanolithography [10, 11] become slow when
used to define nanoscale features. Recently self-assembly techniques have
attracted interest for nanoscale device applications because these techniques
offer the potential to fabricate nanoscale elements such as quantum dots and
electronic device configurations of these nanoscale elements without direct use
of conventional lithographic techniques [12]. A number of self-assembly
techniques have been reported for fabricating nanoscale structures of clusters,

quantum dots, and wires [13, 14].

6.1 Frequency dependent capacitance voltage (C-V) characteristics of PbS
quantum dots:

It has been reported that organic/nanocrystal composites have been
used in number of important optoelectronic devices operating in the visible
region [15]. We have studied the capacitance-voltage (C-V) and current-voltage
(I-V) response of quantum dots (bare and coated PbS) at different frequency
range to investigate electrical behavior of the samples. A similar study was
carried out with CdS quantum dots recently by Mohanta et al. [16].

The capacitance-voltage (C-V) and current-voltage (I-V) measurements
were carried out with variable frequency LCR meter (Hioki 3532-50 LCR Hi-
Tester) in the frequency range 300-900 Hz, 10-50 kHz and 1.2-5.0 MHz. For
comparison, first, we have recorded the C-V and I-V characteristics of the
polymer matrix (PVA) alone using a thin polymer film of thickness ~20 pm by
connecting to the LCR meter through silver (Ag) contact established on the two
surfaces of the films. The results are presented in fig. 6.1. Similarly, to carry out
the analysis with quantum dots, thin films (20 pm) of both bare and coated PbS
quantum dots embedded in PVA are taken and connected to the LCR meter
through silver (Ag) contacts. Thus the arrangement can be viewed as nano

PbS/ Ag capacitor.
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Figure 6.2 and 6.3 show the capacitance-voltage characteristics of bare
and coated nano PbS / Ag junction at specified frequencies respectively in Hz. It is
clear that in the low frequencies, capacitance increases almost linearly with
applied voltage. But the rate of increment is more in coated samples than the

bare ones.
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Figure 6.1: C-V (a) and I-V (b) characteristic of the polymer matrix (°PVA) at 300Hz
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Figure 6.2: C-V characteristic of bare nano PbS / Ag junction (300-900 Hz)
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Figure 6.3: C-V characteristic of coated nano PbS / Ag junction (300-900 Hz).
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Figure 6.4: C-V characteristic of bare nano PbS / Ag junction (20-40 kHz)

In our system, we have a thin film of PbS. (bare and coated) quantum
dots embedded in a matrix, such two near by quantum dots separated by a thin
film of PVA itself act as a capacitor and there will be series of such capacitors
within the area under consideration. Again using Ag contact over the surface
forms a metal semiconductor junction. Therefore ‘the total capacitance will be
the sum of capacitance due to the nano PbS/Ag ju:nction and capacitance of the
quantum dots. For coated quantum dots formation of PbS /SiOzjunction is also
possible.

Due to large surface to volume ratio, the: quantum dots contain large
number of surface traps due to dangling bond, and other defects. So when an
electric field is applied it might be possible that the injected charge fall into
these traps. Thus by holding the charge, the qu;cm’tum dots contribute to the
total capacitance of the system together with the normal depletion layer

contribution. As these trap states are being filled, the probability for newly
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injected charge to flow through the system increases. As a result there will be

considerable increase in current (to be discussed later in this chapter).
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Figure 6.5: C-V characteristic of coated nano PbS /Ag junction (20-40 kHz)

However the injection of charge carriers may not affect the C-V response
significantly. This is what we observe for uncoated PbS/ Ag junction at higher
frequency range 20-40 kHz (figure 6.4). For a particular frequency the
capacitance of the system remains almost constant with increase in applied
voltage.

The C-V characteristics of coated PbS/Ag nanojunction are shown in
figure 6.5. It has been observed that with increase in frequency range (Hz to
kHz) the capacitance of the system decreases (from ~108 to 1010 F).
Interestingly, some abrupt change in capacitance at particular applied voltages
has been observed in the C-V plot.

It has been mentioned earlier that the total capacitance of the system is

comprised of the nano PbS/Ag junction and capacitance due to PbS quantum

129



Frequency dependent electrical behaviour of PbS quantum dots

dot. Theoretically, the capacitance of a single quantum dot surrounded by a
medium of dielectric constant € depends on its size as [17]
C(r) = 4neper

Thus for PbS (coated) quantum dot having radius 6:nm (considering the largest
dot) the capacitance can be calculated as ~13.3x1019 F (taking e=2 for PVA).
Again the charging energy, Ec= 59 meV which is n;mch greater than KgT (~ 26
meV), satisfies the condition for observing Coulomb blockade. The resistance of
the system is ~MQ, thus the second condition [4] for observing Coulomb
blockade is also fulfilled. For applied voltage 2.2 V:(denoted by A in 20 kHz C-
V response in figure 6.5), the no of electrons in such a quantum dot will be
approximately 18. For applied voltage 2.3 V (denoted by A in 20 kHz C-V
response in figure 6.5), the no of electrons will be a};proximately 19. So there is a
transfer of single electron. There are two reasons for requirement of extra
energy to add additional electrons to the quantt%m dots. First, the electrons
inside the dot will repel each other and make it difficult for other electrons to
enter the dot. As number of electrons in the dlot increases, repulsion also
increases and it takes more energy to add anothe; electron. Second, The Pauli
exclusion principle requires electrons to be in different quantum levels in the
dot. Additional electrons must be promoted into Ligher energy level [18]. The
calculation will be exactly same for 30 kHz and 40 kHz.

Thus theoretically we can explain the rise in capacitance at the particular
observed voltages as due to Coulomb blockade. But with the present
arrangement experimental confirmation is not possible as we cannot separately
measure quantum dot capacitance. However there must be some relationship
between the theoretical and experimental observation. Coulomb blockade only
in case of coated sample infers that the PbS/SiO; nanojunction may be

responsible for such behavior.
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Figure 6.6: C-V characteristic of bare nano PbS /Ag junction (2-5 MHz)
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Figure 6.7: C-V characteristic of coated nano PbS / Ag junction at (2-56 MHz)
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However, at high frequency range [2-5 MHz] both bare and coated PbS
quantum dots/Ag junction show almost constant response. Also the
capacitance of the system as a whole drops considerably with increase in

frequency (figure 6.6 and 6.7).

6.2 Frequency dependent current voltage (I-V) characteristics of PbS quantum
dots:

The I-V measurement of bare and coated nano PbS / Ag junctions were
carried out at low frequency (300-900 Hz), mid-frequency (20-40 kHz) and high
frequency (1-5 MHz) range.
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Figure 6.8: I-V characteristic of bare nano PbS / Ag junction (300-900 Hz)

At low frequency range, as shown in figure 6.8, it has been observed that
in case of bare nano PbS/Ag, the current increases stepwise with increase in
applied voltage. Nonlinear current-voltage relations are the result of Coulomb-
blockade and Coulomb-staircase phenomena in the electrical charging of

nanoscale electrical conductors. Strong step structures due to the Coulomb-
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staircase are normally observed in systems with highly asymmetric junctions,
especially when the resistance of one junction is much greater than that
of the other [19]. This is very likely in our case. Also, such C-V
characteristic is possible for the polymer which is known as molecular

eigenvalue staircase. However molecular eigenvalue staircase feature is

5,00B-03 7 ———
1= 900 Hz
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Figure 6.9: I-V characteristic of coated nano PbS / Ag junction (300-900 Hz)

NN
U

observable only for smaller molecule like object [20]. From the analysis it has
been observed that for a particular frequency, tﬂe step width decreases with
increase in applied voltage. Theoretically, the current steps Al should occur at
voltage intervals AV ~ ¢/C. In our case for a single quantum dot ¢/C=0.12 V,
whereas experimentally observed value was~ 0.1 V.

In case of coated nano PbS / Ag junction (figure 6.9) also, the same step

like structure has been observed, but the width of the plateau region is more

than that of junction containing bare quantum dots. This may be due to the SiO;
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coating which acts as barrier for charge transportation from or to the quantum

dots. At higher frequency range (kHz and MHz), both bare and coated nano
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Figure 6.10: I-V characteristic of bare nano PbS /Ag junction (20-50 kHz)
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Figure 6.11: I-V characteristic of coated nano PbS / Ag junction (20-50 kHz)
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PbS/ Ag junction exhibit linear dependence of current with applied voltage. The
corresponding I-V characteristics have been plotted in figures 6.10-6.13.

It is expected that quantum dots which contain trapped carriers while
trying to follow a.c. signal provide conducting channels through the sample
giving rise to current establishment. Large becomes the signal frequency, more
would be the number of carriers participate for current establishment by
dislodging themselves from the trapped centers (surface states).

However the magnitude of current in case of bare nano PbS/Ag (figure
6.12) junction is much higher as compared to coated once (figure 6.13). The
highest current recorded for bare nano PbS/ Ag junction at 5 MHz was 4.45 mA
while for coated nano PbS/ Ag junction was 1.37 mA. On the basis of present
understanding the low current in the later case may be thought of due to lower

content of surface states or traps.
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Figure 6.12: I-V characteristic of bare nano PbS / Ag junction (1-5 MHz)
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Figure 6.13: I-V characteristic of coated nano PbS / Ag junction (1-5 MHz)

In this chapter we have investigated freguency dependent electrical
behavior of both bare and coated PbS quantum dots. The investigation of the
electrical behavior shows the possibility of application of PbS quantum dots as
electrical components like capacitor in low frequency range. Also, the study
reveals that the electrical behavior, both C-V and I-V, depends on the applied

frequency.
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CHAPTER VII

Thesis conclusion and future prospects:
7.1 Thesis conclusion:

We have successfully fabricated IV-VI (PbS) and II-VI (CdS and ZnS)
semiconductor quantum dots on polymer matrix PVA with average particle
size <15 nm. The average size of quantum dots was measured from X-ray
diffraction (XRD) patterns using Scherrer formula and transmission electron
microscopy (TEM) confirmed the sizes.

Next, we have applied a composite of PVA and SiO: for overcoating the
quantum dots. Small reduction in size (1-3 nm) was observed for the coated
quantum dots.

The optical absorption spectra provide infor'mation of blue shift and
gives evidence for formation of particles in nanoscale range. Using the observed
nanocrystalline band gap in the UV-Vis absorption spectra the particle size
were calculated theoretically. Then PL study was carried out for both bare and
coated quantum dots. The PL intensity of the coated quantum dots were
significantly more than the bare once. The PL emission in case of bare quantum
dots were mostly attributed to surface state emission whereas PL emission due
to e-h recombination were recorded in case of coated CdS and ZnS quantum
dots. Also the PL behavior of coated quantum dots were affected little after they
were aged for 60 days whereas considerable increase in PL intensity was
recorded with time for the bare quantum dots.

Effects of SHI were investigated in case of various polymers for
modification of their properties like electronic and ionic conductién,
atmospheric stability, crystallinity etc. [1,2]. But when a semiconducting particle
is embedded in a polymer what physical phenomena would come to the

forefront? To explore the effect of SHI irradiation on both bare and coated
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quantum dots we have selected Ni'?* beam of energy 160 MeV for irradiation
experiments. We found redshift in the absorption spectra of bare PbS, CdS and
ZnS quantum dots after SHI irradiation which is stronger with respect to
increase in ion fluence and expect that there might be grain growth due to
Ostwald ripening under ion irradiation. However, for coated quantum dots we
found no such size enhancement. We believe that the high melting point of S5iO2
may protect the quantum dots so that they can not agglomerate to form bigger
particles.

Size independent PL behavior has been observed in case of both bare and
coated quantum dots after SHI irradiation. However PL intensity significantly
increases after irradiation which is due to thermal detrapping of charge carriers
initiating high energy emission as well as increase in defect concentration after
irradiation. New peaks were detected due to the formation of CdO and PbO in
case of coated CdS and PbS quantum dots after SHI irradiation.

As an effort to study the nonlinear behavior of PbS quantum dots for
their application in DFWM, we have successfully used low power He-Ne laser
as the laser source. Also we have successfully shown that the prepared
quantum dots can behave as optoelectronic as well as electronic switch
depending on the input condition.

Electrical studies were carried out to investigate possible device
application of polymer embedded quantum dots. For this we have studied
capacitance-voltage (C-V) and current-voltage (I-V) responses of bare and
coated PbS quantum dots at different frequencies. This is comparatively a new
study which reveals frequency dependent C-V and I-V response of both bare
and coated PbS quantum dots.

7.2 Future prospect:

We expect effective results if further research is carried out on quantum

dots in the following directions:
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7.2.1 New materials to synthesize quantum dot:

In the present work we have limited our study for II-VI and IV-VI
semiconductor quantum dots. This may be extended for III-V semiconductor
such as InP and GaP. The structural quality of the self-assembled quantum dots
and their compatibility with conventional III-V technology has permitted the
demonstration of high performance prototype devices such as semiconductor

QD lasers [3].

7.2.2 Possible modifications in synthesis and characterization procedure:

For arresting the growth of semiconductor nanoparticles polymer matrix
PVA was used. It was observed that the particles were not stable enough
against SHI and also optical properties were modified with time. For better size
and photo stability conjugate polymer and zeolites [4-9] could be used as a
matrix in future. Also, using such matrix, the quantum dots may be fabricated
with more uniform size distribution. Again for similar reasons apart from
colloidal chemistry we can follow sol-gel [10] or micelle method [11] and could
compare the results. In our method of fabrication we did not study the effect of
pH over the particle size and other properties that'could be included in future
study. Synthesis of quantum dots may be tried using electro-deposition

technique which permits easy control of input electrical signal.

For characterization of the samples along with XRD, UV-Vis
spectroscopy, TEM and PL, Atomic force Microscopy (AFM) and Scanning
Electron Microscopy (SEM) can be used for better understanding of the surface

morphology of the synthesized samples.

7.2.3 Lower energy (KeV) ion beam irradiation:

In this work, SHI irradiation at high energy (160 MeV) was carried out to
explore the modification on structural and optical properties of the quantum
dots. At such high energy the ion beam simply irradiates the sample, the ions

do not remain inside the samples. Using low energy ion beam (KeV) we can
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implant different ions in the sample and can study there affect specially on

luminescence and electrical properties.

7.2.4 New areas for quantum dot application:

The application of quantum dots has been investigated in the realm of
nonlinear optics and electrical properties in the present work. The future study
may effectively include the application of quantum dots as fluorescent tags or
biological markers since luminescence properties of the quantum dots have
been studied extensively in the present research. By using these markers, the
locations of different components of cells can be observed and imaged

simultaneously [12, 13].
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