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Abstract 
Now-a-days, the impact of nanoscience and nanotechnology has spread out all 

over the globe. This technology involves precise utilization of nanoscaled materials. 

These nanostructured materials (NSM)l are quantum confined condensed matter 

system. These NSMs are the ultra-fine material structures having an average crystallite 

size of the order of a few to several nanometers (1O·9m). Typically, it represents an 

intermediate state of matter in the transition region between bulk solid and molecular 

structure2, 3,4. 

Amongst massive number of list of materials available in today's world, 

researchers have effectively fabricated mainly metallic (Au, Ag, Pt etc.), semiconductor 

(Ge, Si, ZnS, CdS, CdTe, ZnSe, ZnO etc.) and oxide (Ti02, Ga203, Ah03, MgO etc.) 

systems. 

There has been considerable research interest in semiconductor nanoscale systems 

with special emphasis on II-VI semiconductor types. These semiconductor NSMs have 

unique characteristics in the sense that materials with similar chemical composition but 

different dimension 

behave differently. The 

properties of NSMs 

gradually change from 

bulk behavior to 

molecular behpvior 

with decreasing particle 

sizes
,6. The quantum 

size effect (QSE) that 

dominates in low 
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Figure 1 . Evolution of energy band/states in bulk, 
nanoscale and molecular systems 

dimensional structures with large surface-to-volume ratio results in the band gap 

enhancement along with the evolution of discrete energy levels. Owing to size and 

shape dependent tunable physical properties exhibited by semiconductor 

nanostructures they are considered as vital components in the next generation 

technologl,8. 

It is known that, II-VI semiconductor nanoparticles (spherically symmetric 

nanostructures) have potential applications, for instance, in photocatalysis9
, 



photovoltaics1o, 11 and optoelectronics12 devices etc. In contrast, elongated II-VI 

semiconductor nanostructures13 (nanowires, nanorods, nanostrips etc.) have several 

additional advantages such as tunable upconversion14, polarized light emission 15 and 

high-gain lasing action 16 etc. Both spherical and elongated forms can be promising 

candidates for next generation displays17, lasers18, bio-markers19 etc., due to their high 

luminescence quantum efficienclo, spectral tunability, color purity, high optical gain 

with lower threshold 21 and high environmental stability22. Amongst the II-VI binary 

semiconductors, Zinc Sulfide (ZnS) and Zinc Oxide (ZnO) nanostructures have received a 

great deal of attention in past years23
, 24. 

This thesis will focus on the synthesis and optoelectronic characterizations of 

ZnS and ZnO based nanostructured systems. The irradiation and transition metal 

impurity doping aspects will also be highlighted. To be specific, transition from 

spherical to elongated structure along with aspect ratio dependent optoelectronic 

properties will be reported. 

We have planned our work that involves synthesis, characterization and 

application of semiconductor nanostructures with due emphasis on elongated systems. 

The nanostructures are prepared in organic hosts by suitable chemical/physico

chemical methods. We also stress upon growth of 1-dimensional elongated 

nanopatterns through solution growth and solid state routes. The various types of 

characterization tools used include X-ray diffractometer (XRD), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), UV-VIS optical absorption 

spectroscopy (OAS), atomic force microscopy (AFM), magnetic force microscopy (MFM) 

and photoluminescence spectroscopy (PL) etc. We also encounter to understand 

growth mechanism that facilitates in transforming nanoparticles to elongated 

nanopatterns. 

For modification of nanostructures, they are irradiated with energetic ion 

beams of different ion species while fluence was varied in the range 1010 
- 1013 

ions/cm2. Irradiation lead structural and optoelectronic properties have been 

compared and analyzed. Chemically synthesized, ion irradiated and photon induced 

elongated nanostructures have also been elaborated. 

In order to grow size selective nanostructures, we have chosen two nontoxic 

media. First one is a water soluble polyvinyl alcohol (PVOH) polymer and the other one 

is a cationic surfactant called cetyl-trimethylammonium bromide (CTAB). In the first 



case, the long chams of the PVOH media, which generally eXist m serpent structures 

(coli and cage like) help m growmg and encapsulatmg nanostructures In contrast, CTAB 

was used to facIlitate controlled nanostructure ordermg Instances of surfactant gUided 

formation of elongated nanostructures (nanorods) have been notlced25 

A tYPical TEM Image of ZnS and ZnO nanopartlcles grown m PVOH dielectric 

matrix IS shown m figure 2 and figure 3 The XRD pattern (not shown) has revealed that 

ZnS has a cubic zmc blende structure whereas ZnO crystallizes mto hexagonal wurtzlte 

structure The surfactant (CTAB) assisted growth and evolution from spherically 

symmetric nanopartlcle to asymmetric elongated nanostructures for ZnO and ZnS 

systems are shown m Figure 4 and 5 As CTAB facilitates controlled growth through 

mlcellear formation, ZnS and ZnO nanorods can be produced accordmgly 

Figure 2:: TEM micrograph o/ZnS 
nanopartlcles In PVDH matrzx 

Figure 4A: rEM mlcrogrpah ofZnS 
nanopartlcles In crAB 

Figure 3 : TEM micrograph o/ZnD 
nanopartlcles In P VDH matrzx 

50nm 

Figure 48: rEM mlcrogrpah of ZnS 
nanorods In crAB 



Figure 5A: TEM mlcrogrpah 0/ ZnD 
nanopartlc/es In CTAB 

Figure 58 : TEM microgrpah o/ZnD 
nanorod In CTAB 

With an aim to explore optoelectronic properties, we have modified 

morphological and structural aspects of the synthesized nanosystems. For 

modification, we used three technologically viable approaches: 

(a) through fabrication process 

(b) through energetic ion irradiation 

(c) through photon illumination 

By controlling concentration of reactants and growth temperature, one can control 

aspect ratio of the nanostructures. On the other hand, through energetic ion 

bombardment (with the electronic energy loss greater than the nuclear energy loss 

calculated form SRIM 26
) one can allow nanoparticles to grow along the ion path giving 

rise to elongated nanostructures27
• The formation of elongated ZnO nanostructures by 

80 MeV N+6 ion irradiation has been confirmed. In the thesis, we shall discuss and 

compare nanostructure modification due to 150 MeV Titanium (Ti+11), 100 MeV Silver 

(Ag+6
) and 80 MeV Nitrogen(N+6

) ion impact. Also, modification of nanostructures 

through photon illumination shall be considered. 

The light emission properties of undoped and doped nanostructured systems 

have been investigated. In-depth analysis on the fluence dependent tunability in the 

photoluminescence spectrum will be discussed. The band-edge, defect related (zinc 

vacancy, sulfur vacancy, oxygen vacancy etc.) and impurity related emission 

characteristics will be presented in a quantitative and qualitative manner. 



Typical photoluminescence spectra of unirradiated and 80 MeV N+6 irradiated 

ZnO nanostructures are shown in figure 6. The band-edge emission peak is clearly 

located at ~0375nm whereas the defect related (surface trap) emission is 

characterized by a broad band, peaking at ~490nm. The dominance of defect emission 

over band-edge emission is typical in nanostructured systems28. With increase in ion 

FO 
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--F3 
--F4 

Figure 6 : Photoluminescence spectrum of ZnD nanoparti/ces - FO unirradiated and 

irradiated at fluences /.25X/OIO ion/cm2(FI), 5 OX/Oil! ion/cm] (F2), 2.0X/O" ion/cm2, 

8XIO" ion/cm](F4) 

flue nee, the 

defect emission drops at a faster rate compared to its band-edge counterpart (figure 

6). It is important to quote here that the asymmetrically broadened defect emission 

peak becomes more symmetric with increase in ion fluence cases. 

Similarly, the PL response of Mn doped ZnS nanostructures are shown in figure 

7. An intense luminescence peak (orange yellow emission) was observed at ~0580nm, 

which is ascribed to the impurity activated states29. This peak is so intense that it could 

suppress the sulfur vacancy related emission peak observable at ~425nm3o. With 

increased Mn-doping concentration, the relative intensity due to Mn+2 and S·2 emission 

increases. Furthermore, for ZnS:Mn, ZnS:Cr, ZnS:Co, ZnS:Cu nanosystems, quantitative 

and qualitative analysis on photoluminescence aspects will be discussed in great detail. 



The thesis will comprise of 

six chapters and each chapter will 

be arranged in sub-sections. The 

introductory chapter (i.e., chapter 

1) will include motivation, 

historical background and 

challenges with regard to various 

ZnS:Mn 
a-"1%Mn 

b-3% Mn 
e-s%Mn 

350 400 450 500 550 600 650 

kinds of semiconductor 
Wavolon~h In nm 

nanostructures. In chapter 2, we 

shall discuss on materials and 
Figure7: PL spectra of ZnS:Mn nanostructures 

methodologies. A detailed synthesis protocol and characterization of binary 

semiconductor nanostructures will be presented in chapter 3. Chapter 4 will deal with 

the organization of nanostructures using ion irradiation and photon illumination. The 

luminescence and optoelectronic properties alongwith possible applications will be 

highlighted in chapter 5. The irradiation led tunability in the luminescence31
• 32 

properties can be employed for various optoelectronic and photonic devices, 

particularly in sensors and display devices which work on a selective range of the 

electromagnetic spectrum. lastly, conclusive remarks and future directions will be 

discussed in chapter 6. 
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PREFACE 

After the great success of microelectronics In the last centunJ, the nanoscale 

matenals emerged as the budding blocks of the next generatIOn of electrOniC, 

optoelectronic and chemical sensing devices The development and deployment of these 

matenals playa role In terms of speed and compatlbllzty wlule achieving the goals 

nanotechnology 

This thesIs IS the descnptlOn of a number of development methods of 2nS and 

2nO nanostructures alongwlth their optoelectronzc properties An emphasIs was made 

on developing sphencally symmetnc nanopartlcles to elongated nanostructures 

(nanorods) by vanous means The Irradlahon and metal Impunty doping aspects are 

bemg hlghlzghted To be specific, translhon from sphencal to elongated structures 

alongwlth aspect mtzo dependent optoelectronic propertzes are also dIscussed 

The thesIs IS compnsed of SIX major chapters where each chapter Will be arranged 

m some sub-sechons The Introductory chapter (I e, Chapter-l) Will Includes 

motivatIOn, hlstoncal background and challenges With regard to vanous kinds of 

semiconductor nanostructures In Chapter-2, matenals and methodologies used to cam) 

out vanous expenmental works are discussed The technzques used for modlficatzon and 

chamctenzatlOns of the nanostructure are elaborated m tim Chapter A detmled 

synthesIs protocol and charactenzatzon of bmary semiconductor nanostructures 

(2nS, 2nO) are presented In Chapter 3 Chapter 4 deals With the works on the 

development of elongated nanopatterns due to IOn Irradzatzon and photon IllUminatIOn 

The lummescence responses applicable to optoelectronzcs/photonlcs, of the developed 

nanostructured are hlghlzghted In chapter 5 The Irradzatzon led modificatIOn and 

tunabzllty m the optoelectronzcs/photonzcs propertzes matenal are dIscussed In the 

Chapter Lastly, conclUSive remarks and future directIOns Will be discussed m chapter 6 

Upamanyu Das 
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Chapter 1 

Introduction 

Now-a-days, the impact of nanoscience and nanotechnology is spread out all 

over the globe. This technology involves precise utilization of nanostructured material 

(NSM) [1]. These NSMs are the ultra-fine material structures having an average phase 

or grain size on the order of a few nanometers (lO-9m). Each nanoparticle in NSMs 

can be considered as a "nano crystallite" of a typical size of the order of few 

nanometers, consisting of 100's to l,OOO,OOO's of atoms. It is a state of matter in the 

transition region between bulk solid and molecular structure [2-5]. The importance of 

NSMs is being realized owing to its unique size-dependent characteristics in the sense 

that materials with similar chemical composition but different dimension behave 

differently. With size reduction, its physical properties gradually shift form bulk 

behavior towards molecular behavior. 

Although NSMs are considered as an invention in the area of modern science, 

they actually have a long history. NSMs were used by artisans as far back as the 9th 

century in Mesopotamia for generating a glittering effect on the surface of pots. 

Egyptians also knew to use the healing powers of gold nanoparticles against wounds 

and physical ailments. The use of colloidal particles of gold and different materials 

was known and used by the Romans toward the middle age (for e.g. staining of glass). 

In modern times, it was the great alchemist Paracelsus who first prepared gold colloid 

solution (16th century). He called his purple solution of gold Aurum Potable (Latin: 

potable gold) and believed it cured all manner of physical, mental, and spiritual 

ailments. But serious study on gold colloids did not start until the mid-19th century by 

Faraday, who prepared the first pure colloidal gold which he called 'activated gold' [6]. 

He used phosphorus to reduce a solution of gold chloride for the development his 

colloidal gold. These colloidal solutions were the first, which gives us an idea about 

size effects. Faraday was the first started to study the size dependence ofthe physical 

properties of a material. He also used gold, but proceeded in the other direction to 

study the size effect: he started with very small pieces of gold (nanocrystalline gold) in 
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solution and, by pressing them together, made bigger pieces of gold. His amazement 

at what he observed is clear from the March 11, 1856 entry in his diary [6]. 

'~ and then put on the gold above the convex surface of a rock crystal 

plano convex lens and pressed it by hand steadily, rocking it a little. This 

pressure converted the violet or dark tint of the place [of contact] to a 

beautiful green - far more beautiful than any I have seen in a gold leaf 

beaten - the effect was perfect. " 

Faraday was one of the greatest scientists of the 19th century. So, it is not at all 

surprising that his diary continues with, what we now know to be, a rather accurate 

explanation ofthis phenomenon: 

"Has the pressure converted the layer of atoms into a continuous layer 

by expansion and welding, and is that all the difference? / rather think it 

is . ... So it appears that these different layers are all gold, and owe their 

different appearances not to composition but to physical differences. " 

Faraday discovered that the color (or to be more precise: the electronic structure) of a 

metal can becom~ size dependent below a certain critical size. What this critical size 

was, and why it was different for the different metals that he investigated, was 

something that Faraday could not understand fully. In the early twentieth century, 

work on the glasses containing Cadmium Sulphide (CdS) showed that there was a red

shift in the absorption threshold with the growth of CdS particle size [7]. So far, it is 

the first experiment that proved that this size dependence of material properties also 

applied to semiconductors. It was found that both the absorption and the emission of 

CdS shifted towards shorter wavelengths for smaller crystallite sizes. Again, a 

qualitative explanation was sought in terms of the reduced size of the CdS crystal and 

shifting of absorption peaks. 

During the first half of 20th century it was revealed that a material can become 

strongly dependent on the size of the material below a certain threshold size. But no 

adequate explanation of the size effects was at that time. It was the seventies, the 

impetus progress in the development of analytical skills and the fabrication of low-
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dimensional semiconductor structures made it possible to understand physical basis 

of such effects in quantitative qualitative ways. 

In the late 1960's researchers reported differences between the absorption 

spectra of colloidal semiconductor particles and the spectra of the corresponding 

macro-crystalline materials in 1967, Berry reported that the absorption onset of 

suspensions of crystals of AgBr [8] and Agi [9] was shifted to shorter wavelengths as 

compared to the macro-crystalline material, and made the following statement: 

'The observed shift of the absorption curve to shorter wavelengths 

should not be regarded as suggesting a mechanism in which the band 

gap is widened., but as either a decreased number of absorbing atoms 

or a decreased efficiency of the phonon-assisted electronic transitions. " 

In 1968, Stasenko presented experiments on the thin films of CdS [10], motivated by 

the prediction from Sandomirskii (1963) that for very thin semiconductor films the 

band gap is inversely proportional to the square of the film thickness [10]. The results 

were in good agreement with the theoretically predicted shift of the bandgap and he 

reported: ''Such a forbidden-energy gap increase is connected with quantum effects" 

It was realized in the early 1980's that these quantum effects are not only 

responsible for the different properties of the nanostructured materials as compared 

to the macro crystalline material, but also for some the peculiar behavior of particles. 

Some 15 years after the firm statement by Berry, it was shown that the mechanism 

that he ruled out (widening of the band gap) is in fact responsible for his observations. 

In the last two decade researcher successfully explain most of the properties in low 

dimensional systems. 

Among the massive number of materials available in the today's world, people 

able to develop and analysis large variety of materials at nanoscale regime as -

• Metals: gold [Au], silver [Ag], palladium, platinum, cobalt. 

• Semiconductors: Elemental (Si, Ge), II-VI (ZnS, CdS, CdTe, ZnSe ),III-Y(GaAs, 

GaN, InP, GaAs), IV-VI(PbS, PbTe, PbTe) systems 

• Oxides: ZnO , Ti02,Ga203, Ab03,MgO etc. 
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All of these materials show extensively new verities of properties, which make 

them as candidate for today's technology base world. Metal nanoparticles (Ag, Au etc) 

exhibit plasmon absorbance bands in the visible spectral region that are controlled by 

the size of the particles [11]. Numerous studies reported on the labeling for bioassays 

and staining of biological tissues using those metal nanoparticles as means to analyze 

and visualize biological processes [12-18]. Among the Oxides materials, the well

known nanocrystalline film of titanium dioxide was shown to be utilized for dye

sensitized solar cells [19, 20]. Nowaday, effort is being put worldwide to develop and 

assemble quality semiconductor nanostructures for variable application in industries, 

This thesis is focused on II-VI binary semiconductor nanostructures and their 

relevance to optoelectronics. 

1.1 Semiconductor Nanostructure Materials 

A typical semiconductor has an electrical conductivity between that of a 

conductor and an insulator (103 ohm'1cm'1 to 10-8 ohm'1cm'1 ) There are four major 

types of semiconductor materials as listed below -

Elemental semiconductors: The elemental semiconductor materials comprise 

of elements from group IV of the periodic table. The materials crystallized into posses 

narrow indirect band gaps. Silicon (Si) and Germanium (Ge) are typical of such kind. 

Binary compounds semiconductor: These kinds of semiconductors are 

compounds of two different group elements, 

The choices are -

Column III with column V (III-V's): AIIIBv 

Example :GaAs, GaN, InP etc 

Column II with column VI (II-VI's): AIIBVI 

Example: ZnS, CdS, ZnO etc 

Column IV with Column VI (IV-VI's): AlvBvl 

Example: PbS, PbSe, PbTe etc 

The energy band gap of II-VI systems are 

found wider while for the IV-VI system it is 

found narrower. 
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Ternary alloy semiconductor: These are alloys of two binary compound 

semiconductors. Ternary alloys have two elements from one column and one from 

another. Depending on the substation sites (cationic/anionic) can have two options: 

AII1(xlBIII(1,xlCv = [A",Cvl(xl + [B",Cvl(l,xl 

A",Bv(YlCV(l'Yl = [A1IIBvl(Yl + [A1IICVJ(1'Yl 

Some of the commonly used ternary semiconductor alloys are Aluminium gallium 

arsenide (AlxGal.xAs), Indium gallium arsenide (InXGal.x As), Aluminium indium 

antimonide (Alxlnl.xSb), Gallium arsenide nitride (GaxAsl.xN), Aluminium gallium 

phosphide (AlxGal.xP), Indium gallium nitride (lnxGal.xN), Indium arsenide antimonide 

(InxAsl.Sb) 

Quaternary alloys semiconductor: Quaternaries alloys are consisting of 4 

elements. It may be mixer of four binary semiconductor or three binary 

semiconductors. Some such semiconductors are: Aluminium gallium indium 

phosphide (AIGalnP); Aluminium gallium arsenide phosphide (AIGaAsP); Indium 

gallium arsenide phosphide (InGaAsP); Aluminium indium arsenide phosphide 

(AllnAsP); Aluminium gallium arsenide nitride (AIGaAsN); Indium gallium arsenide 

nitride (InGaAsN); Indium aluminium arsenide nitride (InAIAsN). 

Although nanostructured materials are objects made out of metallic, 

semiconductor or insulating materials, in the last two decades, there has been much 

research on nanoparticles made out of semiconductor system, especially on II-VI 

semiconductor types, e.g. CdSe, CdTe, CdS, ZnS, etc. Any of these semiconductor 

material containing grain size or clusters below 100 nm or layer, filament of that 

dimension is considered as semiconductor nanostructure. It is a state of matter in the 

transition region between bulk solid and molecular structure. The NSMs materials 

have unique characteristics in the sense that materials with similar chemical 

composition but different dimension behave differently. The properties gradually 

change from bulk behavior to molecular behavior with decreaSing particle size. It is 

due to the quantum mechanical phenomenon which dominates in low dimension al 

structures which results and are associated with: 
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• Enhancement in band gap and evolution of discrete energy levels 

• Extremely high surface to volume ratio (»ljcompared to bulk which is about 

10% for 100 A particles and 90% for 10 A particles. 

• Enhancement in excitonic binding energy with respect to bulk as a result of 

which the exciton absorption can be visible at the room temperature 

• Enhancement in the oscillator strength with respect to bulk 

Bulk Nanocrystal Molecule 
----

~~h ~~ ,,; E -:-1 
} ".., .-< ~ , J LUMO 
t_~; ~ 

:;"" ... .t -1->- .- --
e> _.-

l 
---

(1) 

~ c 
W 

- HOMO 

big small 

Figure 1.2 : Evolution of energy gap (Eg) in bulk, nanocrystal and molecule 

Since in a NSM, most of the atoms are displayed on the surface than the core, surface 

reactivity increases at large. It has been reported that their optical, electronic, 

magneto-optical and catalytic properties can be uniquely vary with size [21-23]. It is 

expected that the size dependent properties of the nanocrystals is just enormous. To 

name a few are microelectronics, electro-optics, nonlinear optics, catalysis, 

photography, electrochemistry and many more. 

The specific properties of NS,Ms materials can have two different possible 

origins. First, Size effects, which result from the spatial confinement of carrier motion 

in a low-dimensional system. An example IS the confinement of electron 

wavefunctions inside a region whose size is smaller than the electron mean free path. 

This class of effects may give birth to completely new properties. Second one is the 

surface effects, which are a consequence of the Significant volume fraction of matter 

located near surfaces, interfaces, or domain walls. 
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1.2 Quantum effect in Semiconductor Nanostructure 

From Faraday (1856) to Berry (1967) all observed change of properties in ultra

small particles and Stasenko (1968) has shown that this can be explained considering 

quantum mechanics in to account. Upto eighties, it was thought that this quantum 

confinement effect is the only phenomenon responsible for change of properties at 

nanoscale. Higher surface to volume ratio, discretization of energy levels and 

enhancement in surface energy etc. decides the physical properties of the 

Nanostructured Materials at large. 

1.2.1 Quantum effects in Semiconductor Nanostructures: 

In the early eighties, quantum confinement effect on small particles in 

suspension was first reported in the early 1980s by Ekimov[25] , Efros [26] and 

Papavassiliou [27]. Later, Brus et al. [28,29] laid out the proper framework for 

understanding such effects from the view point of molecular quantum physics. 

This quantum confinement is observed in semiconductor crystals with sizes of 

few nanometer due finite size of the crystal, which limits the motion of electrons, 

holes, and excitons (a quasi-particle a electron-hole pair interacting each other via 

coulomb potential) cab be resticted along one or more direction. 

The excitons correspond to a hydrogen like bound state of an electron-hole 

pair and characterized by an exciton Bohr radius defined as {30] -

(1.1) 

With Gr relative dielectric constant (high frequency), 
. 

m e effective mass of 

electron, m' h effective mass of hole. This exciton Bohr radius (an) is conSiderably 

larger the respective value for a hydrogen atom (~0.53A). For most of the 

semiconductors it is ~ 1- 10 nm. 

The excitonic Bohr radius is a useful parameter in quantifying the quantum 

confinement effect in NSMs. We can say "Quantum confinement effects" arise when 

the size of a nanocrystal is comparable to the length parameters Le., the deBroglie 

wavelength A and exciton Bohr radius an ofthe carriers (electrons, holes, excitons). 
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When the radius of a particle approaches the exctonic Bohr radius aB the 

movement of carriers (excitons, electrons, holes) is confined and coulomb interaction 

is increased, thereby increasing excitonic binding energy. This leads to drastic changes 

in the electronic structure of NSMs. The changes include shift of the energy levels to 

higher energy, the development of discrete feature of the spectra and the 

development of strong oscillator strength between selective transitions. 

The first explanation for the quantum confinement effect in nanocrystals was 

Effective Mass Approximation (EMA) given by Efros and Efros [261. This approach, 

based on the 'particle in a box model' and the effective masses of the electron (m' e) 

and the hole (m' h)' with parabolic bands. 

EMA is based on the following assumptions- (1) The crystal structure of the 

Quantum dot ( nanoparticle) is same as that of the bulk material (2) The QD is 

assumed to be spherical in shape with a radius R (3)The potential barrier at the 

surface of the QD is infinite 

The real space stationary Schr6dinger equation for an electron in a bulk 

crystalline solid with a spatially periodic potential is 

[;;: '12 + V(r)]qJk(r) = Ek qJk(r) (1.2) 

Where the first term represents the kinetic energy operator for the 

electron and VCr) is the periodic potential energy experienced by the 

electron. The potential V may include the ionic potential with respect to lattice 

translations such that 

VCr) = VCr + T) (1.3) 

Where, T is lattice translational vector. 

The Bloch theorem indicates that an eigenfunction of the Schrodinger equation 

for a periodic potential is the product of a plane wave e'k r times a function U /( (r) 

which has the same periodicity as periodic potential V(r). Thus we get 

qJk (r) = e'k 'Uk (r) 

with Uk(r)=Uk(r+T) 
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Assuming a parabolic band, the eigenvalues of Equation (1.2) for the 

eigenfunctions If/ •. k (r) can be given by 

E(k) = :~.2 (1.6) 

with m' being the effective mass of electron or hole. 

An excited state of a nanocrystal can be considered quantum mechanically as 

electron-hole-pair states inside a spherical potential. In the envelope function 

approximation, the eigenstate is composed of an envelope function If/ (r) and a 

periodic part Uk of Bloch function If/k(r) -

(1.7) 

For non-interacting electron-hole pairs, the envelop function consists of 

independent contributions from electrons and holes and can be written as 

The periodic part is assumed to be the same in the barrier (well) , so -

Uk(r)bamer = Uk (r)well =Uk(r) 

(1.8) 

(1.9) 

The Hamiltonian operator for the envelope function in single parabolic 

potential approximation and without coulomb interaction is given by-

Such that the confining potential VCr) becomes 

V,(r,) = ° for r, < R (i = e,h) 

V,(r,) =00 for r,">R (i=e,h) 

( 1.10) 

( 1.11) 

The normalized wave function ¢I for electron and hole can be obtained by 

solving the Schrodinger equation using the wave function Eq.(1.8) and Hamiltonian eq. 

(1.10) with boundary conditions eq. (1.12) [Davydov 1987]. This results in 

with -I ~ m ~ -land 1= 0, 2, 3 ..... ; 

J I are Bessel functions and Ylm are spherical harmonics 
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The energy eigenvalues can be derived by applying the bounda~y condition 

that the wavefunction has to vanish at the QD matrix interface, i.e. 

This gives the eigenvalues -

tl2 2 E' = __ %,,1 
.1 2m, R2 (for electron) 

(for hole) 

(1.13) 

(1.14a) 

(1.14b) 

Where :tnl is the d h zero of the spherical Bessel function 

of order I,' me' mh are the effective masses of electron and hole 

respectively; R is the radius of the nanocrystal. 

Thus, labeling the quantum number 1=0,1,2 .... , the first roots are 

%1s=3.1416 __ %lp= 4.493 __ :tlF 21r =6.2822 __ %2s= 7. 725 etc 

The lowest quantized energy state with n=l and 1=0 is given by 

(for electron) (1.15a) 

(for hole) (1.l5b) 

Using these results we can calculate the energy levels of electron and hole using 

the values of :tnl in Table 1.2 [Appendix 1] 

So the enhancement in band gap due to quantum confinement 

( 1.16) 

It theory also implies that the energy discretization scales with the square of 

the inverse radius(R). 
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Figure 1.3 : Different energy levels of spherically symmetric semiconductor nanostructure 

(quantum dot) according to EMA compared to bulk material 

The quantum mechanical picture of a particle in a spherical potential as given 

above deals with the envelope function. The Bloch part assumed to be a simple direct 

bandgap semiconductor with parabolic and isotropic bands. In reality, the Bloch part, 

for example, for semiconductor materials with indirect band gap and for anisotropiC 

crystal structures (e.g. zinc-blende, wurtzite, perovskite etc) needs modification for a 

better understanding of the optical behavior of QDs. 

Though EMA described by addressed quite well about the quantum 

confinement effect, however Efros and Efros has excluded the columbic interaction 

between hole and electrons present in the Quantum Dot. Brus et al (1983) have 

considered Coulomb interaction between the localized carriers which has modified 

the single-particle picture to a great extent. The modified Hamiltonian with the 

Coulomb interaction between the electron and hole inside the QD can be expressed as 

(1.17) 

Where, C2 is the dielectric constant of the QD. Ire - rhl is the difference in the 

coordinates defining the columbic interaction between the electron and hole. 
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Using perturbation approach Brus [28, 29J developed the expression for the 

lowest excited state energy as -

(1.18) 

Using variational calculations Kayanuma give the expression for the lowest 

excited state energy as [31], 

(
1i21(2)[ I I] e

2 . Egn = Egb + --2 -. +-. -1.786--0.248ERy 
2R me mh e2R 

(1.19) 

Where E~y = ~ _1_. + _1-. , bulk exciton binding energy 4 ( )-1 
2E11 me mh 

Later on Kayanuma identified two limiting cases depending upon the ratio of 

the radius of the quantum dot to the Bohr exciton radius, an of the bulk solid [32). For 

R/ an »1, the exciton can be pictured as a particle moving inside the quantum dot 

with only little increment in confinement energy. This is the weak confinement 

regime. In the strong confinement regime R/ an «1 and independent, particle 

confinement effects comes to the forefront. It was pointed out that in this regime, the 

electron and the hole should be viewed as individual particles in their respective single 

particle ground states with negligible spatial correlation between them owing to the 

increased kinetic energy term. Kayanuma[31) further found that the strong 

confinements are observable upto R == 2an. In this regime R ~ 2aB , EMA is valid to a 

great extent in the where the effective mass approximation is relatively more valid, 

though quantitatively EMA fails to account for the observed changes. 

The equation (1.19) gives a good fit of the experimentally observed relation 

between E and R for the case of weak confinement regime. But, it is unable to 

observed phenomena explain the strong confinement regime where the EMA with 

infinite barriers breaks down. Thus, for larger sizes of the nanocrystallites, the infinite 

potential effective mass approximation (IP-EMA) gives a good description of the band 

gap variation with size. However, it grossly overestimates the change, !lEg, in the 

bandgap for smaller nanocrystals. In the infinite potential EMA (IP-EMA) model, it was 

essentially neglects any possibility extending of the wavefunction beyond the surface 
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of the nanocrystals as a consequence of the assumption of a rigid wall (infinite 

potential), This model ignores the tunneling possibility of the electrons and the holes 

of the surface atom to outside the nanocrystal. 

To overcome the shortcomings of the IP-EMA, Kayanuma and Momiji [33] used 

the finite potential to account for the experimental data for small CdS crystallites. The 

confining potentials Ve, for the electron and Vh, for the hole, satisfy the relation Eg + 

Ve + Vh = E1g, where E1g is the band gap energy of the surrounding material. The 

resulting problem was solved by variational principle in the Hylleraas coordinate 

system.ln addition to spherical clusters, Kayanuma and Momiji also treated cylindrical 

shaped microcrystallites in EMA model, Lo and Sollie (1991), Tran Thoai etal (1990) 

and Hu et al (1990) used variational calculation in finite potential well to improve 

further the EMA model. 

Although the finite potential effective mass of the electron describes quite well 

using a single conduction band, the top level of the valence band in these 

semiconductor systems is degenerate and the description of the hole effective mass 

requires more number of bands, In this context, the multi-band effective mass 

approximation (MBEM) theory [34] represents a substantial improvement over the 

single band, infinite potential EMA model. For CdSe nanocrystals, the size dependence 
\ 

up to 10 excited states in the absorption spectra are successfully described by the 

uncoupled multi-band EMA [34,35] . This includes the valence band degeneracy, but 

does not couple the valence and conduction bands. Banin et al [36] have used the 

multi-band EMA including the valence and the conduction band coupling, They use an 

eight band Luttinger-Kohn Hamiltonian to calculate the quantum size levels in InAs. 

Such improvements over the over simplified IP-EMA model was found to satisfactory. 

The other approach which is widely used to explain the band structure of 

nanostructures is Linear combination of atomic orbital theory- molecular orbital 

theory (LCAO). This is based on a bottom up approach where the combination of 

atomic orbital and molecular orbital (LCAO-MO) is considered, In this method, 

nanoparticles are considered as large molecules and the overall wave function in a 

nanoparticle can be constructed form the wave function of individual atomic orbital. It 

13 

;CENTRAL LIBRARY, T. U. 

'f\..(Au!), ACC. No ..... 2. .. .l..4 .. 1:." 



Chapter 1: Introduction 

provides a more detailed basis for predicating the evolution of the electronic structure 

of clusters, from atoms and/or molecules to nanoparticles to bulk materials. 

LUMO ----== ~,,!!,~.z; EiEi!3 __ --=f,.!'-~~~ --=== =:::.=.:= = --= 

----
HOMO----==~ 

--=~ - = 

Molecule Nanoparticles Bulk 
increasing size ( diameter d ) 

Conduction 
band 

I Bandgap 

Valence 
band 

Figure 1.4 : Evolution of the energy level-distribution according to LeAO- MO : when going 

from a two-atom molecule (left) to a bulk semiconductor. with a small cluster and a quantum 

dot as intermediate cases. The more atoms (atomic orbitals) a system has. the more energy 

levels arise with a decreasing energy difference between the levels. and between the HOMO 

and LUMO level (i.e a decreasing bandgap). Thefigure illustrates that a quantum dot can be 

viewed as a very large molecule. but also as a small semiconductor crystal 

The simplest case is that of a molecule conSisting of only two atoms, where 

two atomic orbitals combine to make a bonding and an anti-bonding molecular orbital 

(MO). When only the low-energy (bonding) MO is filled with electrons, it is called the 

Highest Occupied Molecular Orbital (HOMO). In that case, the high-energy (anti

bonding) level is empty and referred to as the lowest Unoccupied Molecular Orbital 

(LUMO). As the number of atoms increase, the discrete energy band structure 

changes form large energy steps to small energy steps that are to a continuous energy 

band. The energy difference between the top of the HOMO and bottom of the LUMO 

(equals to the band gap Eg) gets decreased, and the bands split into discrete energy 
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levels of reduced mixing of atomic orbitals for a small number of atoms. Therefore, 

the small size of the nanoparticles results in quantized electronic band structures 

intermediate between the atomic/molecular and bulk crystalline molecular orbitals. 

When the molecule becomes larger, more energy levels arise, and the energy spacing 

between the HOMO and LUMO becomes smaller. 

In this model, a nanoparticle (quantum dot) can be regarded as a very large 

molecule or cluster consisting of a few hundred or thousand atomic valence orbitals, 

forming as many MOs. Still, there exist discrete energy levels at the edges of the 

"bands", and the spacing between the HOMO and LUMO levels (Le. the bandgap) 

becomes smaller when the it increases in size. This explains both quantum 

confinement effects from a molecular point-of-view. Finally, when the semiconductor 

becomes even larger, the energy-spacing between the MO levels becomes so small 

that the different energy levels cannot be distinguished experimentally and it is 

considered as a band of continuous energy levels in a bulk semiconductor. 

This LCAO-MO approach provides the tight-binding model (Slater and Koster [37]) 

which is an efficient scheme to calculate the electronic structure of periodic solids. As 

this method is computationally much less demanding compared to other methods 

such as the plane-wave methods, it has been extensively employed to calculate 

electronic structures of various metals, semiconductors, clusters and a number of 

complex systems such as alloys and doped systems. 

The tight-binding electronic parameters, namely the orbital energies and the hopping 

strengths, were determined by fitting the ab initio band dispersions to the band 

dispersion obtained form the tight-binding Hamiltonian, given by 

H = 2:,t:l1a,;,aa'/,a + 2:, 2:,~JI'a,~,aall,a +h.c) (1.20) 
Il,a lj 1,.I,.a 

where, the electron with spin (J is able to hop from orbital labeled 11 with 

onsite energies equal to t:lJ in the ith unit cell to those labeled 12 in the lh unit cell with 

a hopping strength fJI, ,with the summations 11 and 12 running over all the orbitals 

considered on the atoms in a unit cell, and i and j over all the unit cells in the solid. To 

calculate the eigen value spectra of nanocrystals, we need to know the E'S for the 

various orbitals and the t's for the interactions. These are evaluated by performing a 
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TB-fit with a prudent choice of the basis orbitals and the interactions, to the band 

structure of the bulk solid obtained from first principle calculations such as pseudo

potential methods. 

Lippens and Lannoo [38] was the first to use 'Tight Binding Method' to 

calculate the variation band gap with size for Cds and ZnS nanocrystals. Theyuse Sp3S· 

orbital basis with only the nearest neighbor interactions as suggested by the work of 

Vogi et al.[39] for bulk semiconductor materials. The calculations were carried out for 

clusters ranging in size from 17 atoms (3 shells) to 2563 atoms (15 shells). They took 

the valence band to be parabolic but non-parabolicity is considered for the conduction 

band. Wang and Herron (1996) successfully calculate the energy levels of the CdS 

clusters (~20A) using tight binding model considering non-parabolic valence and 

conduction band. Sarma et al studied in details of band gap enhancement of the 

semiconductor quantum dot based on TB model and gives the expression for band gap 

enhancement as [40-42]. 

!lE== 1 
g aD2+bD+c 

(1.21) 

Where, D is the diameter of quantum dot. The a, band c parameters are 

dependent on the system [Appendix 2]. 

They have developed a method for estimating the diameters and diameter

distribution from the UV spectra [42]. 

Einevol (1989) used both EMA and TB model and gives a new model known as 

Effective bond order model (EBOM). In the method he used effective mass model (k.p) 

for the conduction band and tight-binding methods for the valence bands to 

determine the energy states in low dimensional structures. Later, Ramakrishna and 

Friesner [43] used the Empirical pseudo-potential method to calculate the band 

structure of CdS and GaP nanocrystals upto 30A radius in the zinc-blende phase. The 

calculated variation agrees quite well with the experimental data points. Lin-Wang 

Wang, Alex Zunger and coworkers [44-49] also employed the semi-empirical 

pseudopotential method in semiconductor nanostructures. They calculate the 

electronic structure of Si [44], CdSe [46] and InP [47] quantum dots. 
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Quantitative theoretical approaches have been employed during the two 

decades to improve the model to determine the exact electronic structures of 

semiconductor nanoparticles, by using different perturbations and boundary 

condition in the Hamiltonian. Sercel and Vahala (1990) have introduced non-parabolic 

bands in the k.p perturbation theory and calculated quantum-dot band structure of 

GaAs(AIGaAs) and InAs(GaSb) systems. 

6.2 

- 5.7 > 
~ ->-

C..l> 5.2 
~ 

4.7 

t2 

3.7 
0 

, , , , , , 
\ 

\EMA 

20 

ZnS 

----._---
40 60 80 100 

DlAM£TER (1) 

Figure I.S: Variation ofband gap (Eg) vs. diameter using TB model and EMA 

Each of the above models has its own advantage and limitation. In fact, the 

EMA and EBOM overestimate confinement energies, but the TB model to gives an 

underestimated picture. It is also recognize that the methods breaks down for the 

smallest nanoparticles «lnm), because of possible surface and interface along with 

structural changes. 

1.2.2 Oscillator strength 

It is defined as the strong radiative transition that occurs between two energy 

levels. The enhancement of oscillator strength in nanoparticles (QD) results due to 

quantum confinement effects. Wang and Herron [3] also treated the dependence of 
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oscillator strengths on crystallite size on the basis of quantum confinement of carriers 

and spatial overlap of electron and hole wavefunction. Both exciton binding energies 

and oscillator strengths can increase in nanoparticles. The expression given for the 

oscillator strength of exciton is 

2m. * I 121 12 /=/.XCIIOIl =p;2MM U 

Where, iJE - transition energy, M - Transition 

dipole moment lui - the probability of finding electron and 

hole one the same site (overlap integral) 

(1.22) 

In the weak confinement regime (R»as), there is only a small overlap between 

electron and hole wave functions. In this case IUI2 is independent of size and the 

macroscopic transition dipole moment determines the oscillator strength f. Therefore, 

in this regime fnano increases linearly with increasing nanoparticle volume(V). This is 

nothing but the effect of "giant" oscillator strength for bound excitons which has been 

discussed by Kayanuma [32J, Hanamura [50,51J, Takagahara[52,53J and many others. 

Again, in the strong confinement regime, (R<as) due to high probability of finding an 

electron and a hole (e.g. at a particular unit cell), there is an increased overlap of 

electron and hole wavefunctions. So, IUl 2 
increases with decreasing cluster volume. 

As a result, {"ano is now only weakly dependent on cluster size [29]. However, the 

oscillator strength {"anaIV now increased with decreasing cluster size and scales 

roughly as (a/Rb)3. The exciton absorption band should therefore become stronger as 

R increases, and so excitonic type features in the absorption spectra become visible 

even at room temperature (Bryant88). So, the Exciton oscillator strength (fex) 

increases with decreasing size and it determines the absorbance and emission 

properties of the nanoparticle whereas total oscillator strength fnano weakly depends 

on size. The oscillator strength per unit volume fnanaIV - (at/R/ and it determines the 

magnitude of the absorption coefficient. For nanoparticle dispersed in matrix, the 

appropriate coefficient is determined by dividing the absorption coefficient of the 

sample with the volume fraction of the cluster. 

18 



Chapter 1: Introduction 

1.3 Different Types of Nanostructure Materials: 

Depending upon the nature of quantum confinement, different kinds of low 

dimensional structures have been observed. When the confinement is precisely along 

one direction, the structure is 2 dimensional structures known as quantum well. If 

confinement is along two directions it is a 1D nanostructure, quantum wire. Again, if 

confinement occurs in all the three directions, one obtains a quasi zero dimensional 

quantum dots. For quantum dot or a semiconductor nanoparticle is of the size of bulk 

Bohr-exciton radius, where carriers are supposed to be confined along the three 

directions. All of them are categorized as NSM and show drastically different physical 

properties depending on material type, size, shape, degree of crystallinity, orientation 

etc. and make them useful as potential candidates for a wide variety of applications. 
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Figure 1.6 : Bulk VS. low dimensional structures and their confinements (A) 3D Bulk 
(B) 2D nanostructures (C) ID nanostructures (D) Quasi OD nanostructures 
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1.3.1 Symmetric and asymmetric nanostructures 

Among the NSMs the most common type IS spherrcally symmetrrc 

nanostructures also known as nanosphere or nanopartlcle Nanospheres can be 

developed rn the form of assemblies of a few nm dimensions only These are quasI 

zero dimensional nanostructure where the movement of the earners are confrned In 

all three direction 

Figure 1.7: SpherIcally symmetric Au nanopartlcles Figure 1.8 : CdS nanopartlcles 

The other type of nanostructures IS one dimensional nanostructures (e g 

nanorod, nanotube, nanobelt, nanoflber etc) Such asymmetric krnds of 

nanostructures are generated rn the form of periodic, higher archival assembly In 

these one dimensional nanostructures the movement of the earners IS restrrcted rn 

two directions 

Figure 1.9: ZnS nanorods Figure 1.10: ZnS nanotubes Figure 1.11 : ZnO nanobelts 
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Over the years, various workers have developed different kinds of decorative 

nanostructures by adopting both chemical and physical approach. Mark Well and and 

coworkers have grown different kmds of asymmetric silicon carbide nanostructures. 

They have used vapour-liquid-solid process to produced nanoflowers, nanotrees and 

Figure 1.12: Nanoflower, nanotrees and nanobouquents of SiC 

nanobouquets of the given material (Figure 1.12). They have also explored the use of 

these materials as water-repellent coatmgs and as a base for of solar cell [59J. 

Researchers form Institute of Microelectronics and Nanyang Technological University, 

Singapore have to show that the flower shaped photo-anode (Figure 1.13a) can 

improve the energy conversion efficiency of dye-sensitized solar cells (OSSCs) by 90% 

compared to conventional anodes made of rod-shaped structures [60J. Prashant Kr 

Singh group form liT, Roorkee able to develop ZnO nanoflower [Figure l.13b] by 

ultrasonication method [62). Wurtzite ZnO nanobridges and aligned nanonails have 

been synthesized by thermal vapor transport and condensation method [63] by J. y. 

Figure 1.13: ZnO nanoflower through (a) ultrasonicatlOn (b) hydrothermal method 
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Figure 1.14: ZnO nanobridges and aligned nanonails Figure 1.15: ZnO nanoeomb 

Lao et al (Figure 1.15). H. Van etal (2003) produced ZnO nanocomb and show its 

applicability as ultraviolet laser array [64]. 

Zhong Wang research group [58] has successfully developed single-crystal 

seamless nanorings made of piezoelectric ZinC oxide [Figure 1.17]. They have made 

the nanorings by a solid-vapour technique. Silica nanosprings (figure 1.18) were 

synthesized by D. Zhang and coworkers uSing a simple, low temperature, chemical 

vapor deposition method via a vapor-liquid-solid mechanism [65]. These nanosprings 

(Figure 1.18) show excellent Uniformity and heliclY In high and repeatable yields. 

Figure 1.16: ZnO nanonngs Figure 1.17: SJiea nanosprings 
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Figure 1.18 : Ag nanorings Figure 1.19 : Au nanOlll1gs rigure 1.20 : Co nanorings 

F. Q. Julie Stern of Center for Nanoscale Systems, Harvard University have 

successfully develop silver nanorings (Figure 119) [66]. Again, gold nanorings and 

nanodisks prepared by colloidal lithography by J. Alzpurua et al [67]. They found that 

ring like gold nanoparticles exhibit tunable plasmon resonance behavior. Zhu et al 

have to developed magnetic nanorings (Figure 1.21) using Electron beam lithography 

(EBl) and showed its applicability in memory deVices. [68]. 

1.3.2 Elongated Nanostructures 

The quasi zero dimensional nanostructures are generally spherical in shape 

and symmetric in nature. Although they have potential for wide range of applications, 

recent interest on asymmetric nanostructures has revealed that, as compared to 

spherical nanostructures, the elongated nanostructures (such as nanowires, nanorods 

or nanostrips) have several additional advantages. 

An intensifying research on the elongated 

structures has been put forward in the recent past. 

In particular, their novel electrical and mechanical 

properties are the topics of current interest. Further 

, the 10 nanostructure can be categorIZed as per 

definite morphology. These include whiskers, 

nanowires, nanorods, fibers, nanotubes, 

nanocables, nanotubules etc. Whiskers and 
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nanorods are essentially shorter versions of fibers and nanowires. The One

dimensional structures with diameters ranging from several nm to several hundred 

nm have been referred to as whiskers and fibers in early literature, whereas 

nanowires and nanorods are more recent and refer to 1D nanostructures whose width 

does not exceed 100 nm. 

Nanotubes 

A regular hollow cylinder of several nm dia can be termed as 

nanotubes. The side surfaces of the nanotube in this sense may be well

faceted. Many materials have been used to produce such structures. Research 

on one-dimensional hollow nanostructures took-off with the publication in 

1991 of lijima's seminal paper outlining the discovery of carbon 

nanotubes(CNT}, "Helical Microtubules of Graphitic Carbon." [69] More 

recently, carbon nanotubes have been reported of being grown up to lengths 

of several centimeters [70] with the internal dia a few nanometer only. The 

cross-sections of carbon nanotubes are only a few nanometers thick. 

CNT are made up of a hexagonal network of carbon atoms forming a 

crystalline graphite sheet. This sheet is 'rolled up' to form a tubular structure. 

If the tube consists of only a single carbon sheet that meets end on end, then 

the CNT is referred to as a single wall nanotube (SWNT). However, if the 

nanotube consist is of multiple sheets rolled up coaxially or, if the nanotube is 

rolled up somewhat spirally, then the CNT is referred to as a multi-wall 

nanotube (MWNT). 

The other important characteristic of the nanotube is the chirality, or 

the rolled direction of the nanotube. The chirality has a large impact on the 

physical properties. [71] There are three distinct types of nanotubes based on 

their chirality: chiral, armchair, and zig-zag. The difference between the three 

is understandable in the idea of a chiral vector and angle. The chiral vector and 

angle is illustrated in Figure (1.23) on a two-dimensional hexagonal lattice. The 

chiral vector is determined as Ch=n al+ma2, where al and a2 are unit vectors and 

nand m are integers. The chiral angle, 9, is measured relative to al. If 0°<9<30° 
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it is known as chiral carbon nanotube. When 8=300 and n=m It is called 

'armchair carbon nanotube' . Again if 8=00 and either 'm' or In' is equal to zero 

the tube will be "Zig-zag carbon nanotube". 

~ '"~"'>:~~.I'( i ' .. _z.~ ~; i .I 

\ ~~ ..... \" ;" 

ZIGZAG 

... 
(IIJ') armchair 

Figure 1.22: Typical Carbon nanotube (CNT) : Zigzag, Chiral and Armchair CNT 

Figure (1.23) depicts a three-dimensional view of different kinds of 

CNT. Armchair nanotubes, have an electronic conduction that closely resemble 

with metal. Theoretically it is found that these armchair nanotubes can have 

an electrical current density more than 1000 times stronger than bulk metals 

like silver and copper. Alternatively, zig-zag CNTs tend to have the same 

electronic properties as a semiconductor, where electrons must overcome a 

bandgap in order to enter the conduction band [72,73]. 

One interesting phenomenon associated with the metallic-conducting 

nanotubes is ballistic conduction. Ballistic conduction allows electrons to flow 

through the nanotube without collisions [74]. Therefore, it shows quantized 

electronic transport without energy' dissipation. The lack of energy dissipation 

means that it generates no heat when conducting electrons. The electronic 

components that have quantized and generate no heat has vast demand as far 

as packaging and assembling are concerned. CNT also have novel physical 

properties . Nanotubes have been shown to have a Young's modulus and 

tensile strength values in far excess than those for diamonds. In fact, in terms 
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of tensile strength and elastic modulus, CNTs are one of the strongest 

materials ever known to mankind. 

Researcher has also developed nanotubes of materials which also show 

some interesting properties then the other form. Chung-Liang Cheng etal 

(2007) have developed Zn and Sn nanotube array through electrochemical 

deposition in nanoporous anodic alumina membranes.[75]. Yuji Shinkai and 

co-workers of Osaka University have reported on the development of Ti02 

nanotube layers were fabricated by electrochemical anodization of Ti foils. 

They found that the fabricated nanotubes can display high photovoltaic 

efficiency. Silver and gold nanotubes were also efficiciently developed by 

others workers [76]. Nanotubes of wide band gap semiconductors can also be 

fabricated by different methods [77,78]. 

Nanowires and Nanorods 

In recent years the research interest has been shifted from 1D 

nanostructure nanotubes to other on. The progression shifted from the one

dimensional nanostructure nanotubes to other one-dimensional 

nanostructures, nanowires and nanorods. The term "nanowire" is widely used 

to represent long 1D one-dimensional nanostructures that have a specific axial 

direction with their side surfaces are less well-defined.[79,80]. Typically, 

nanowires have a radius that is negligible in comparison to their length. There 

are two distinct types of nanowires. There are ultrafine wires or linear arrays 

of dots, formed by self-assembly. Related to nanowires are "nanorods." A 

nanorod is typically much shorter in length than a nanowires. Nanorods show 

more side facets than nanowires tend to. What differ nanowire and nanorod 

from nanotubes is the internal geometry of their cross-section. Nanotubes are 

hollow and have a cross-section resembling the perimeter of a circle. 

Nanowires and nanorods have solid cores. Their cross-section resembles a 

filled-in circle or hexagon. In general, nanorods are a short nanowires, and are 

therefore considered as a subgroup of this nanostructure kind. 

Nanowires have been synthesized out of a wide variety of materials, 

including titanium oxide [81] , indium oxide [82], indium-tin oxide [83], 
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aluminum [84], and tungsten oxide [85]. Over several decades, Silicon is being 

considered as a work horse for many technological applications. Owing to its 

future prospects, research in nanowires was dominated by silicon nanowires. 

The main synthesis technique that has been used is physical vapor deposition 

(PVD). PVD is a process of transferring growth species from a source to 

specified substrates under desirable environment. Several methods have been 

adopted in order to vaporize in a precise manner. In the case of silicon 

nanowires, the source material used is generally high purity silicon or silicon 

dioxide [86,87]. 

The electronic structure is one of the major benefits of silicon 

nanowires over CNT. Whereas nanotubes are either metallic or 

semiconducting depending on the chirality, silicon nanowires are always 

semiconducting [88]. This characteristic makes silicon nanowires immediately 

useful, bypassing the hurdle that carbon nanotubes faced over the years to 

separate out various phases. 

Other nanowires materials have been produced via a wide array of 

synthesis routes. Single crystal nanowires of group II-VI and III-V 

semiconducting materials have been synthesized, without a passivating layer. 

Apart from semiconductors, nanowires made from metallic systems have 

been reported. Beyond PVD and CVD, synthesis methods such as laser ablatio_n 

and solution-based synthesis, both of which allow complex chemistries beyond 

binary compounds, have been used to form several types of nanowires. 

Nanobelts 

One of the most interesting and distinguishing features of nanowires is 

their very large length with respect to their Width, making the sides essentially 

non-faceted. One of the more distinguishing features of nanorods is that their 

sides are faceted, but their length is comparable with their width. There is a 

type of one-dimensional nanostructure that combines the length of nanowires 

with the faceted structure of nanorods. This structure is the nanobelt. 

Nanobelts, often referred to as nanoribbons, have two of their dimensions 

confined to the nanoscale, with the third dimension being relatively very long. 
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However, unlike nanowires, they exhibit faceted side surfaces, so that their 

cross section is rectangular. Pan et al. first reported transparent 

semiconducting oxides synthesized in a belt-like manner in 2001. The reported 

materials used to synthesize these "nanobelts" were ZnO, CdO, In203, Ga203, 

and Sn02 [89]. These materials are all transitional metal oxides ranging over 

three different elemental groups (II-VI, III-VI, and IV-VI) and at least five types 

of crystallographic structures. Since this first report, nanobelts have also been 

synthesized in non-oxide semiconductors such as ZnS [90,91], CdS [92], CdSe 

[93,94] and ZnSe [95]. Nanobelts have several unique properties that make 

them amenable to study and for use in technology. In general nanobelts can be 

synthesized as single crystals that are relatively long (about one-two mm). 

They have a rectangular cross-section that is generally uniform through the 

length of the belt [96]. The width of the nanobelts can range from as much as 

one hundred nanometers to as little as six nanometers. They typically have a 

thickness to width ratio of about one-to-ten. The aspect ratio has also been 

measured and ranges from about five-to-one to ten-to-one (width to thickness 

ratio). Though stacking faults may be present, the nanobelts are also 

essentially dislocation and defect-free. So even if a stacking fault is present, it 

typically does not terminate within the nanobelt structure and provide a 

location for scattering processes to occur. Because of the extremely high 

surface area to volume ratio, the presence of a dislocation is not energetically 

feasible. Nanobelts also have well-defined crystallographic planes. This means 

that not only is the fastest growth direction well-defined, but also the top and 

bottom (along the width) planes and the side (along the thickness) planes are 

well-defined crystallographic planes and are synthesized along well-defined 

directions. This allows for tuning of properties and of catalytic surfaces and can 

have a profound effect on the structure and properties of the synthesized 

material. It is important to note some of the ways in which nanomaterials 

differ from their bulk counterparts. One example in nanobelts has to do with 

their extreme flexibility. Many nanobelts are made of ceramic materials, 

notorious for their rigidity. However, at the nanoscale nanobelts are very 
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flexible, enduring great strain without breaking. This strain is also fairly 

reversible; because of the lack of presence of dislocations the nanobelts should 

be extremely resistant to fatigue and failure. 

In some properties, nanobelts are not all too different from some of 

their more heavily researched cousins in one-dimensional nanomaterials, 

nanowires and nanotubes. All three can be synthesized to varying lengths. All 

three have been shown at varying thicknesses (or diameters). Nanowires and 

nanobelts can controllably be synthesized along a single crystallographic 

growth direction. Reliably, nanowires and nanobelts can be synthesized with a 

precise electronic band structure. However, the differences between the 

nanostructures are significant. Notably, nanowires often contain defects and 

dislocations. Mechanically, the presence of these contributes to the fatigue of 

the material as a whole. Electronically, the presence of defects and 

dislocations in a material can decrease electron transport due to the increase 

in possible scattering sites. This decreases both the speed of response and the 

sensitivity of devices made with the nanowires. This also decreases their 

usefulness in lasing applications. Nanobelts have shown to have significant use 

in such applications, even exhibiting a degree of tunability over certain 

wavelength. 

Quantum Confinement in elongated nanostructures : 

Studies aimed at understanding the evolution of electronic structure from 

three-dimensionally confined quantum dots to one-dimensionally confined quantum 

wells have recently received a fillip following the synthesis of nanocrystals in different 

shapes. The ability to easily synthesize quantum wires with genuine confinement in 

two dimensions is particularly Significant. It is clear that 20 confined nanorods have 

properties different from 3D confined spherical nanocrystals as they have different 

kind of electronic structures. 

For the electronic structure of spherical semiconductor nanoparticle (quantum 

dot) , the EMA in a spherical potential is considered. For nanorod, EMA is applied in a 
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cylindrical potential. In case of cylindrical potential the energy relative to bulk band 

gap as a function of nanowire diameter and lengths is [97] 

where, J.L is the reduced effective exciton mass; F: is the dielectric constant. 

Here the fist term is due to quantum confinement effect and second is due to 

coulomb interaction between the carriers. 

Lieber et al used this model to compare the optical properties of Indium 

Phosphide nanowires of different diameters (10, 15, 20 and 50 nm) . The model 

provides excellent fits to experimental data [98]. KK Nanda et al used finite-depth 

square-well model and give some idea about the band gap of nanoparticles and 

nanorods [99]. All these results and some previous works on heterostructures 

[100,101] yield the following relationship for the variation of the band gap when the 

degree of quantum confinement changes from lD to 3D. 

(1.23) 

Where, D is the diameter, me * and mh * the electron and hole effective masses. 

The value of ~ =1.0 for one dimensionally confined wells, 1.17 for two-dimensionally 

confined rods and 2.0 for three-dimensionally confined dots. In other words, the band 

gap increases with decreasing diameter is much more gradual as the degree of 

confinement increases from one to three dimensions. Despite the degree of 

approximation used in arriving at the relationship above, high level theoretical 

calculations using ab initio or less sophisticated methods yield similar results 

[102,103]. Recently, Lin-Wang Wang et al compare the result this expression with 

their results obtained for local density approximation and find identical results [104]. 

Read et al used first principle approximation for electronic structure of one 

dimensional system and modified the result from EMA for' nanorod eq(1.2.S) by 

defining 
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a (2M)~ h ~ d = _0=....:....--.:..._ 

4 
(1.24) 

Where, M is the number of atoms per unit cell 

and ao is the lattice constant. 

Kuskovsky give a better explanation on the band structure of nanorod in the 

strong quantum confinement regime. He also applied the EMA in the infinite 

cylindrical well as by previous workers but the consider the exciton binding energy 

enhanced due to one-dimensional confinement has strong significant in the band 

structure of the nanorods . According to his report the the energy shift [105]-

tl
2 (1 1) 2 ID I1E=-2 -. +-. X It\ -E8 (r) 

2r me mh 

(1.25) 

Where, xns is the sth zero of the Bessel function, 

E~D(r) is the binding energy of the 10 exciton, which 

depends on the geometry of the nanorods. 

Now days, TB model and k.p are popular among the researcher to determine 

the electronic structure of nanorods. Lassen et al applied k.p approximation on InP 

nanorods while Yorikawa et al done TB calculation for Si nanorods. 

1.4 II-VI Semiconductor Nanostructures 

The modified physical properties of the nanoscale semiconductor materials 

have enormous potential for next generation devices. Till now, A large class of 

semiconductor nanostructures have been produced that includes elemental (Si 

andGe), materials has been prepared in nanocrystals form, including covalent Si and 

Ge, I-VII compounds (CuCI, CuBr, AgBr) II-VI compounds (CdSe, CdS, ZnSe, CdTe, PbS 

and their alloys), III-V semiconductor compounds (GaAs, GaP, InP), and IV-VI 

compounds etc. 

In the nanoscale, II-VI semiconductor show many interesting properties 

compare to its bulk counter part. The II-VI semiconductors are generally wide and 

direct band gap materials. Each of them II-VI semiconductors demonstrate some 
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unique properties, making them useful for desired applications. It was found that Bulk 

CdS absorbs in the yellow-green region of the visible spectrum and so used as a 

window material in solar cells. Its band gap can be tuned upto UV region, up to UV 

region by reducing its size down to 40A [106]. Similarly lnS which absorbs light is 

important from the point of view of electroluminescent display devices. in the UV 

region can be used as a efficient host to incorporate various ions and hence important 

for electroluminescent display devices. The band gap of lnS in the nanometer regime 

allows us to achieve large quantum efficiency of emission response. Also it can be 

used as a higher band gap material for passivating other semiconductor quantum 

dots, thereby increasing their quantum yields to as large as 80%. Materials such as 

PbSe have a band gap that lies in the infrared region and is used in telecommunication 

devices. Thus PbSe nanocrystals that emit in the IR region and are useful for 

telecommunications and IR detectors, with tunable wavelength, thereby increasing 

the amount the data transfer. Cadmium Selenide (CdSe) has a bulk band gap 1.74eV 

which lies in the visible spectrum close to IR region. Thus, a decrease in size of CdSe 

nanocrystals would push the band gap towards the visible region and one can cover 

the entire range of the visible spectrum by changing the size of the nanocrystals [107]. 

The quantum efficiencies of these CdSe nanocrystals are very large compared to the 

bulk material. 

The impurity doping (transition metal and rare earth metal) of II-VI 

semiconductor material made them more applicable in practical world. These 

impurities influence the nanostructures by introducing impurity centers that can 

interact with the quantum confines electron-hole pairs. Due to interaction of impurity 

centers with the quantum-confined electron-hole pair, they do not effect the 

absorption spectrum but strongly modify the luminescence properties such as high 

luminescence quantum efficiency, short radiative lifetime, size independent emission 

color tunability, low-voltage cathodoluminescence , multicolor electroluminescence , 

etc. These materials are also considered to be the luminophors as far as future 

technology is concerned. Again, for TM doped semiconductor as the impurities may 

be paramagnetic, they would can introduce a localized spin into the host nanocrystal 

and results a new class of diluted magnetic nanostructure (OMS) which is 
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semiconducting as well as semi magnetic. Such diluted magnetic nanostructures allow 

us to study of spin-carrier or spin-spin interactions in the strongly quantum-confined 

regime and open up opportunity to be used as vital components in the new area of 

Spintronics. A great deal of attention has been paid to doping bulk semiconductors 

with magnetic ions such as Mn2
+ that impart unusual Zeeman effect, Faraday rotation, 

magnetic polaron effects etc. Magnetic doped semiconductor form a unique class of 

materials, known diluted magnetic semiconductors (DMSs) which have potential in 

Spintronics applications. Advances in vacuum-technology have allowed preparation of 

many new nanoscale DMSs that have exhibit novel magnetic, magneto-optical, and 

magneto- electronic properties. DMS thin films have recently been prepared by 

vacuum-deposition methods that show large magneto optical effects and the promise 

of high Te ferromagnetism. It has been a debate over the recent years with regard to 

possibility of Mn·2 incorporation into the host nanocrystals lattice or on to the 

nanocrystal surface. To date, solution synthesis of free-standing and high-quality DMS 

nanostructure has been limited to II-VI chalcogenides (CdS, CdSe, ZnS, and ZnSe). 

Although, most of the efforts that have tried to address the doping include Mn 

doped semiconductor nanocrystal systems, several works were dedicated to rare 

earth doped and co-doped systems. 

Again, in the elongated form semiconductor nanostructures (lD 

semiconductor nanostructures) show some specific advantages over its spherical 

form. CdS nanowires have functioned as Fabry-Perot optical cavities and these 

nanowires have been used as electrically driven lasers [108]. Also, CdSe nanorods can 

have up to 100% polarized luminescence and could be used as nano-emitters or high 

resolution detectors of polarized light [109]. 

Thus, the II-VI Luminescent semiconductor nanocrystals both doped and 

undoped form are considered to be the materials for the next generation displays, 

bio-Iabels lasers etc, due to their high luminescence quantum efficiency, spectral 

tunability, color purity, high optical gain with lower threshold and high chemical 

stability. Semiconductor nanocrystals (NC). Among the binary semiconductor 

nanocrystals , ZnS and ZnO have received extensive more attention in recent years. 
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This thesis will focus on two particular II-VI semiconductors, as they have 

offered the most potential for nanostructure in luminescent applications. First one is 

the Zinc Sulfide (ZnS) and second one is the Zinc Oxide (ZnO). We focused on the 

excellent photonics/optoelectronic properties of the two materials in the nanoscale. 

1.4.1 Zinc Sulfide (ZnS) nanostructures 

Zinc Sulfide (ZnS) is a direct wide band gap semiconductor with and energy gap 

3.6eV at 300K. Typically, it is encountered in the stable cubic (zinc blende) form. The 

hexagonal form of ZnS is also known both as a synthetic material and as the mineral 

wurtzite. The phase transition from the cubic form to the wurtzite form occurs at 

around 1020°[113]. 

Wurul •• 

G Zinc (Zn") 

• Sulflde(S-) 

Figure 1.23: Cubic (Zinc blende) and hexagonal (Wurtzite) structure of ZnS 

ZnS is considered as a good phosphor candidate since its inception. (Theodore 

Sidot in 1866). Both in pure and impurity activated form, ZnS is attractive for phosphor 

and thin-film electroluminescence device applications. 

Researchers have argued that it is more useful in the nanoscale regime owing 

to large surface to volume that leads to enhancement in luminescence properties. 

Again doping with transition metal and rare earth impurities can be employed 

selectively to enhance and tune the luminescence properties of the ZnS 

nanostructures. Doped ZnS nanocrystals have attracted more attention since 1994 

form the work of Bhargava et al [114] that reported Mn2
+ doped ZnS nano 

semiconductor which are shown to yield both high quantum luminescence efficiency 

and the lifetime shortening. The results suggested that doped semiconductor 

nanocrystals form a new class of luminescent materials, which have a wide range of 

application in devices, light emitting diodes (LED) sensors and lasers [115-118]. A vast 
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amount of literature from different groups of the globe on the reported on the optical 

properties of various doped nanocrystals and demonstrated their potential application 

as luminescent materials. Numerous works are dedicated to various transition metal 

ions(Cu2+, Mn2+, Pb2+, Ni2+, Cd2+, C02+, ) and rare-earth (Eu3+, Sm3+, Tb3+, Er3+ ) ion as 

doped systems. These semiconductors have been systematically studied, especially 

ZnS:Mn2+ nanoparticles which have shown to exhibit orange yellow emissions. More 

recently, many researchers have also paid attention to the co-doped ZnS 

. nanoparticles, conSidering Ni2+-Mn2+, Pb2+-Cu2+, Cu+ -Cu2+, C02+-CU2+ , Cu-AI, Mn2
+

Eu 3+ , Cu2+-ln3+, Cu2+-RE3+ (Ce3+, Er3+, Tb3+, Nd3+, y3+),as doping element. 

Investigations have already demonstrated optoelectronic properties of these 

nanostructures. For instance, ZnS:Mn nanocrystalline films have potential application 

in thin-film electroluminescence (TFEL) device. Adachi et al has prepared ZnS:Mn TFEl 

device [119] and their results shows the existence of reddish-orange broad band 

emission centered at 626 nm. Dinsmore et al. [120] prepared the ZnS:Mn copped with 

ZnO nanoparticle with high cathodoluminescence (Cl) intensity. They achieved the 

maximum luminescence of ~2.8 cd/m2 under low-driving voltage. It is well-known, 

that the bulk ZnS:Cu is a good cathode ray tube (CRT) phosphor generally employed 

for oscilloscopes. The ZnS:Cu nanosctructrues widely studied for possible application 

in light emitting diode (lED) [121]. Huang et al. fabricated the single layer lED using 

ZnS:Cu nanocrystals/polymer composite having the low turn on voltage with blue 

electroluminescence at room temperature [122]. Yang et al. have show high

photovoltaic efficiency of ZnS:Cu [123]. Kushida and Kurita et al.[124-125] discovered 

a new kind of optical data storage with doped ZnS nanostructure. Recently, Chen et 

al. discovered the upconversion luminescence of ZnS:Mn, ZnS:Eu, which would fine 

application as displays and biological probes [126]. Different co-doped systems also 

show profound luminescence enhancement due to doping. All of this will make 

significant means in both application and basic science research. 

The elongated one dimensional nanostructures ZnS both doped and undoped 

form have also able to its applicability. For example elongated ZnS have been 

synthesized in the form of nanowires, nanobelts, nanocombs and most recently, 

Recently, ZnS nanobelts have been doped with manganese without changing their 
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crystallography properties [127]. Furthermore, single lnS nanobelts have been shown 

to facilitate optically pumped lasing [128]. 

One-dimensional (lD) nanostructures also show its attractive applicability in 

electronics and optoelectronic devices [129,130]. In the last decade, various from of 

elongated lnS nanostrctures are reported such as wires [131-134), rods [135-138], 

tubes [139], nanosaws [140, 141], Nanobelts [142] and nanohelices [143] through a 

wide range of techniques. 

Theodore Sidot in 1866 developed the most stable bulk lnS for the first time 

by heating zinc-oxide in a stream of hydrogen sulphide. This is one of the most 

common methods to produce lnS. The same method is also successfully used in the 

development of lnS nanostructures in spherical and elongated form. However, the 

soft chemical method is explored more for the preparation of lnS nanostructures in 

the last two decade due to some specific advantages. There are many approaches of 

soft chemical methods including chemical precipitation method, microemulsion 

technique, colloidal chemical method, chemical synthesis method, organic methods, 

sol-gel method, and ions implantation method, etc. The reasons of adopting these 

soft chemical methods is ascribed that the impurity more easily substitute the host 

metal ions position in the lattice of nanocrystal in solution, however, different 

opinions about whether the impurity ions on the position of the host metal ions in the 

lattice were presented [144]. 

Among all of the soft chemical approaches, chemical precipitation method is 

the most popular technique that is used because of its cheap raw materials, easy 

handling and large-scale production [145]. Many impurity doped lnS nanoparticles 

were also prepared by this method by many people. The processing parameters of 

raw materials, reaction temperature, solution pH, titration rate, ever stirring rate have 

effects on properties of final precipitates, such as particle size, particle size 

distribution, particle shape even stoichiometry. Starting materials can be either oxides 

or salts; precipitation temperature can be in the range of 0-800 C; pH from 2 to 10.3; 

titration rate about 0.5-0.8 mils; fast stirring is good for distribution of particles. 

Where as Bol and Meijerink. adopt metallic acetate salts and Na2S in aqueous solution 

(pH = 10.3) with continuous agitation at room temperature. The conditions of Yang 
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prepared co-doped lnS nanoparticles different from Meijerink et al. is that the 

precipitating anion use TM and pH equal 2 at 80°e. The microemulsion technique 

includes W/O microemulsion (reversed micelles) and O/W microemulsion. 

The other preparation technique for lnS nanoparticles used usually is reversed 

micelles, which are thermodynamically stable mixtures of four components: 

surfactant, co-surfactant, organic solvent and water. AOT, SDS (sodium dodecyl 

sulfate), CTAB (cetyltrimethyl ammonium bromide) are the usual surfactants. 

Precipitation is one procedure to form nanoparticles by reversed micelles. In this 

method two reversed micelles containing the anionic and cationic surfaetants are 

mixed. Because every reaction takes place in a nanometer-sized water pool, water

insoluble nanoparticles are formed. It is usually applied in the synthesizing of metal 

sulfides for example, lnS:Cu2
+, lnS:Mn2+, lnS:Eu3+ prepared by Xu et al. [146] and 

core-shell lnS:Mn2+/lnS nanoparticles prepared by Cao et al [147]. 

The colloidal chemical method is also an important method to produce lnS 

nanoparticles. The solvent could be water [148] or alcohol [149], the precipitation 

anions are usually H2S and the prepared ZnS colloid is quite transparent. Other 

methods have also been widely used to synthesize doped lnS nanoparticles. 

All of these methods discussed can also be used to produce elongated lnS 

nanostructures (nanorod, nanowire, nanobelt etc) by controlling the stoichiometry, 

external parameter and the environmental condition. Wang el al has fabricated lnS 

nanorods by annealing precursor lnS nanoparticles, which were prepared by one

step, solid-state reaction of lnCI2 and Na2S through grinding by hand at ambient 

temperature [150]. Zinc sulfide nanorods of wurtzite structure have also been grown 

using a simple sol-gel method via ultrasonication, in the presence of a capping agent 

(Mercaptoethanol) [151]. Xi et al have decomposed a sheet-like lones in a mixed 

solution of oleic acid/alcohol/hexadecylamine under mild solvothermal conditions to 

produce lnS nanorods [152]. These as-prepared nanorods are an average of 25 nm in 

diameter and 300 nm in length. The template method is also used to produce lnS 

nanorods where various kinds of template is used such as porous alumina template, 

liquid crystal templates [153]. Some physical methods are also successfully used to 

produce elongated lnS nanostructures. Veluman used simple physical vapor 
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deposition technique to develop ZnS nanorod [154]. In the process he maintained 

uniform vapor stream at a rate of evaporation (~ 2.sA per second). Evaporation of ZnS 

nanopowders can also used to produce ZnS nanostructures [155] in elongated form 

and of different morphology by controlling the reaction temperature and catalyst in 

the evaporation process. 

A new approach popular approach of develop elongated ZnS nanorod is 

nanostructure in which chemically developed ZnS nanoparticles are made elongated 

using some physical method by an external effect. Kulkarni et al have done the 

microwave-irradiation-assisted growth of ZnS nanorod [156]. They have successfully 

able to grow Zones nanorod of 50-100 nm of diameter and more than 111m in length. 

1.4.2 Zinc Oxide (ZnO) nanostructures 

Among, the II-VI binary semiconductors nanostructures, ZnD have received 

extensively more attention in recent years. Zinc Dxide (ZnD) is also a direct wide band 

gap semiconductor and observed in three forms hexagonal wurtzite, cubic zincblende, 

and the rarely observed cubic rocksalt. The wurtzite structure is most stable in 

ambient conditions and thus most common in nature. The wurtzite ZnD in its bulk 

form has a direct band gap of 3.37 eV at room temperature (300oK) with a relatively 

large exciton binding energy (60meV). Due to its wide band-gap pure ZnD is colorless 

and clear. Due to specific electrical, optical and acoustic properties of ZnD it has 

potential applicability for optoelectronic devices such as LEDs, laser diodes and 

detectors in the UV wavelength range. Beside the optoelectronic potential of ZnD, its 

piezoelectric property, its biocompatibility and bio-safe nature [157,158,159] make 

ZnD as an alternate for next generation semiconductor technology. The ferromagnetic 

properties of ZnD have potential for Spintronics devices [160,161,162]. In addition, 

ZnD possesses a number of intrinsic and extrinsic radiative defect levels which emit 

light in a wide range within the visible region [163]. This is why the room temperature 

photoluminescence spectrum of ZnD is characterized by the two main peaks, the 

sharp UV peak centered on 380 nm and another broad deep band emission that lies 

literally between 400 nm and up to close to 600 nm. The latter is due to deep centers 

which are caused by intrinsic and/or extrinsic defects. Due to these radiative defects 

different wavelength emissions from ZnD have been observed. Within the deep broad 
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band emission, ZnO exhibited violet, blue, green, yellow and orange-red color 

emissions [164,165]' i.e. it covers the whole visible region. A recent investigation on 

the origin of the visible deep centre mission(s) has suggested that the emission color 

depends strongly on the growth conditions and the growth method used [166]. This 

property of multi-color emission adds another potential application for ZnO, namely 

white light emitting diodes (LEDs), on top of the fact that ZnO has a relatively high 

exciton binding energy (60 meV), which implies that excitonic laser action can be 

observed from ZnO even at temperatures at or above room temperature. All these 

excellent properties together with new findings, e.g. mainly control over synthesizing 

ZnO nanostructures, have led to substantial interest from researchers world wide. 

Although, ZnO nanoparticle show its applicability, recent investigation revels 

that elongated ZnO nanostructures has some significant advantages over the spherical 

types [167]. N. E. Hsu et al have demonstrated the polarized emission features of the 

ZnO nanorods with surface defect states [168]. Wendy et al. has shown that 

semiconductor nanorods can be employed to fabricate readily processed and efficient 

hybrid solar cells. By controlling nanorod lengths, one can precisely control the 

electron transport and e-h recombination characteristics. Tuning the band gap by 

altering the nanorod radius enables one to optimize the overlap between the 

absorption spectrum and the solar emission spectrum with improved photo-voltaic 

efficiency [169]. In addition, lasing with lower gain threshold [170] and suppressed 

non-irradiative Auger-recombination [171] are other important advantages of 1D 

nanostructure. 

Today, high quality LEDs on p-type crystalline as well as arbitrary (amorphous) 

substrates and n-ZnO nanorods are recently demonstrated [172,173]. The possibility 

of integrating n-ZnO nanorods with other p-type substrates has led to an increase in 

the global interest due to the potential of developing high brightness white light 

emitting diodes. 

The doped counter part of the ZnO nanostructures have also show their 

importance due to their additional advantages such as short luminescence life-time, 

size independent emission color tunability, low-voltage cathodoluminescence and 

alternate-current electroluminescence. A ZnO nanostructured system can be made 
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highly conductive by doping, making it a promising candidate as interconnects in 

future generations of nanometer-scale electronics [174], as emitters in field emission 

arrays [175], or as constituents of magnetic storage devices [176]. They are attractive 

building blocks of nanoelectronics [177] and nanophotonics [178]. Again, ZnO was 

reported to experience p-type conductivity can be induced in natural that can be 

induced in natural hexagonal hexagonal crystal structure of ZnO nanowire and was 

ascribed due to the presence of oxygen vacancies. The combined magnetic and 

transport properties as well as high Curie temperature, have made doped ZnO a 

technologically viable candidate for Spintronics applications [179,180]. 

Regardless of the fact that research work on ZnO in the thin film form started 

during the 1930s [181], the interest faded away during the 1980s. The main reason 

was the fact that it is difficult to dope the material with both nand p-type polarities, 

and particularly p type. The possibility to dope with n- and p-type polarities is a 

prerequisite for optoelectronic applications. Many efforts to grow ZnO thin films on 

other p-type substrates have been a focus for some time as a route to overcome the 

p-type doped ZnO difficulty. Nevertheless, the lattice mismatch between different 

substrates and ZnO hinders the possibility of defect free growth of ZnO thin film 

heterostructures. Even very close lattice structure materials like 4H p-SiC and p-GaN 

used as substrates have not achieved acceptable device quality for the overgrown n

ZnO films. limited success using ZnO thin films on p-type semiconductor substrates 

has been reported for LEDs and lasers; some recent reports can be found in [182,183]. 

The early growth of bulk ZnO crystals can be achieved using different 

techniques. The simplest, oldest, and still widely used today is the gas (vapor) 

transport technique [184,185]. It is even used today for the growth of different ZnO 

nanostructures [186]. Xiang Yang Kong and Zhong lin Wang developed ZnO 

Nanohelixes, Nanosprings, and Nanorings using vapour phase synthesis by just 

controlling different parameters in the process [187]. A simplified gas transport 

technique method to achieve nanowires, nanoribbons and nanorods was reported by 

Yao et at. [188], in which ZnO powder was mixed with graphite and heated to 1100 0c. 
After cooling down, nanostructures were found to form on the wall of the furnace. 
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Besides nanowires, nanobelts and nanorods, other complex ZnO nanostructures such 

as nanotubes [189-191] nano-tetrapods [192-195] also developed using this process. 

In general, ZnO has a strong tendency for self-organized growth. This 

important property has led to global interest to grow ZnO nanostructures with 

dimensions of diameters from several nanometres up to a few hundred nanometers 

and lengths up to a few millimetres. Besides the ease of growing ZnO even in the 

nanostructure form, the advantage for LEDs would be the integration of n-ZnO 

nanorods on other p-type substrates due to the fact that nanorods of ZnO have no 

need for a lattice matched substrate for the overgrowth [196], in contrast to thin 

films. It was recently demonstrated that ZnO nanorods can even be grown on the tip 

of an amorphous quartz pipette tip a few micrometres in diameter [197]. The 

stress/strain at the interface between the p-type substrate and the ZnO nanorods can 

be easily released through the large surface area of the latter (ZnO nanorods). For 

utilizing ZnO nanostructures it is also a great advantage to have the possibility of using 

different methods for the growth. Therefore, the quality of the nanostructures 

achieved by different methods will be of interest to compare regarding the 

advantages and disadvantages of each method. 

Another, common method for the growth of ZnO is the metal-organic 

chemical vapor deposition (MOCVD). A great advantage of this method is the 

relatively low requirements concerning the vacuum system because the typical 

reactor pressure is several hundred millibars, compared to molecular beam epitaxy 

systems (MBE), where ultrahigh vacuum is required. Many groups which are growing 

ZnO with MOCVD employ additional catalysts such as Au using the vapour-liquid-solid 

mechanism (VLS) for the formation of nanostructures [198,199]. In this system no 

catalyst is required, resulting in higher purity of the ZnO because there will be no 

impurities resulting from any catalyst. The density and diameter can be well controlled 

only by choosing the appropriate growth parameters. The whole MOCVD system is 

quite complex and the epitaxial runs are relatively expensive [200]. 

Electrodeposition is another approach to develop ZnO nanostructures. In 

electrodeposition, a voltage has to be provided, leading to a redox reaction at the 

electrodes. A great advantage of this method is that the growth is possible on selected 
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areas of the pre-structured substrate; additionally, the pre-structured areas can be 

used as a contact region to the nanorods [201]. Pulsed laser deposition (PLD) is a 

relatively young, but very flexible and widely used, growth technique for high quality 

oxide thin films and also nanostructures. 

Nevertheless, the chemical growth technique is the cheapest and popular 

method for the development of all kinds of ZnO nanostructures. In this process, the 

typical growth temperatures are below 100 DC, allowing the fabrication even on 

substrates such as plastic, which is not allowed to be exposed to higher temperatures 

Recently, cutting edge achievements in growth of ZnO nanorods using low 

temperature chemical growth were reported [202-206]. 

1.5 Objective of present study 

We have planned our work that involves synthesis characterization and 

application of semiconductor nanostructures with a special emphasis on elongated 
, 

systems. The nanostructures are prepared in organic hosts by chemical method. We 

also focus upon the growing 1 dimensional elongated nanopatterns through physico

chemical routes. IN the present study, we concentrate on II-VI semiconductor systems 

(ZnS and ZnO based) A comparative study of these doped and undoped materials will 

be attempted with regard to structural and optoelectronic properties. The various 

types of characterization tools used are X-ray diffractometer, scanning electron 

microscopy, Transmission Electron miscopy, UV-VIS spectroscopy, Atomic Force 

Microscopy, Magnetic Force Microscopy and photoluminescence spectroscopy etc. An 

emphasis on understanding nanosphere to nanorod changes also has been discussed. 

For modification of nanostructures, embedded doped and undoped 

nanoparticles will be irradiated with swift heavy ions with different kinds of ion 

species and varied in the range 1010 
- 1013 ion/cm2

• Irradiation lead structural and 

optical properties have been compared and analyzed. Chemically synthesized ion 

irradiated and photon induced elongated nanostructures have been discussed. 
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Materials and Methods 

2.1 Development of Nanostructures 

The development principles of nanostructures are broadly classified into two 

categories (1) top down approach (ii) bottom up approach [207]. The synthesis 

techniques comprise of both (a) Physical methods (b) Chemical methods. Physical 

methods include Molecular Beam Epitaxy (MBE) [209-211], Electrochemical deposition 

[212-214], RF sputtering [215, 216], DC magnetron sputtering [217, 218], Low Pressure 

Chemical Vapour Deposition (LPCVD) [219] , mechanical grinding/alloying [220] , ball 

milling [221] magnetron co-sputtering [222,223], vapour deposition on cold substrates 

and on heated substrates [224,225], selective area metal organic chemical vapour 

deposition (SA-MOCVD) [226,227]. 

Chemical methods [228,229] have been widely used to produce nanostructured 

materials due to their simplicity of preparation and provide with large scale 

production. By allowing competition between nucleation and growth one can realize 

varying size from nanometers to micrometer. Again, requirement of inexpensive 

components, relatively shorter synthesis time, less effort, possibility of surface 

passivation, feasibility of synthesis of metals, alloys, insulators, semiconductors and 

even compound nanoparticles, possibility of producing single crystalline 

(monocrystalline) nanoparticles, possibility of proper doping of large number of 

materials (Mn, Ni, Fe, Cu etc.) even at room temperature, possibility of coating, 

capping and coupling of synthesized nanoparticles alongwith accurate synthesis of 

nanoparticles in the form of colloids, powders and thin films made it more popular 

than physical methods [230].Sometimes combination of both physical and chemical 

method used to fabricate nanoparticles of a desired system (physicochemical method). 

In the chemical synthesis of nanostructure, very often organic ligand 

environment is used to encapsulate and passivate semiconductor nanoparticles [231-

233]. For future developments in the field, as the ligands establish the solution 

properties of the nanoparticles, aid their luminescence by quenching surface defects, 
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and maintain their nanoscopic integrity by preventing particle-particle aggregation 

[234]. Nanostructures have been grown in the hosts such as zeolites [235], porous glass 

[236,237], miscelles [238,139], membranes [240,141] and anionic polymers [242]. For 

synthesis of doped and undoped II-VI and III-V compound semiconductors the chemical 

approach is found to be more efficient then physical one. 

Researchers had successfully used both physical and chemical approach to 

produce spherically symmetric nanostructures to thin film (20 nanostructures). The 

plethora of physical and chemical proces~ing techniques successfully used to produce 

10 elongated nanostructures over last decades are molecular beam epitaxy (MBE) 

[243], oxygen-plasma assisted MBE [244], ion beam-assisted deposition [245], electron 

beam evaporation [246], laser-assisted catalytic growth [247], laser photolYSiS [248], 

pulsed laser deposition (PLO) [249,250], thermal evaporation [251,252], metalorganic 

vapor phase epitaxy (MOVPE) [253], spray pyrolysis [254], chemical vapor deposition 

(CVO) [255], RF magnetron sputtering [256], liquid phase deposition (LPO) [257], 

electro deposition[258,259], electrostatic self-assembly [260], and Langmuir-Blodgett 

(LB) [261] techniques are the most utilized by scientists and engineers. Each of them 

had some specific advantages and disadvantages. 

However, It was observed that for development of 10 elongated nanostructure 

bottom up approach is more suitable in both physical and chemical methods [262, 

263]. In this approach of formation of 10 elongated nanostructure, nanoparticles are 

allowed grow in a particular direction and after certain amount of growth, it was 

stopped due to lack of reactant in chemical processes and by maintaining some 

macroscopic parameter in physical process. Amore important challenge in nanowire 

technology is to develop economical synthesis methods to produce ordered, oriented, 

and aligned 10 nanostructure onto various substrates. 

We have developed spherically symmetric nanoparticles and 10 elongated 

nanorods using soft chemical approach in organic hosts (PVOH and CTAB). Again, in 

another approach, we attempt to elongate the spherical nanostructures to elongated 

using two different physical ways - (1) highly energetic ion bombardment and (2) 

illuminating with laser 
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2.2 Modification of Nanostructures: 

People have successfullv developed nanostructured materials having different 

size, shape and organization using both chemical and physical approach. But, uniform 

size and shape distribution and well ordered nanostructures, till out of our 

achievement. Researchers have tried overcoming this limitation by modifying the 

previously developed nanostructures (chemically and physically), through some 

physical ways: annealing [164-266], electron beam irradiation [267,268], ion beam 

irradiation [269], microwave irradiation [270-272] and laser illumination [272- 277] . 

However using such modification, it is possible to tune different physical properties of 

the material to enhance its applicability. 

2.2.1 Ion irradiation 

The ion irradiation plays a vital role in material science research [278-282] . 

Nowaday, ion beam has become an important aspect for synthesis, modification and 

characterization of materials. This include ion-implantation [279], ion beam mixing 

[280], ion beam assisted self organized nanostructure formation [281] and template 

synthesis [282]. Ion beam irradiation has also been utilized to pattern single 

component metal [283] and semiconductor [284]. Ripple structures have been 

reported along preferred crystallographic directions which were and oriented normal 

and parallel to the direction of the incidence of the ion beam [285,286] . It was believed 

that either competition 

between erosion and 

kinetic restrictions on 

the diffusion of 

additional atoms, or to a 

surface instability arising 

form a surface curvature 

dependent sputter yield 

lead to such ripple 

formation . (278,284] . 
Figure 2.1: A Scheme of ion matter interaction process 
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The interaction of the ion beam with a solid is a non-equilibrium process. 

When a stream of energetic charged particles is Incident on a crystalline solid the 

projectile ions interact initially with the near-surface atoms of the solid. The interaction 

process can lead to ion penetration into the subsurface region of the solid, to the 

rearrangement of the near-surface atoms, and to the emission of particles and other 

forums of radiation. 

As ion proceeds through the solid, it undergoes successive collisions with the 

target atoms and surrounding electrons, losing energy at each encounter. The ion 

matter interaction involves two independent processes, by way of nuclear energy loss 

and electronic energy loss [287,288]. The former is deals with the collisions between 

the incident ion and lattice atoms where conservation of energy and momentum 

applied (elastic collisions), unless nuclear reactions or nuclear resonances occur as a 

result of subsequent encounter. The later process depicts the interaction of fast ions 

with surrounding electrons. A proportionate amount of energy is delivered to 

electronic subsystem through inelastic collision as a result of electronic temperature 

(103 K) rises within a time scale of ~1O.15 sec. Later, within a time of ~1O-12 sec energy is 

transferred to lattice subsystem resulting temp rise (103 K). 

As the total energy loss is the sum of electronic and nuclear energy loss: 

S = Snudear + S eleLlfYmlL 

(2.1) 

_ (dE) _ 4mr
4 Z/Z/z/[ (2mv2) ( V2) V2] Se - - - - 2 In -- - In 1 - -2 --2 

dx e meV Icc 
(2.2) 

Boch - Bethe formula -

(dE) 32 , M, 
Sn = - - = N-Z 1Z 2e-a---'---

dx n 2 M, + M 2 

(2.3) 

For screened Coulomb potential 
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The nature of the nuclear and electronic energy losses over all energy ranges 

complicated and consequently, accurate numerical predictions (from theory) are rather 

difficult. It is either; the electronic or nuclear stopping power that dominant depends 

on the energy (the velocity and mass) of the incident ion and density of the medium. 

At low energies (~keV scale), if the ion velocity is less than the orbital velocity of 

electron than the electronic energy loss (Se) is proportional to the ion velocity (an 

approximation by Lindhard et al 1963, Firsov 1959). In this regime, the nuclear energy 

loss dominates where direct transfer of 

momentum and energy from the projectile 

ion to the target atoms occur, resulting large 

energy losses by the projectile, which in turn 

leads to an irregular path of the ion in the 

material producing point defects in the 

material. Also, the target atoms may gain 

enough kinetic energy to knock-on further 

atomic and electronic collisions, causing 

additional defects. In material science, the 

low energy ions are generally used for surface 

modification and implantation. 

, I 
' .. , , '00 

Ener9y(E)~ 

Figure 2.2 : Electronic and nuclear 
energy loss with respect to ion energy 

At relatively higher energy (~MeV scale) where the ion velocity is greater than 

the orbital velocity of electron, it is the electronic energy loss which comes to 

forefront. In this case, nuclear energy loss contributes only weakly to the total energy 

loss. In fact these energetic ions can be classifieds into: 

These energetic ions are classified into four categories -

a) Low energy light ions (LEU) 

b) Low energy heavy ions(LEHI) 

c) High energy heavy ion (HEHI) also know as swift heavy ion 

d) High energy light ion(HEU) 

The terms 'high' & 'low' are very much relative and in material science 

research, they fundamentally mean ~MeV scale & keV scale ion energies. 
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Low energetic ions (LELI or LEHI) can produce Isolated and extended point 

defects as well meant especially for Implantation Into a sUitable host matrix. In this 

thesIs only HEHI and HEll aspects have been considered. 

~ Irradiation with low energy ions 

Ion beam interaction in materials with energy Ions having energy such 

that during slowing down the energy of the Ion is dominantly lost through 

nuclear energy loss (I.e. keV ions) process IS well understood. During slowing 

down, an Ion Interacts In-elastically with electrons and elastically with other 

target atoms. If the kinetic energy, E, transferred to the host atom is higher 

than the displacement threshold energy Ed (~ 8eV for Ga and ~6eV for as) the 

knock-on atom leaves ItS lattice site and according to the residual kinetic 

energy, (E-Ed), It can move for a certain path length. These atoms (primary 

collisions) recoil and collide with other atoms (secondary collisions) giving rise 

to higher generation of collisions which produce many low-energy recoils and 

induce small displacements in nearly random directions. This Sequence of 

collisions and of displaced atom multiplication is often called collision cascade 

and It lasts for _lO.13s [289] that is the ion range divided by the average ion 

velocity. For a 200keV as ion with a speed of -108 cm/s and a range in Si of 

2x10·5cm, the cascade IS completed in less than 10_12s. This prompt regime is 

followed by a redistribution of the energy Into surrounding material by both 

kev/nm Coil/run" det.cr t"Pt.,0 ... 
40 

~ 
j 30 

~ c:; 
.. 20 - --- - --
2 .. ... g 
u m 10 • . ~ . 
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~ 

Figure 2.3 : Defect formation at different 
electronic energy loss In a material 
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lattice and electron conduction, this process lasts for an additional time interval 

of 10-11 
- 10- lOs. In the following 1O-9s the unstable disorder relaxes and some 

ordering occurs by a local diffusion process. Later on clustering of lattice 

damage results in the formation of complex defects. This process of clustering 

and formation of complex defects is governed by the target temperature and 

by the presence of impurities, if any. The time evolution of the processes taking 

place during the ion slowing down is shown in Figure 1.1. The process of cooling 

is very fast in only few picoseconds with rapid thermal quench of the order of 

10140 K/s - 10150 K/s. These results in the formation of different phases and a 

small volume of 'hot' target atoms may become a small amorphous region 

surrounded by a crystalline matrix. 

~ Irradiation with high energy ions 

When a material is irradiated with highly energetic ions, it is expected 

that the lattice atoms are not displaced, but extremely strong electronic 

excitations occurs around each ion path resulting cylinders containing highly 

charged ions and electrons which will form a track (called the infra-track) 

having a radius R, proportional to velocity of the ion v . Here, in the initial 

interaction processes of the energy transfer from a high energy ion to electrons 

bound to in~er shells take only 1O-19_1O-17
S and slightly longer (about 10-16

S) 

for collective electronic excitations (formation of plasmons) [290). Hence, just 

after the passage of the SHI, the narrow cylindrical target zone coaxial with the 

ion ,path consists of two-component plasma of "cold" lattice atoms and "hot" 

electrons. Such a narrow region is often called "ionization spike." The initial 

energy distribution and dynamics of the hot charge carriers within "ionization 

spikes" have been extensively studied by Schiwietz et 01. by means of Auger

electron spectroscopy [290). 

Roughly, in the initial excitation process one half of electronic energy 

deposited within a core of radius rc = vp / wp , where vp is the projectile velocity 

and wp is the plasma frequency of the target material. The other half of energy 

deposited by electronic energy loss produces high energy [) rays (electrons) 

(shown in Figure ) that leave the core region and, dissipating their energy far 

49 



energy deposition 

00 

00 

electron cascade 

Chapter 2: Materials and Methods 

electronic excitation 
& ionization 

'hot' electrons Coulomb 

~nen!\ diffusion in 
electronic subs~'stem 

cooling of hot electron§ 
'cold'iattice 

explosion 

electron-phonon interaction 

C ,Jv energ\ diffusion til atoms 
ooce I ' · h . 
00 v attlce fatm/! 
0000 I ' ooco me tmg 

quenching of atomic disorder. 
thermal 
spike 

metals 
- 10"12 s 

insulators 
- 10.10 s 

fast cooling of atoms 
defect formation 

Figure 2.5 : Energetic ions interaction with material at different times scales 

away from the core, which are approximately 8 to 10nm in diameter [291]. 

These liberated {) electrons emanating from the infra track themselves can 

cause further ionization defects. The radial dimension of the outer cylindrical 

region (called the ultra track) is determined by the range of the most energetic 

electron released from the infra track. The region outside the track core, where 

the defects are caused by delta rays only, is called ultra track (or halo). While 

the infra track core is only a few nm in a diameter, but the halo can reach a 

diameter of 100 to 1000 nm. The radial dimension of the outer cylindrical 

region (ultra track or halo) is determined by the range of the most energetic 

electron released from the infra track. During the time of delta ray explosion, 

the core also ions gain kinetic energy due to a violent coulombic repulsion 

between them, introducing defects and vacancies in the material. This process 

so 
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is known as Coulomb explosion [292] . However, this coulomb explosion 

depends on how fast the delta electrons return to the core. Delta electrons do 

not have enough energy which is lost in the inelastic collisions and due to the 

attractive fore of the positive inner core will move back towards the core unless 

they get trapped in the bulk. 

This Coulomb explosion models based on an electrostatic ions 

displacement form the ion path is not sufficient to explain the whole 

mechanism of track formation. The other model used to explain it is thermal 

spike model where latent tracks are reared as originating from heat transfer 

and rapid quenching. In this thermal spike models two coupled subsystems are 

assumed - the electron gas subsystem and the lattice subsystem. The energy 

form a projectile ion is deposited first in the electron subsystem and 

subsequently relaxed to the lattice subsystem through electron -phonon 

coupling, leading to a large temperature increase - thermal spike. This results in 

cylindrical isotherms with their axes in the projectile trajectory. Within the 

cylindrical region where the temperature is above the transition temperature 

(evaporation, melting or pyrolysis temperature for polymers) the material will 

transform. As the process is very rapid the column of transformed material will 

be quenched, resulting in the 'freezing' of defects. On the time scale, the 

Coulomb explosion occurs first and lasts for 1O.15
S to 1O.13s. The thermal spike 

takes place after the ionic spike in the time period of 1O.14
S -lO.12s. Coulomb 

explosion always occurs to a certain degree when an ion track is created. 

However, depending on the material and the projectile ions, the thermal spike 

may anneal a part or all of the displacement originating from the electrostatic 

explosion. 

Different primary ions having the same velocity produce secondary 

electrons of the same maximum energy and therefore track of the same 

diameter is produced which is independent of the ion atomic number. 

However, the energy density inside the track increased after the passage of the 

SHI, the solid returns to its equilibrium state leaving behind bulk and surface 

modifications. In insulating and semi-insulating material damaged tracks along 

51 



Chapter 2: Materials and Methods 

the trajectory of the ion beam may be formed. Possibility of columnar defects 

are formed along the ion trajectory is also there. However, it has been these 

ions form disjointed extended defects or continuous amorphous tracks (latent 

track) depending on the mass and energy and the semiconductor it is being 

bombarded upon. 

After passing the energetic ions solid return to its equilibrium state 

leaving behind bulk and surface modifications. The nature of the modification 

depends on the electrical, thermal and structural properties of the material 

along with the structure of the projectile ion and irradiation parameters. In 

insulating and semi-insulating materials, damaged tracks along the trajectory of 

the ion beam may be formed. In high-temperature superconducting materials 

columanar defects are formed along the ion trajectory which acts as flux 

pinning centers. In polymers, gaseous species evolve from the ion tracks 

because of chain scission and cross linkage. In colossal magneto and noise 

measurements studies give the basic information of defects due the energetic 

ion. Large excitons can cause mixing at the interface of metal film on Si. 

Thus, when electronic energy loss (Se) is predominant over the nuclear energy loss 

(Sn), significant material modification can be done. In case of nanostructure, with 

Se>Sn, there can be significant nanoparticle growth or fragmentation depending upon 

the ion species and the nature of the medium containing nanoparticle [293]. Many 

worker were are able to maintain growth of nanoparticle of metallic [294], nonmetallic 

[295] and semiconducting [296] systems along the beam. It also gives us tunability of 

the optical [297-299] and magnetic [300-304] properties of nanomaterials by 

controlling the ion fluence as desired. 

Elongation of nonmetals nanostructures were analyzed by A. Merdrum in late 

nineties [295]. P. Kluth et al studied modification of different metal nanostructures in 

silica matrix under SHI irradiation and found elongation in many cases [305]. Elongated 

Au nanoparticles parallel to each other and embedded in a silica matrix film were 

synthesized by 120 MeV Au ion irradiation ions [306]. 
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2.2.2 Photon illumination 

In recent years there has been tremendous research emphasis on finding self

organization strategies to make strongly correlated metal and semiconductor 

nanostructures. In the area of thin film pattern formation, epitaxial strain driven self

organization in crystallographic systems has been somewhat successful [307 -309]). 

When a material is illuminated with a fine spot of with highly intense light beam, it 

destabilized the long range attractive intermolecular forces and thus destabilized the 

nanopartlcles embedded in the matrix. So, diffusion of the nanoparticles in the matrix 

was observed. Yang etal found that under UV photon illumination citric acid protected 

gold nanoparticles, they transformed into two-dimensional (2D) nanonetworks, porous 

nanoplates and compact nanoplates with hexagonal, triangular or truncated triangular 

pores through a self-assembly process which was dependent on the citric acid 

concentration [310]. The photofragmentation of spherical silver nanoparticles could 

promote the growth of triangular nanoplates was reported by many researches [311-

313]. Again, it was observed that the UV as well as visible light could induce the 

anisotropic growth of nanoparticles to form nanorods and nanowires [314, 315]. 

However, recent experiments have shown the possibility of modification and 

organization nanostructures (known as nanostructuring) by illummation of nanosecond 

and picoseconds laser pulses [316,317]. Controlled laser irradiation can produce 

nanonetworks [318]. Moreover, organized bimodal size distribution of nanoparticles 

[319] was also observed by under the pulsed laser irradiation. 

, -~-= --=fo:-:::--::c==-tJ 
Film mounted in a 

LASER Convex lens scanning system 

Figure 2.6: A scheme Laser illumination system 

In this thesis we have reported modification and organization of II-VI nanoparticles 

under low power laser irradiation. In the experiment the focus laser beam is scanned 

over the 1 cmx 1cm film of nanoparticle for limited time period. 
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2.3 Characterization of Nanostructures 

2.3.1 X-ray Diffraction (XRD) 

In crystalline solids, the typical atomic spacing is only a few A only. So, a 

material irradiated with X-rays of wavelength -lA, will undergo diffraction that can 

bring in adequate information on the 

arrangement of the atoms giving raise of definite 

crystal structure. A simple formula was theorized 

by W. L. Bragg, considering secular reflection of 

X-rays on one set of crystal planes. According to 

Bragg's law two rays will interfere only if the path 

difference is an integral multiple of A. [320], 

(I 

2,1 = 2dsinB (2.1) 
Figure 2.7: Diffraction in crystal 

For an un polarized primary beam incident on a small crystal, the diffraction 

intensity from a small single crystal is given by [321] -

1 = 1 F2(Sin2[(lT/A.X.s -.s0}N1al )){Sin
2 [(lT/A)(.s -.s0}N2(2)){Sin 2[(lT/A X.s -.so}NJaJ) 

p e sin 2 [(IT/A.XS -so}al ] sin 2 [(IT/AXs -so}a2] sin 2 [(IT/A.XS -so}aJ 
(2.2) 

Where 1 = 10 -- IS berng related to the scattering e
4 (I+COS2

2B) .. 
e m2c4 R2 2 

factor and polarization factor cos 2 2B structure factor 

number of unit cells along the QI' Q2,Ql directions, and So and s are the unit 

v~ctors of the primary and reflected beam respectively. In general, the NI, N21 

N3 are such large numbers, that each of the three quotients differ from zero 

only if the Laue equations (eq. 2.3) are closely satisfied, and hence the 

diffraction pattern are narrow [320,321). 

(2.3) 

54 



Chapter 2: Materials and Methods 

For very small crystals where Ni , Nz, N3 are small numbers the three quotients 

would naturally get broaden. As the peak width is dependent on the crystalline size, 

the measurement of the peak width gives a simple method for determining crystal size 

in the size range up to about 1000 A. First, the treatment of size dependent 

broadening was modeled by Scherrer [322,323] .In the simplest approach, for a small 

cubic crystal, and assuming that they are free form strains and faulting, the peak 

broading is due only to the small size, the Scherrer equation is given by 

2R = 0.89A 
peosB 

(2.4) 

Where, 2R is the particle diameter, 29 is the diffraction angle, 

and!! is the half width of the widened diffraction line i.e full 

width half maxima (FWHM). 

Using above equation, one can calculate the average crystallite size in a given 

sample. The validity of Scherrer equation has been examined by using direct computer 

simulation of the Bragg diffraction [324]. The presence of size inhomogeneities and 

point defects does not significantly affect on the accuracy of the size determination. 

For calculating FWHM, generally Gaussian type profiles for a given particle size 

distribution is considered. However, the broadening of line width can be affected not 

only due to particle size but also due to instrumental response, micro-strain [325,326]. 

The Scherer method is generally valid for crystals of cubic symmetry and if the 

peak broadening is only due to the crystallite size. Besides this, it applies to Gaussian 

line widths measured on Debye-Scherrer patterns. If these assumptions are not 

satisfied, the obtained values have to be considered as approximations. In case of 

nanocrystals there are many more reasons to be considering this method of 

determination of size of nanocrystals considered as approximations. The Scherer 

formula gives only an idea about rough estimation nanocrystals. 

However, for the XRD pattern it is possible to identify the crystal structure of 

the material and to determine the d spacing as well as the crystal parameter (a,b,c) 

from the JCPDS database [Appendix 5]. 
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2.3.2 UV-Visible Absorption Spectroscopy 

In any material, the difference in energy between molecular bonding, non

bonding and anti-bonding orbitals ranges from 125-650 kJ/mole. This energy 

corresponds to ultraviolet (UV) region, (100-350 nm), and visible (VIS) regions (350-700 

nm) of the electro-magnetic spectrum. So, the absorption of visible and ultraviolet 

(UV) radiation is observed in the corresponding material as a result of which excitation 

of electrons form the lower energy states to higher energy states. All molecules will 

undergo electronic excitation following absorption of light. 

When a light beam of intensity 10 passes through a material sample, the 

intensity of transmitted light decreases exponentially as per Beer-Lambert law [127] 

and the absorbance of light is proportional to the concentration of the chromophore. 

(2.5) 

Where, 10 is the incident light intensity, "is the cell path length in cm, c is the 

solution concentration in moles/liter, and G;. is the molar absorptivity, (also referred to 

as the molar extinction coefficient) which has units of liter/mole/em. 

Again A=Ehcl is the absorbance (a defined quantity, also referred to as the 

optical density, or OD). 

~-..... 

Figure 2.8: Optical absorption and 
transmission in a material 
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Figure 2.9: HOMO to LUMO Transition of electron 
corresponding to optical absorption 

The origin of absorption spectra is due to transition of electrons form bonding 

molecular orbitals (0 or n) to anti-bonding molecular orbitals (0· or n'j. The lowest 

energy transition (and most often observed by UV) is typically that of an electron in the 

Highest Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular 

S6 



Chapter 2: Materials and Methods 

Orbital (LUMO). In semiconductor material this correspond a transition form the 

valence band to the conduction band edge. This characteristic absorption peak is used 

to study the semiconductor material bulk as well as in nano regime. In semiconductor 

nanostructures, the bandgap enhancement is observed with decreasing cluster size 

due to the quantum confinement effect [Section 1.21 ]. As a result, a blue shift in the 

absorption edge is observed with decreasing cluster size. One can determine the 

approximate size of the nanostructures using the Bruss equation (eq 1.19). 

2.3.3 Fourier Transform Infrared spectroscopy (FTIR) 

An infrared spectrum represents a fingerprint of a given specimen with 

absorption peaks corresponding to the frequencies of inter-atomic vibrations in the 

molecular system. Because every system is characterized by a unique combination of 

atoms, no two compounds can ever produce identical infrared spectra. Therefore, 

infrared spectroscopy can be considered as an important asset in the qualitative 

analysis of a given material system 

In the FTIR spectroscopy, instead of recording the amount of energy absorbed 

when the frequency of the IR light is varied (monochromator), the transmitted IR light 

is guided through an interferometer. After passing through the sample, the measured 

signal is collected in the form of interferograms. Performing a Fourier transform on the 

signal data results in a spectrum similar to that from conventional (dispersive) infrared 

spectroscopy. FTIR spectrometers are cheaper than conventional spectrometers 

because building an interferometer is easy relatively than the fabrication of a 

monochromator. In addition, measurement of a single spectrum is faster for the FTIR 

technique because the information at all frequencies is collected simultaneously. This 

allows multiple samples to be collected and averaged together resulting in an 

improvement in sensitivity. By and large, all modern infrared spectrometers are FTIR 

instru ments. 

Infrared radiation spans a section of the electromagnetic spectrum having 

wavenumbers ranging roughly from 13,000 to 10 cm-I
, or wavelengths from 0.78 to 

1000 11m. It is bound by the red end of the visible region at high frequencies and the 

microwave region at low frequencies. IR absorption positions are generally presented 
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as either wavenumbers (v) or wavelengths (A ). Wavenumber defines the number of 

waves per unit length. Thus, wavenumbers are directly proportional to frequency, as 

well as the energy of the IR absorption. The wavenumber unit (cm-1
, reciprocal 

centimeter) is more commonly used in modern IR instruments that are linear in the 

cm-1 scale. In the contrast, wavelengths are inversely proportional to frequencies 

hence, associated energy. At present, the recommended unit of wavelength is 11m 

(micrometers), but 11 (micron) is used in some older literature. Wavenumbers and 

wavelengths can be interconverted using the following equation [127] -

-( -I) 1 104 
v em = A(,um( (2.6) 

By measuring at a specific frequency over time in the FTIR spectrum, changes in 

the character or quantity of a particular bond can be studied. This is especially useful 

in measuring the degree of polymerization in polymer manufacture. Modern research 

instruments can take infrared measurements across the whole range of interest as 

frequently as 32 times a second. This can be done whilst simultaneous measurements 

are made using other techniques. This makes the observations of chemical reactions 

and processes quicker and treats accuracy. 

2.3.4 Electron Microscopy 

An electron microscope is a type of microscope that uses a beam of electrons to 

illuminate a specimen and capable of creating a highly-magnified image. An electron 

microscope has much greater resolving power than optical microscope that uses visible 

electromagnetic radiation as the source. It provides much higher magnification (up to 1 

million times) than the best light microscopes (limited only to magnification of 1000 

times). Both electron and light microscopes have resolution limitations, imposed by the 

wavelength of the radiation they use. The greater resolution and magnification of the 

electron microscope is because of the de Broglie wavelength of an electron which is 

much smaller than that of a photon of visible light. The electron microscope uses 

electrostatic and electromagnetic lenses forming the images by controlling the electron 

beam to focus it at a specific plane relative to the specimen object. The approach is 

similar to that of a light microscope which uses glass lenses to focus on or through a 

specimen to produce an enlarged image. 
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Figure 2.10: Schematic diagram of (a) Optical microscope (b)Transmission Electron 
Microscope, and (c)Scanning electron microscope 

(a) Transmission Electron Microscopy (TEM) 

Transmission Electron Microscope (TEM) is a non destructive, noninvasive 

capable of providing visual information about a specimen of dimension down to 

several A. This is the original form of electron microscope. A TEM uses a high voltage 

electron beam to create a magnified image. The electrons are emitted by an electron 

gun, commonly fitted with a tungsten filament cathode as the electron source and they 

are accelerated by an anode typically within 40 to 400 keV with respect to the cathode. 

After, suitable focusing through a set of electrostatic and electromagnetic lenses, it is 

allowed to transmit through the specimen. When it emerges from the specimen, the 

electron beam carries information about the specimen structure that is magnified by 

the objective lens system of the microscope. The spatial variation of the information 

(the "image") is viewed by projecting the magnified electron image onto a fluorescent 

viewing screen coated with a phosphor or scintillator material ( zinc sulfide). The image 

can be photographically recorded by exposing a photographic film/plate directly to the 

electron beam, or a high-resolution phosphor may be coupled by means of a lens 

optical system or a fiber optic light-gUide to the sensor of a CCD (charge-coupled 

device) camera. The image detected by the CCD can be interfaced to a pc for display 

and data actuation [128J. 
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Resolution of the TEM is limited primarily by spherical aberration, but a new 

generation of aberration correctors has been able to partially overcome spherical 

aberration to increase resolution. Hardware correction of spherical aberration for the 

High Resolution TEM (HRTEM) has allowed the production of images with resolution 

below 0.5 A (50 pm) at magnifications above 50 million times. The ability to determine 

the positions of atoms within materials has made the HRTEM an important tool for 

nana-technologies research and development. 

(b) Scanning Electron Microscopy 

Unlike TEM, the emergent electron beam of the Scanning Electron Microscope 

(SEM) does not carry the complete information of the specimen under study. The SEM 

produces Images by a In a SEM, a focused electron beam that is scanned across a 

rectangular area of the specimen (raster scanning). In the scanning process, at each 

point on the specimen the incident electron beam loses some energy, and the lost 

energy is converted into other forms of heat, emission of low-energy secondary 

electrons, light emission (cathodoluminescence) or x-ray emission etc. The secondary 

electrons emitted from the specimen are used to produce the image of the sample. 

Generally, the image resolution of an SEM is several orders of magnitude 

smaller than that of a TEM. A rough idea about size, shape and arrangement of 

crystallites can be assessed at large. 

Energy Dispersive x-ray spectroscopy: Energy Dispersive X-ray Spectroscopy (EDS) is 

an analytical technique that identifies the elemental composition of materials 

qualitatively and quantitatively. In SEM, when an electron beam scanned over a typical 

cross-section of the sample specimen, 'it 

generates the characteristic x-rays from 

the atoms (which are the characteristic of 

the atom) [128]. The EDS system collects 

the X-rays, sorts them in terms of energy 

to plotted intensity of X-rays 

corresponding to the energy. The data can 

then be further analyzed to produce either Figure 2.11 : Characteristic X-ray Emission 
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an area elemental analysis (displayed as a dot map) or a linear elemental analysis 

(displayed as a line scan) showing the distribution of a particular element within the 

top two microns of the sample surface. The EDS data can be compared to either known 

standard materials or computer-generated theoretical standards to help providing 

either a full "quantitative" or a "semi-quantitative" picture. 

2.3.6 Scanning Probe Microscopy 

Scanning Probe Microscopy (SPM) is unique in the sense that it forms images of 

surfaces and interfaces by use of a physical probe that scans the specimen. An image of 

the top surface is obtained by moving mechanically the probe in a raster scan of the 

specimen, line by line, and recording the probe-surface interaction as a function of 

position. Depending upon the nature of interaction, configuration of scanning probe 

microscopy (SPM) are available:- Atomic force microscopy(AFM), magnetic force 

microscopy(MFM), scanning tunneling microscopy(STM) etc (129). 

(a) Atomic Force Microscopy 

The atomic force microscope (AFM) or scanning force microscope (SFM) is an 

extremely sensitive microscope capable of providing topographical image of the 

surface. The resolution is over 10,000 times better than the optical diffraction limit. 

The AFM consists of a cantilever with a sharp tip (probe) at its end, used to 

scan the specimen surface. The cantilever is typically made of silicon nitride (Si3N4) 

with a tip of radius of curvature in the order of few nanometers only. When the tip is 
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Figure 2.12: Schematic diagram scanning Figure 2.13 Interatomic force vs. 
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brought into the close proximity of the sample surface, forces between atoms of the 

tip and the surface atom of the sample is governed by a deflection of the cantilever as 

par popular Hooke's law. Depending on the configuration, forces that are measured in 

AFM include mechanical contact force, van der Waals force, capillary force, chemical 

bonding, electrostatic forces, magnetic force etc. Apart from force, additional 

parameters simultaneously be measured by use of specialized of probes (Scanning 

thermal microscopy, photothermal micro-spectroscopy, etc.). 

Typically, the deflection is measured using a laser spot reflected from the top 

surface of the cantilever into an array of photodiodes. Other methods in practice 

optical interferometry, capacitive sensing or piezoresistive AFM cantilevers. These 

cantilevers are fabricated with piezoresistive elements which act as strain gauge. Using 

a Wheatstone bridge, strain in the AFM cantilever due to deflection can be measured, 

however, not as sensitive as laser deflection or interferometry. If the tip is scanned at 

a constant height, a risk would exist that the tip might collide with the surface, causing 

damage. Hence, in most cases a feedback mechanism is employed to adjust the tip-to

sample distance in order to maintain a constant force between the tip and the sample. 

Traditionally, the sample is mounted on a piezoelectric stage that can move the sample 

along z direction, maintaining a constant force, and the x and y directions for scanning 

purpose. Alternatively a 'tripod' configuration of three piezo crystals may be employed, 

of each which is responsible for scanning in the x,y and z directions. This eliminates 

some of the distortion effects seen with a tube scanner. In newer designs, the tip is 

mounted on a vertical piezo scanner while the sample is being scanned in X and Y using 

another piezo block. The resulting map of the area 5 = f(x,y) represents the topography 

of the sample. Although, several forces typically contribute to the deflection of an AFM 

cantilever, the most commonly associated forces are inter- atomic van der walls forces. 

The dependence of the van-der-Waals force upon the distance between the tip and the 

sample is shown in figure ( 2.13 ). Based on the nature of the force between the tip and 

the sample, the AFM can be operated in a number of modes. 

In general, possible imaging modes are divided into contact modes (static 

modes - cantilever is static) and a variety of non-contact mode(dynamic modes

cantilever is vibrated}. In contact, AFM mode (also known as repulsive mode, an AFM 
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tip makes soft "physical contact" with the sample) , the tip is attached to the end of a 

cantilever with a low spring constant. As the scanner gently traces the tip across the 

sample (or the sample under the tiP), the contact force causes the cantilever to bend in 

order to accommodate changes in topography. In addition to the repulsive van der 

Waals force described above, two other forces are generally present during contact 

AFM operation often: a capillary force exerted by a thin water layer is present in an 

ambient environment, and the force exerted by the cantilever itself. The capillary force 

arises when the water wicks its way around the tip, applying a strong attractive force 

(~1O-8N) that holds the tip in contact with the surface. The magnitude of the capillary 

force depends on the tip-to-sample separation. In non-contact AFM (NC-AFM), the 

cantilever is vibrated near the surface of a sample. The spacing between the tip and 

the sample for NC-AFM is generally on the order of tens to hundreds of angstroms. NC

AFM is desirable because it provides a means for safe measurement of a sample 

topography with little or no perturbation. Like contact AFM, non-contact AFM can be 

employed to measure the topography of insulators and semiconductors as well as 

electrical conductors. The total force between the tip and the sample in the non

contact regime is very low. This low force is advantageous for studying soft or elastic 

and polymeric samples. 

(b) Magnetic Force Microscopy (MFM) : Magnetic force microscopy technique 

is derived from atomiC force microscope (AFM). Unlike typical AFM, a magnetized tip is 

used to study magnetic materials, and thus, the tip-sample magnetic interactions cab 

be detected. MFM images the spatial variation 

of magnetic forces on a sample surface. For MFM, 

the tip is coated with a ferromagnetic thin film. 

The system operates in non-contact mode, 

detecting changes in the resonant frequency of 

the cantilever Induced by the magnetic field's 

dependence on tip-to-sample separation. The tip

to-sample separation distance is so maintained 

that the magnetic forces dominates over the van

dar waal forces between them. 
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2.3.7 luminescence Spectroscopy 

Luminescence spectroscopy deals with the transition of electrons from high 

energy excited states to allowed low energy states exhibiting emission features. 

Depending on the mode of excitation there are different kinds of luminescence 

spectroscopy as listed below [127] -

• Photoluminescence is caused by excitation by light radiation. 

• Electroluminescence results from energy provided by an applied electric field 

• Chemiluminescence occures energy through a chemical reaction. 

• Cathodoluminescence is caused by accelerated electrons colliding with atoms 

• Sonoluminescence is caused by sound/ultrasound wave 

• Thermoluminescence is triggered by heat 

Photoluminescence (PL) Spectroscopy 

Photoluminescence occurs when a system is excited to a higher energy level by 

absorbing a photon, and then spontaneously relaxed to a lower energy level, 

emitting a corresponding photon of lower energy. In order to conserve energy, the 

emitted photon cannot have more energy than the photon causing excitation, unless 

two or more excitation photons act in tandem (a case of nonlinear spectroscopy). 

Again, intermediate nonradiative downward transitions are also possible in the 

relaxation process. The electrons can also be trapped in intermediate states for a 

relatively long time, resulting in delayed luminescence. 

The photoluminescence is divided into two types, depending on the 

nature of the ground and the excited states. There are two kinds of excited state -

singlet and triplet. In a singlet excited state, the electron in the higher-energy orbital 

has the opposite spin orientation as the second electron in the lower orbital. These 

two electrons are said to be paired. In a triplet state these electrons are unpaired, that 

is, their spins have the same orientation. Return to the ground state from an excited 

singlet state does not require an electron to change its spin orientation. A change of 

spin orientation is needed for a triplet state to return to the singlet ground state. 

Fluorescence is the emission which results from the return to the lower orbital 

of the paired electron. In contrast, phosphorescence is the emission which results from 

the transition between states of different multiplicity, generally a triplet excited state 
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Figure 2.15 : Jablonski diagram describing radiative and non-radiative transitions 

-
returning to a singlet ground state. The Jablonski diagram (Figure 2,14) illustrates the 

processes involved in the creation of an excited electronic state by optical absorption 

and subsequent emission. Internal conversion is the radiationless transition between 

energy states of the same spin state (compare with fluorescence-a radiative process). 

Intersystem crossing is a radiationless transition between different spin states 

(compare to phosphorescence). Vibrational relaxation, the most common among the 

three discussed of the three-for most molecules, occurs very quickly «1 x 10-12 

seconds). Vibrational relaxation is enhanced by physical contact of an excited molecule 

with other particles in which energy, in the form of vibrations and rotations, can be 

transferred through collisions [127). 

In a semiconductor system, light emission (luminescence) proceeds through 

electron-hole pair recombination processes (either band to band or mediated by states 

in the gap region or at the semiconductor surface). After an electron absorbs enough 

energy, jumps to the conduction band leaving a hole behind, it tends to return to the 

valence band with a fluorescence emission whose energy is lower than its excitation 

energy. Corresponding to the band gaps, there is a wide range of absorption from 388 

nm to 8857 nm, observed in semiconductors. Only a few of them (CdS and CdSe 

systems) are in the visible light range (400-700 nm) of the electromagnetic spectrum. 

The electron must have a mi.nimum Eg band-gap energy to undergo this promotion. 
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Figure 2.17: Stokes shift in absorption 
and emission spectra 

The created electron-hole pair (an exciton) may recombine immediately to produce 

heat or light with energy equal to Eg, but it is more likely that trap states within the 

material trap either the electron or the hole. (Figure 2.16 ) These trap states result 

from numerous factors, including structural defects, atomic vacancies, dangling bonds, 

and adsorbents at the interface. Radiative recombinatIon of the trapped charge 

carriers then produces luminescence that is substantially red-shifted from the 

absorbed light. These trap states are very much related to the size and surface 

structure of the semiconductor. A very unique property of semiconductor 

nanostructures is the size dependence of luminescence emission. The surface to 

volume ratio has a great influence on the nature of the trap states. In the nanoscale 

regime, as size gets smaller, the band gap becomes larger. So the fluorescence color 

can be tuned by changing the size ofthe semiconductor nanostructures. 
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Fabrication of II-VI semiconductor nanostructures 

Both large scale synthesis and preservation of nanoparticles is important 

from application point of view. In order to improve the rigidity and to protect 

nanoparticles from environmental attack, embedding them glass, zeolites or 

polymer is desired [145]. The synthesis of II-VI semiconductor nanostructures in 

Nafion [242) and Syrlyn membranes were quite satisfactory and are found to show 

relatively higher stability. In this chapter we will discuss the different fabrication 

technique used to develop spherically symmetric as well as elongated 

nanostructure through chemical approach. The as developed nanostructured 

samples were characterized by X-ray diffraction pattern, UV-Vis spectroscopy and 

Electron microscopy. 

3.1 Materials: 

(a) Polyvinyl alcohol (PVOH): 

Polymers are believed to be good 

protecting agents against 

agglomeration. We consider polyvinyl 

alcohol (PVOH) as the host matrix. 

Unlike many polymers, polyvinyl 
Figure 3.1 : Structure ofPVOH 

alcohol is a water soluble compound. It dissolves slowly in cold water but at 

higher temperature it goes fairly fast. It is produced by the hydrolysis of 

polyvinyl acetate which is made by the polymerization of vinyl acetate 

monomer. It is a good protective colloid for aqueous emulsions and is 

employed for this purpose in a large variety of emulsion and suspension 

systems. It also finds use in wet strength adhesives. This water soluble 

polymer is widely used for textile warp sizing, adhesive, paper sizing agent, 

ceramic binder and also used in cosmetics, emulsion stabilizer, civil 

engtneering, construction, pharmacy and electronic industries. The details 

of physical properties of PVOH are explained in Appendix 5. 
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(b) Cetyl trimethylammonium bromide (CTAB): 

Cetyl trimethylammonium bromide or hexadecyltrimethylammoniumlt is a 

cationic surfactant. Its chemical formula is ((C16H33)N(CH3hBr). 

(HydrophobIc or 
LIpophIlic) 

!llill 
(HydrophilIc or 

Llpophoblc) 

Figure 3.2 : Head and tail in Cety l
trimethylammonium bromide (CTAB) 

Figure 3.3: Micelle fonnation 
in water caused by CT AB 

As CTAB is a surfactant, the two end of each CTAB molecule has two specific 

property one end is high positive polarity and so this end is hydrophilic 

(head) while the other end is hydrophobic (tail) . In water, Ion head 

(hydrophilic end) repel each other due to long range electrical force and tai l 

( hydrophobic end) chain attract each due to short range vander-wall force 

promoting micelle formation by the CTAB molecule. At 303K (30 0q it forms 

micelles with aggregation number 75-120 (number of molecules present in 

a micelle once the critical micelle concentration (cmc) has been reached) 

and degree of ionization a (fractional charge) 0.2 - 0.1 (from low to high 

concentration). Standard constant of Bf counterion binding to the micelle 

at 303 K (30 0q, calculated from B( and CTA+ ion selective electrode 

measurements and conductometry data by using literature data for micelle 

size (r = ~3000pm), extrapolated to the critical micelle concentration is KO ::: 

400 (it varies with total surfactant concentration so it is extrapolated t o the 

point at which the concentration of micelles is zero). The length of a CTAB 

molecule is 1800-2300 pm (1.6 to 2.3nm). Details of physical properties are 

presented in Appendix 5 
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3.2 Experimental details 

3.2.1 Polymer (PVOH) encapsulated nanostructures 

(a) Fabrication of ZnS nanoparticles in PVOH matrix 

[iJ Undoped ZnS nanostructures 

For preparation of lnS nanostructures in polyvinyl alcohol (PVOH), first the 

matrix was prepared by dissolving 5 %( w/v) PVOH in doubled distilled 

water. It IS done in a magnetic stirrer by stirring the solution (PVOH+D.D. 

---Cit, CH - Cit, CH - CH, CH - CH, CH ._-

I I I I 
OH OH OH OH 

I zn" ... Znd, 

--Cit, CH - CH, CH - CH, CH - Cit, CH ---

I I I I 
OH OH OH OH 

I S' H~a,S 
, 

--- Cit, CH - CH, CH - Cit, CH - CH, CH ---

I I I I 
OH OH OH OH 

zns zns zns zns 

1 Zn" ... Zno, 

1 S' ... Na,S 

Figure 3.4: Synthesis mechanism ofZnS nanostructures in PVOH matrix 

water) a stirring rate ~ 200 rpm at a constant temperature of 70DC until a 

transparent solution is found. This transparent solution is the PVOH matrix. 

Next, 0.15 M lnCI2 was added to the PVOH matrix under same stirring 

environment and stirred for another three hours. After that, temperature 

was reduced to 40°C and O.OlM Na2S was added drop wise to the solution. 

Then the solution was kept in cool and dark environment for 24 hours. This 

final solution obtained, was contained lnS nanoparticies in embedded in 

PVOH. It was casted over glass substrate and dried for subsequent 

characterization. 
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[iiJ Doped ZnS nanostructures 

The fabrication technique for doped (transition metal) lnS 

embedded in PVOH matrix is very much identical to the method for 

undoped lnS nanostructures discuss in 3.2.1 [a) (i). To introduce the doping 

in lnS nanostructure, we initially mix up the lnCI2 with the salt of a metal 

which we want to be doped. In our synthesis process, a metal 

chloride/oxide of the transition metal (TM) is used, like for Mn doping 

MnCI2.4H20, for Cr doping Cr203, for Co doping CoCI2 and for Cu doping 

CuCI2 were the used compound in the synthesis process. 

In the synthesis process of Mn doped lnS nanostructures (lnS:Mn), 

first lnCI2 was dissolved in water and then MnCI2.4H20 is added to the 

solution under a stirring environment at a temperature of 40°C . 

Accordingly, three solutions are prepared by adding three different quantity 

of MnC12.4H20 (1%, 2% and 3% with respect to Zn(l2). The solution was then 

added to the PVOH matrix solution and stirred for three hours at a 

temperature of 70° C for another three hours. Next, reducing the 

t~mperature to 40°C, slowly Na2S was added to the solution drop wise in 

the stirring environment and again it was stirred for 1 hour. The final The 

solution was then kept in cool and dark environment for one day, to get the 

lnS:Mn nanostructures. 

The amount details of the compound used in the synthesis process 

to develop three different samples with doping concentration 1%, 2% and 

3% are given in Appendix (6) clearly. 

To introduce other TM impurity to lnS nanostructures same 

synthesis process is applied as explained for Mn doped lnS nanostructures. 

For fabrication of Cr doped lnS nanostructures we first make the solution 

lnCI2 and Cr203 while for Co doped it was of CoCI2 and lnCl2. Similarly, for 

Cu doped lnS nanostructures a mixture of CuCh and lnCI2 was used as a 

starting material. 
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(b) Fabrication of ZnO nanoparticles in PVOH matrix 

The procedure for development of ZnO nanostructure in PVOH matrix, is 

similar to the procedure for ZnO as previously followed (3.2.1 [a]). We have 

produced transparent PVOH matrix dissolving 5 %( w/v) PVOH in doubled 

"'CH, CH - CH, CH - CH, CH - CH, CH • 

I I I I 
OH OH OH OH 

/'D'()O~ 
\ ,_'.... r-.. l ) 
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C 
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Figure 3.5 : Synthesis mechanism of ZnO nanostructures in PVOH matrix 

distilled water under high stirring and at a temperature of 70°e. Then, 

0.15M ZnCb was added to this PVOH matrix under same stirring 

environment. After stirring for 1 hour, NaOH was added and temperature 

was raised to BODe. Stirring was done at that temperature for 3-4 hours 

allowing evaporation of water solution. Finally, a highly viscous solution was 

found containing ZnO nanoparticles. It was casted over glass substrate and 

heated slowly for obtaining solid films. The samples were kept ready for 

subsequent characterization. 
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3.2.2 Surfactant (CTAB) based nanostructures 

(a) Fabrication of ZnS nanoparticles in CTAB 

In the fabrication process of lnS nanoparticles in CTAB we have used the 

mixture of linc acetate dihydrate (lAD) [In (CH3 COOh.2H20], Cetyl 

trimethyl ammonium Bromide (CTAB, a micellar cationic surfactant) [ C19 

H42 BrN ], and sodium hydroxide (mixed at a molar ratio 1 : 0.5: 3) as a 

starting material. This mixture was ground in a mortar gently for 2 hours. 

Next, the mixture was transferred to a culture-tube with distilled water and 

kept in an ultrasonic bath for one hour. At the time of sonication, aq. Na2S 

is added drop-wise to the sample. Then the mixture was washed with 

double distilled water several times through sonication. Finally, the product 

was dried and preserved for further experimentation and characterization. 

(b) Fabrication of ZnO nanoparticles in CTAB 

In the process, linc acetate dihydrate (lAD) [In (CH3 COOh.2H20], Cetyl 

trimethyl ammonium Bromide (CTAB, a micellar cationic surfactant ) 

[C19H42BrN], and sodium hydroxide flakes are mixed at a molar ratio ofl : 

0.5: 3. This mixture was ground in a mortar gently for 2 hours. After that, 

the mixture was transferred to a culture-tube by making a solution with 

distilled water and was kept in an ultrasonic bath for one hour. The 

sonicated mixture was then washed with double distilled water several 

times. To induce oxidation of unreacted species, the as prepared mixture 

was annealed at a temperature of 60-800 C for 5 hours. Finally, it was 

washed using water under sonication for several times. After washing the 

product was dried and preserved for further experimentation and 

cha racterizations. 

(c) Fabrication of ZnS nanorods in CTAB 

The fabrication process for lnS nanorods in CTAB comprise of the same 

materials as used for the case of lnO nanoparticles: zinc acetate dehydrate 

(lAD) [In (CH3 COOh 2H20], cetyl trimethyl ammonium bromide (CTAB, a 

micellar cationic surfactant) [ C19 H42 BrN ], and sodium hydroxide flakes. 
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This compound was mixed at molar ratio 1 : 0.4: 3 and ground in a mortar 

for 2 hours. Next, the mixture was transferred to a culture-tube with 

distilled water and kept in an ultrasonic bath for one hour. In that 

sonication environment, Na2S solution is drop-wise added. The sonicated 

mixture was then washed with double distilled water several times. Again 

the product is dispersed in water and sonicated. After drying we have found 

the final product as eTAB based ZnS nanorods. It was preserved for further 

experimentation and characterizations. 

(d) Fabrication of ZnO nanorods in CTAB 

(a) Undoped ZnO nanorods: In the process, zinc acetate dihydrate (ZAD) [Zn 

(CH3 COOh.2H20], cetyl trimethyl ammonium bromide (eTAB, a micellar 

cationic surfactant) [ C19 H42 BrN], and sodium hydroxide flakes are 

mixed at a molar ratio of 1 : 0.5: 3. This mixture was ground in a mortar 

gently for 2 hours. Transferring the mixture to a culture-tube with distilled 

water sonication was made for one hour. The sonicated mixture was then 

washed with double distilled water several times. To induce oxidation of 

unreacted species, the as prepared mixture was annealed at a temperature 

of 60-80° C for 5 hours. Further, washing and sonication was performed. The 

product was dried finally and preserved for further experimentation and 

characterization. 

(b) Tb doped ZnO nanorods: For preparing Tb doped ZnO nanorods, 

terbium oxide (Tb40 7, 99.9% pure, Otto) compound was used. In the 

experiment, first terbium oxide was converted to terbium acetate. In this 

conversion process 0.5 gm of terbium oxide was allowed to react with a 0.4 

ml of conc. nitric acid (maintaining pH ~7 by drop-wise addition of sodium 

hydroxide solution). After the reaction, a white precipitate was found and 

this precipitate was subjected to repeated washing with distilled water to 

remove the by products. Finally, the product was treated with 0.4 ml glacial 

acetic acid to give rise to terbium acetate (Tb(CH3COOh). The Tb doped ZnO 

nanorods were developed by adding as-received terbium acetate in the 
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reactant-mixture (weight ratio TbjZn = 0.02) followed by unidirectional 

grinding as done in the fabrication process of ZnO nanorods. 

The growth mechanism of the Surfactant based ZnS and ZnO 

nanostructures are quite similar. In all of the above synthesis process first 

Zinc acetate dihydrate (ZAD) [Zn (CH3 COOh.2H20) and Sodium 

hydroxide(NaOH) results Zn(OH)/- a negatively charged tetrahedral that 

were formed according to the reaction (a), given below. Again CTA+ was 

positively charged with a tetrahedral head and a hydrophobic tail. So, CTA+ 

-Zn(OH)/- pairs are formed initially by electrostatic interaction. The 

complementarity between CTA+ and Zn(OH)/- endows the surfactant with a 

capability to act as an ionic carrier. Meanwhile, because CTAB is a kind of 

strong-acid-weak base salt, it could accelerate the ionization of Zn(OH)/. 

Therefore, part of the CTA+-Zn(OH)/- ion pairs formed a combination of 

CTAB and Zn(OH)2 according to reaction (b) . The amount of heat produced 

in the grinding process facilitates the temperature required to complete the 

. reaction. Simultaneously, the other part ofthe CTA+ -Zn(OH)/- ion pairs still 

dissociate in the sample. 

Zn+2+40H- ~ Zn(OH)/

Zn(OH)/- ~ Zn(OHh 

(a) 

(b) 

In the synthesis process of ZnS nanoparticle and nanorods the Na2S react 

with the Zn(OHh and produced ZnS. In case of ZnO nanostructure synthesis 

upon heating at 120°C, Zn(OHh decomposes to ZnO. 

Zn(OHh~ ZnO +H20 (c) 

Zn(OHh + Na2S ~ ZnS +Na2S (d) 

The concentration of CTAB and the molar ratio of Zn2+ to OW play 

important role in the fabrication of structurally uniform and pure 

ZnO samples. 

In the development of surfactant based ZnS and ZnO 

nanostructures, just by varying the surfactant-to-Zinc concentration ratio, 

we have produced both nanoparticies and nanorods. At certain molar ratio, 

the slow diffusion of Zinc ion in CTAB helps to produce the nanorods. 
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3.3 Characterization: 

The synthesized products were then characterized and analyzed by X-ray diffraction 

(XRD), UV-Visible spectroscopy, Fourier Transform Infrared (FTIR) spectroscopy, 

Electron Microscopy. To study the crystal structure, we have used XRD pattern 

obtained on a Rikagu Miniflex X-ray diffractomenter with Cu Ka line of wavelength 

1.54 A. The excitonic absorption peak in the UV-Vis spectra obtained from Varian 

Carry Bio 100 has given us the idea of formation of nanostructures and its size. 

Finally, Transmission Electron Microscopy (Jeol JSM100CX) was used confirm the 

formation of nanoparticles and nanorods in different samples. 

3.3.1 ZnS nanostructures 

(a) X-ray diffraction: 

(i) ZnS nanoparticles : 

20 30 40 50 60 70 eo 
29 (degrees) 

Figure 3.6: XRD pattern of (a) PVOH encapsulated ZnS nanoparticles 

(b) CTAB based ZnS nanoparticles 

The x-ray diffraction pattern of PVOH encapsulated ZnS nanoparticles and 

CTAB based ZnS nanoparticles shown in Figure. 3.6, depicts cubic structure 

corresponding to three diffraction peaks (111), (220) and (311). Using the 

equation dhkl = nA/2sin8 the d-spacing has been calculated and the 

estimated values are in good agreement with JCPDS file No. 5-0566. For 

PVOH encapsulated ZnS the crystal lattice parameters estimated 
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as a = 5.265 A while for the CTAB based ZnS nanoparticles a = 5.295A. 

The broadening of the diffraction peak corresponds to the formation of 

nanostructures in the sample and it gives a rough estimation of average 

particle size through the Scherrer formula. Using Scherrer formula we 

estimated the average crystallite size of the PVOH encapsulated ZnS 

nanoparticles estimated - 6 nm, and for the CTAB bases ZnS nanoparticles it 

is obtained - lOnm. No characteristic peaks due to either impurities or 

unreacted species like Zn(OHh or Na2S are observed in the XRD spectra, 

which indicates the formation of pure and hydroxyl-free cubic ZnS 

nanostructures in PVOH and CTAB. 

(ii) ZnS nanorods: 

The XRD spectra of the CTAB based ZnS nanorods shown in the Figure 3.7. 

The diffraction peak positions are quite similar to those of ZnS nanoparticles 

(111) 

(220) 

20 30 40 50 60 70 80 
2e(degrees) 

Figure 3.7: XRD pattern ofZnS nanorods in eTAB 

as in Figure 3.6 and can also' be indexed as that of Cubic structure in 

agreement withe JCPDS Card 5-0566. The prominent peaks corresponding 

to (111), (220), (311) reflections to ZnS were observed and found shifted 

slightly compare to ZnO nanoparticles. The lattice parameter for the ZnO 

nanorods was found as a = 5.325A. However, the materials exhibited cubic 

structure with preferential orientation in the direction of (111), as 

reveled from the XRD pattern. 
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Chapter 3: Fabrication of II-VI semiconductor nanostructures 

(b) Optical absorption spectroscopy 

(i) ZnS nanoparticles 

The absorption spectrums of the polymer (PVOH) encapsulated ZnS 

nanoparticles and CTAB based ZnS nanoparticles are shown in Figure 3.8. In 

curve (a), the single excitonic peak was observable at ~276 nm owing to 15-

15 transition states of ZnS in PVOH. For the CTAB based ZnS nanoparticles, 

c: 
o 
~ ... 
o 
VI 
.0 « 

a 
b 

O+---------r--------,---------r--------~----

225 275 325 375 425 
Wavelength (nm) 

Figure 3.8: UV-Vis spectra ofZnS nanoparticles in (a) PVOH (b) eTAB 

this excitonic peak was found at ~270 nm (Fig. 3.8b). The narrow tailing in 

the OAS of ZnS in CTAB than in PVOH ensures lower degree of 

inhomogeneity in (b) than in (a). For CTAB based ZnS, the excitonic peak is 

sharper which indicates better development of uniform sized nanoparticles 

compared to PVOH encapsulated ZnS nanoparticles. Both spectra signify the 

formation of nanostructures as they were found shifted compare to its bulk 

absorption peak of ZnS (~340nm). 

(ii) ZnS nanorods 

The UV-Vis absorption spectra of CTAB based ZnS nanorods is shown in 

Figure 3.9. The spectrum is characterized by an excitonic absorption peak at 

~330 nm. However, the long-tailing suggests incomplete growth of nanorod, 

or/and presence of substantial inhomogeneity in the sample. 
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Figure 3.9: UV-Vis spectra ofCTAB based ZnS nanorods 

(c) Fourier Transform Infrared Spectroscopy (FTIR) 

650 

The existence of polymer and its influence on ZnS nanoparticle system are 

studied using fourier transform infrared spectroscopy (FTIR). Figure 3.10 

shows, the FTIR spectra of PVOH (curve a) and PVOH encapsulated ZnS 

nanoparticles. Here, in the curve fa' the absoption peak of -DH group of 

PVOH located at 3319 cm-l while in cruve fb' this peak is shifted to 3309 cm-

1 due to interaction hetween the -OH group and ZnS nanoparticles. Again, 

the metal sulfide vibrations ~ 500 cm- l is another indication of present of 

ZnS in the PVOH matrix. 

4000 3500 3000 2500 2000 1500 1000 500 

Wavenumber In em ·1 

Figure 3.10: FTIR spectra (a) PVOH (b) ZnS in PVOH 
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Chapter 3 Fabrication of II-VI semiconductor nanostructures 

(d) Electron Microscopy study 

(i) ZnS nanoparticles 

The TEM micrograph of the PVOH encapsulated and CTAB based ZnS 

nanopartlcles, gives the visual eVidence on the formatIon of nanopartlcles 

It revals the exact particle size as well as nanopartlcle distribution In the 

samples The ZnS nanopartlcles In PVOH were found In the form of several 

clusters with average size ~10 nm while for CTAB based ZnS nanopartlcies, 

the average size was ~15nm The particles are of uniform size and 

distributed In Isolation for each other 

20nm 

Figure 3.11: TEM Images of ZnS nanostructures In PYOH at 
(a) lower magnification (b) higher magnification 

Figure 3.12: TEM Images ofZnS nanostructures In eTAB at 
(a) lower magnrficatlon (b) higher magnification 
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Chapter 3: Fabrication of II-VI semiconductor nanostructures 

(ii) ZnS nanorods 

The TEM images confirm the formation of ZnS nanorods in CTAB of 

diameter around 20 nm and of length 60-100 nm (Fig. 3.13). The ZnS 

nanorods are having uniform diameter of varied length. 

50nm 

~~~ ~ ~ ~~; 
_ _, __ • 'k':::'L_l 

Figure 3.13: TEM image ofZnS nanorods in CTAB 

3.3.2 ZnO nanostructures 

(a) X-ray diffraction study 

(i) ZnO nanoparticles 

~~------~--------~--------~--------~---
c 

~ 

25 35 45 
2C:)(degrees) 

55 65 

Figure 3.14: XRD pattern ofZnO nanoparticles (a) PYOH ,and (b)CTAB 
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The phase and purity of the prepared ZnO nanoparticles were determined 

by X-ray powder diffraction (XRD) patterns which are presented in Figure 

3.14. Both ZnO in PVOH and CTAB show prominent diffraction peaks and 

can be perfectly indexed to the ZnO hexagonal wurzite structure. The ZnO 

lattice constants obtained by refinement of the XRD data, which are 

consistent with these of bulk ZnO (JCPDS card No.36-14S). The average 

particle sizes are calculated from Debye-Scherrer formula: for the ZnO 

nanoparticles in PVOH it is ~3S nm where as for CTAB based nanoparticles, 

the average particle size it as ~1S nm. Again, the lattice parameter for ZnO 

nanoparticles in PVOH was a = 3.221A, c = S.197A while in CTAB, a = 3.182A, 

c = s.o8sA. 

(ii) ZnO nanorods 

The XRD pattern of ZnO nanorods in CTAB is similar to that of ZnO 

nanoparticles and suggesting the formation of hexagonal wurtzite structure 

in agreement with JCPDS card No.36-14S. 
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Figure 3.15: XRD pattern ofZnO nanorods 
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(b) Optical absorption spectroscopy study 

(i) ZnO nanoparticles 
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Figure 3.16: UV-Vis Spectra ofZnO nanoparticles in (a) PVOH, and (b)CTAB 

The absorption spectrums of the polymer (PVOH) encapsulated ZnO 

nanoparticles and CTAB based ZnO nanoparticles are shown in Figure 3.16. 

In curve a, the single excitonic absorption peak was ~320 nm owing to ls-ls 

transition states in the ZnO in PVOH. Again, for the CTAB based ZnS 

nanoparticles this excitonic peak was found at 310 nm. The narrow tailing in 

the OAS of ZnS in PVOH ensures lower degree of inhomogeneity. But for 

CTAB based ZnO, the excitonic peak is sharper which indicates the 

development of uniform size distribution of nanoparticles compare to PVOH 

encapsulated ZnO nanoparticles 

(ii) ZnO nanorods 

The OAS of ZnO nanorod is shown in the Figure 3.17. The excitonic peak in 

the spectrum is at ~ 350nm due to HOMO to LUMO transition (ls to ls 

transition). The prominent and sharp absorption peak found shifted 

compare to bulk ZnO which is a significance of formation of some low 

dimensional structures. The low bordering of the absorption peak suggest a 

kind of uniformity in the nanorods. 
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Figure 3.17: UV-Vis spectra of ZnO nanorods 

600 

(c) Fourier Transform Infrared spectroscopy study 

In the FTIR spectrum (Figure 3.18) of PVOH (curve a) and ZnO 

embedded PVOH (curve b), shifting absorption peak due to -OH was 

observed in the ZnO is embedded in the PVOH matrix compare to the other. 

This is due to the interaction between -oH group and ZnO nanoparticles. 

Again, absorption peaks around ~ SOOcm-1 is due to metal oxide vibrations is 

indicating the present of ZnO in the PVOH matrix. 
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Figure 3.18: FTIR spectra of (a) PVOH (b) ZnO nanoparticles in PVOH 
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Chapter 3 Fabrication of II-VI semiconductor nanostructures 

(d) Electron Microscopy study 

(i) ZnO nanoparticles : 

The ZnO nanopartlcles In PVOH and CTAB are confirmed from the TEM 

micrograph of the samples The PVOH encapsulated ZnO nanopartlcles are 

found to be Irregular shaped and not well separated (Figure 3 19) The average 

size of the nanopartlcles, In this case, vanes from 10 nm to 30 nm However, 

CTAB based ZnO nanopartlcles are found to be spherical and well separated 

(Figure 3 20) An Isolated spherical ZnO nanopartlcles IS shown In the Figure 

3 20 B, where a thin CTAB coating around the nanopartlcle IS witnessed 

Figure 3.19: TEM Image ofZnO nanopartlcles In PYOH matrix 

FIgure 3.20: TEM Image ofZnO nanopartlcles In eTA8 

(A) dIstributed system, and (8) Isolated system 
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Chapter 3' Fabrication of II-VI semiconductor nanostructures 

(ii) ZnO nanorods 

A clear evidence on the formation of elongated ZnO nanostructures IS being 

depicted in Figure 3.21. The nanorods have typical average length 70-120 nm 

and dia 20-30 nm. Interestingly, we notice that the nanorod have deviated from 

the ideal solid cylindrical shape. In other words, two extreme ends, resembles 

commercial ball-pen like structures. Since the hydroxides are decomposed by a 

strong heat of reaction to produce oxides In the reaction process, organization 

and assimilation of particles would be slow dUring initiation and termination 

Figure 3.21 : TEM image ofZnO nanorod (A) distributed system, 

and (8) isolated system 

while forming ZnO nanorods. In reference to the mechanism of growth process 

first Zn(OHh was developed due to compositional mixing facilitated by solid 

state reaction and finally, ZnO is produced due to gradual decomposition owing 

to strong heat reaction. A highly magnified image of single nanorod with 

diameter 20 nm and length 120 nm IS shown in figure 3.21(b). The CTAB coating 

layer of around 2 nm IS clearly observed around nanorods which help In 

protecting nanorods from agglomeration. 
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Chapter 4 

Organization and modification of II-VI semiconductor 

nanostructures 

We have elaborated the development of lnO and lnS nanostructures in 

chapter 3. It is very much necessary to consider the modification in the structural and 

optoelectronic properties of nanostructures. This can be achieved by selective 

organization and modification with regard to structural aspects. In this chapter, we 

stress upon the conditions required for transforming spherical to elongated 

nanostructures in lnS and ZnO systems. The spherically symmetric nanopartic/es can 

be changed transformed to asymmetric elongated nanorods by modifying the 

synthesis process or/and parameters. Also we have employed ion irradiation and 

photon illumination for such purpose. 

4.1 Organization and modification through chemical route 

One way of developing elongated nanostructures is the growth mechanism of 

itself. This has become possible by controlling different macroscopic parameters and 

concentration of the reactants used in the synthesis process. As a result, materials can 

be grown along definite direction forming elongated nanostructures. We have already 

discussed the development of sphericaJly symmetric lnO nanoparticles of -20nm and 

elongated ZnO nanorods having dia -20 nm and length ~100nm obtained through the 

physico- chemical synthesis process discussed in the Chapter 3 (section 3.2.2). Using 

the same phYSico-chemical (solid state reaction) technique, we can produce nanorods 

of different lengths by varying the molar ratio of the reactants viz. cetyl-trimethyl 

ammonium bromide (CTAB) [C19 H42 BrN], zinc acetate dihydrate (lAD) [ln (CH3 

COOh·2H20J, and sodium hydrOXide flakes. For this purpose, we have considered 

four different molar ratios - 1:0.6:3, 1:0.5: 2.6, 1:0.4:2.2 and 1:0.3:1.8 for preparing 

four different kinds of samples lO, Zl, 22 and 23 respectively. Each of the mixture was 

ground independently in a mortar for 1-2 hours. It was expected that the orientational 
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Figure 4.) : XRD patterns of ZnO nanoparticles (ZO) and nanorods (Z I, Z2, Z3) 

grinding would result in the spontaneous decomposition of lAD to In(OHh and finally 

to lnO [details reaction mechanism is explained in section 3.2.2d). Next, the mixture 

was transferred to a culture-tube containing double distilled water followed by 

ultrasonication for 1 h. The sonicated precursor was then subjected to repeated 

washing. In order to induce effective oxidation of the unreacted species, the mixture 
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was annealed at a temperature of 60-80DC for 2 h. The annealing process would 

remove the unwanted carbon products facilitating complete oxidation. The final 

products were preserved for subsequent experimentation and characterization. The 

structural phase and crystallographic orientation of the as-grown ZnO samples (ZO, Zl, 

Z2 and Z3) were identified by XRD measurements recorded by a Rigaku Miniflex 

diffractometer employing Cu-Ka radiation (1.54 A) with a scanning rate of 0.02 deg/s. 

The diffraction patterns of sample ZO, Zl, Z2 and Z3 as shown in figure 4.1, suggest 

that the as-grown ZnO specimens are polycrystalline in nature with wurtzite phase. 

The strongest diffraction peak at -35.5° implied that the nanostructures were grown 

with a preferred orientation along (101) plane. Note that, the diffractograms are 

characterized by two important features as one makes a transition from ZO to Z3. 

Firstly, there is an increase in intensity of (101) peak relative to other peaks. In 

addition, the gradual suppression of the line broadening (full width at half maxima 

(FWHM)) of (101) and (002) peaks are noticed as one moves from ZO to Z3. 

Consequently, FWHM of (002) and (101) planes become narrower and sharper for Zl, 

Z2 and Z3 compared to ZOo The intensity ratio between (101) and (002) peaks for ZO, 

Zl, Z2 and Z3 samples are found to be 1.42, 1.91,2.34 and 2.86 respectively. The clear 

splitting of these peaks (Zl - Z3) from an overlapped one (ZO) indicates the formation 

of the elongated nanostructures which is consistent to other reports. Again, no 

characteristic peak(s) due either to impurities or unreacted species like Zn, CTAB or 

Zn(OHh were observed. The results actually indicate the formation of hydroxyl free, 

wurtzite ZnO phase. Moreover, the superimposed peaks at -67 0 can be extracted back 

in case of elongated ZnO systems (Figure 4.1). Note that the broadened peak at 28 

_670 of ZO specimen splits into three independent peaks namely, (200), (112) and 

(201) at respective Bragg (28 angles of 65.8°,67.2° and 69.10 for Zl, Z2 and Z3. Using 

Scherrer's formula (d=O.9J../6Cos(), where d is the average crystallite size, 2() is the 

diffraction angle, and 6 is the FWHM), the average crystallite size of ZnO system (ZO) 

was estimated to be -12 nm. The crystal lattice parameters for the wurtzite ZnO are 

a=3.182 A and c=5.085 A. For elongated nanostructures (Zl-Z3), the respective 

parameters are very close having average values a=3.235A and c=5.189A. Note that 
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for bulk ZnO system, a=3.253 'A and c=5.209 'A [330]. Since the cia ratio (= 1.6 ) is 

nearly same, the crystal unit cell is expected to be regular hexagon in all of the above 

Figure 4.2: TEM micrographs of the sample (A) ZO (1:0.6:3) (B)ZI (1:0.5: 2.6) (C)Z2 

(1:0.4:2.2) (D)23 (1:0.3:1.8) (E) isolated nanoparticle from sample ZO, and (F) isolated 

nanorod from sample Z3 

mentioned cases. The visible evidence of the formation of spherically symmetric and 

elongated ZnO nanostructures (nanoparticles and nanorods) with different aspect 

ratios are being depicted in figure 4.2. The images are obtained by employing a JEOL 

JSM-lOO ex Microscope working at a beam accelerating voltage of 80 KV. The 

micrographs reveal homogeneous distribution of the nanostructures. As shown in 
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Figure 4.3: UV-Vis absorption spectra 'ofZnO nanoparticles and nanorods 

It is worth mentioning here that the elongated structures resemble ball point pen like 

structure instead of regular solid cylinders. As the hydroxides are decomposed by a 

strong heat of reaction to produce oxides in the reaction process, organization and 

assimilation of particles would be slow during initiation and termination. As a result, 

the diameter of the two extreme ends will be relatively smaller as compared to the 

middle part of the nanorods. The aspect ratio (Iength-to-dia dimension) is found to be 

improved as one goes from ZO system to Z3 one with a maximum value of -5 for the 

later case. The typical length and dia of the nanorods for Z3 specimen are "'100 nm 

and 20 nm; respectively. A close look on the independent nanostructures has revealed 

that each of the particle or rod is coated with a thin layer of surfactant. Most likely, 

the agglomeration is prevented by the surfactant capping. A spherically symmetric 

particle (from sample ZO) and an isolated nanorod (from sample Z3) are shown in 

figure 4.2(E) and 4.2(F). The approximate thickness of the surfactant layer is about 

2nm. We have also realized that larger surfactant-to-ZAD concentration ratio leads to 

longer nanorods with higher aspect ratio. Nevertheless, one cannot go on increasing 

indefinitely the stochiometric proportion of the surfactant which could hinder proper 

solid state mixing. In addition, removable of untreated surfactant becomes a problem 

even after repeated washing. Therefore, one need to look for a good recipe in order to 
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thickness of the surfactant layer is about 2nm. We have also realized that larger 

surfactant-to-lAD concentration ratio leads to longer nanorods with higher aspect 

ratio. Nevertheless, one cannot go on increasing indefinitely the stochiometric 

proportion of the surfactant which could hinder proper solid state mixing. In addition, 

removable of untreated surfactant becomes a problem even after repeated washing. 

Therefore, one need to look for a good recipe in order to obtain good quality 

nanorods. Figure 4.3 represents optical absorption spectra (OAS) of nanoparticle and 

nanorod samples. The optical absorption spectra (OAS) of the samples show a single 

sharp excitonic absorption peak owing to ls-ls transition states, which was 

observable at ~325nm for ZO and at ~350 nm for Zl, l2 and Z3. The shifting of exciton 

absorption peak towards red indicates that the particles have actually grown into 

bigger Size (in our case, growth is unidirectional). We also notice that the absorption 

spectrum has a relatively long tailing in case of nanoparticles (lO). However, the 

elongated system have relatively better onset of absorption with narrow tailing 

ensuring better homogeneity and uniform size distribution compared to spherical 

nanoparticles. 

4.2 Organization and modification through ion irradiation 

Irradiation experiments were initially intended for studying origin and 

dynamics of the charged particles/ions. etc. Now-a-days, experiments are mainly 

performed for material modification and the systems include semiconductors 

insulators, superconductors etc. Ion irradiation is attractive for modification of 

structural as well as optical properties of the nanostructures. We have used energetic 

ion irra~iation aspects as an alternative approach for nanostructure modification and 

elongated nanostructure evolution. The energetic ion irradiation results in the growth 

of the nanoparticles along the ion path and develops elongated nanostructures such 

as nanorods [331]. The structural phase transformation along the path ( known as 

latent track) is dependent on the nature of the ion species, its energy as well as other 

physical properties of the target material [332]. The tunablity of electrical, optical and 

magnetic properties can be achieved with the help of varying ion fluence and energy 
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projectile range of the ion (calculated from SRIM ) exceeds thickness of the sample 

films. The samples were mounted on a vacuum shielded vertical sliding ladder having 

four rectangular faces under ultra high vacuum (_ 10,6 torr) in the Materials Science 

irradiation chamber available at IUAC, New Delhi, India. Different ion beams (si lver, 

t itanium and nitrogen) were used at a constant beam current ("'l-SpnA) which were 

made available from lSUD tandem pelletron. In order to expose the whole specimen 

target area, the beam was scanned vertically over the sample plane. 

In the ion irradiation process, the electronic energy loss due to interaction of 

the projectile ions with the surrounding electronic clouds is responsible for relevant 

modification of nanostructure. The electronic energy loss and energy deposition to 

the material at a particular energy depends on the nature of ion used. So, we must 

choose the ions in such a way that each kind of ion deposit different amounts of 

energy resulting in a definite modification. We have used Titanium (Ti+ll), Silver 

(Ag+6
) and Nitrogen (N+4

) ions. All these species have drastically different energy loss 

profile shown in the in the Figure 4.4. Among them, silver has highest electron ic 

stopping energy (780.1 eV/A) compared to other two species, Alternatively, nitrogen 
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Figure 4.4: Electronic energy loss vs. energy for Titani um, Si lver, and Nitrogen ion 
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(N) is a light ion, when it passes through the matter, the electronic interaction will 

be less and the stopping energy is ~35.24 eV/A. However, titanium (Ti) can deliver 

moderate amount of energy to the nanostructure materials compare to other two. 

Expecting elongated nanostructure development, we have irradiated the sample with 

fluences 1.25 x 10lD ions/cm2
, 5.00 x 10lD ions/cm2

, 2.0 x lOll ions/cm2 and 8.0 x 1011 

ions/cm2
. The fluence (cp) of irradiation process is maintained through duration of 

irradiation (t) using the equation -

Fl (
d.) Time (t) x Beam Current x pnA 

uerwe 'f' = ---'-'---------'--
. " Charge State 

Where, 

I pnA (particle nana ampere) 

IO-9 Caullsec 
= 

1.6xl 0-19 Caul 

= 6.25xl 09 particles / sec 

(3.1) 

During irradiation, in order to get uniform modification throughout the film the ion 

beam should not diverge significantly. Therefore, it is necessary that the projectile 

range of the ion beam must be very high and the electronic energy loss of the ion 

should be nearly equal along the path of the ion (ion track). We choose the energy of 

the ion beams at a point where the electronic energy loss curve is flat and the 

projectile range is high (Figure 4.4). The selected ion energy, energy losses, projectile 

ranges etc corresponding to each ion are listed in table 4.1. Calculated from the SRIM -

Table 4.1 : Ions used for irradiation experiment and their parameter in material 

Electronic 
Nuclear Projectile longitudinal Lateral 

Energy and ion Energy 
Energy loss Range Straggling Straggling 

loss 
eV/ A (Sn) (/lm) (/lm) (/lm) 

eV/ A (Sn) 

l50-MeV Ti +11 314.7 0.2932 46.70 1.33 0.5963 

lOO-MeV Ag +6 7S0.1 3.294 23.06 0.6934 0.7111 

SO-MeV N+4 35.24 0.01965 144.96 5.67 1.19 
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4.2.1 Titanium (lS0-MeV) ion irradiation: 

We have taken ZnS, ZnS:Cr nanostructures embedded in PVOH matrix which were 

developed using the synthesis process already discussed in chapter 3. The sample 

meant for irradiation experiment was in the form of solid films (lcmx1cm). One 

sample was reserved as virgin to compare with those of irradiated samples. They were 

irradiated in a high vacuum (1.6xlOo6 Torr) chamber by lSD-MeV T;+l1 beams with 

approximate beam current 1.0 pnA. The beam was scanned vertically over the sample 

plane and the fluence was varied in the range 1010 -1012 ions/cm2 by varying the time 

of exposure (Table 4.2) . 

Table 4.2 : Fluences and corresponding irradiation time of Ti+ 11 ion 

Sample Fluence 
Beam 

Charge Time of irradiation 
code (ion/cm2) 

current 
(pnA) 

state 

F1 1.25 x 1010 22 sec 

F2 5.00 x 1010 88 sec 
1.0 +11 

F3 2.0 x lOll 352 sec= 5 m 52 sec 

F4 8.0 x 1011 1408 sec=23 m 28 sec 

The ion beam induced effects were analyzed with the help of X-ray diffraction 

patterns, electron micrographs and optical absorption spectra. The, structural 

morphological and optical features are discussed. 

Optical absorption spectra (OAS) of unirradiated (virgin) and irradiated ZnS 

nanostructures are shown in Figure 4.5. For the unirradiated sample, free exciton 

absorption around ~275 nm was noticed which has blue-shifted from the 

corresponding bulk value (~340 nm). Further, it was found that the absorption peak 
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Figure 4.5 : UV -Vis OAS of unirradiated (FO) and irradiated (F I-F4) ZnS nanostructures 

has gradually shifted for samples irradiated with higher fluences illustrating the 

fact that the ion bombardment has lead to substantial nanostructure modification. 

The excitonic peak becomes broad at the higher fluences. Also, long tailing was 

observed in case of irradiation with higher fluences. The nanostructures might have 

grown unevenly at higher fluences. The excessive heat deposition would lead to 

particle-particle coalesce after destroying the matrix. The rapid solidification of them 

results in the particle growth. The XRD pattern (Figure 4.6), however, confirms that 

nanostructures still preserve the crystallinity but they were modified in dimension 

under irradiation: as line-widths have been varied. But, the cubic structure was 

preserved after irradiation, for all the cases. In the XRD spectra we note that the 

FWHM of the peaks increase with the increasing fluences, showing growth of the 

nanostructures. The transmission electron microscopy (TEM) images provide the best 

information with regard to visual evidence of the nanostructures and are shown in 

Figure 4.7. Effectively TEM study suggests the growth of nanoparticles with increasing 

fluences. 
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Figure 4.7 : TEM micrographs of (a) unirradiated , and ISO-MeV Titantium (Tt") ion 

irradiated ZnS nanostructures at different fluences (b) F I, (c), F2 , (d)F3 and (e) F4 

97 



Chapter 4: Organization and modificat ion of binary semiconductor nanostructures 

500 om Soonm 

~ 

20nm 2' 

150 250 

10nm l ' 

0' 

'~n 25e .. !lQonm 

500 nm 
B 

20 nm 
2' 

250 150 

10nm l' 

i~ - .. . .. 
~~ . -". • • it .. ' . 0 ' 

250 250 ~oonm 

~OO nm soonm 

~I 

20"m 2' 

250 250 

10nm 

soonm 

500"'" 

250 

2' 

250 

l ' 

0' 
~oo In 

10lVl1 

, " 

~ . 
- ". \ ~ 
~ . 
~ , \ 

20 nm 

, 
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As the Cr doped lnS has the ability to show magnetic behavior we perform 

AFM/MFM along with the XRD, OAS and TEM study. The XRD spectra of 

irradiated and unirradiated lnS:Cr (picture not included) show the identical 

behavior to the undoped ZnS nanostructures. It means, the irradiated Cr doped 

lnS nanostructure show the same cubic crystal structure as of undoped lnS 

nanostructures and retained its structure upon lSD-MeV Ti+ll ion irradiations. 

Under this ion irradiation, the magnetic properties of lnS:Cr were however, 

modified as exploited by MFM study, shown in Figure 4.8. The figures are 

basically phase images of the magnetic impurity (Cr) doped lnS 

nanostructures. Figure 4.8 (a) is the phase image of the pristine lnS:Cr, which 

does not show appreciable features with regard to magnetic domains owing to 

matrix encapsulation. The host matrix prevents from detecting magnetic 

domains by the tip of the MFM. Figure 4.8(b) is the sample irradiated at F2 

(SxlOll ions/cm2
) where spherical single domains (~30 nm) are visible which 

correspond to the lnS:Cr nanoparticles distributed uniformly in the matrix. 

Irradiation with F3 (8xlO11 ions/cm2
) leads to distorted domains, as shown in 

Figure 4.8(c). Surprisingly, sample exposed at F4 (3.2x1012 ions/cm2
) results in 

the aligned magnetic domains normal to ion trajectories. These aligned 

domains in which elongation upto ~200-250 nm has been observed would find 

application in magnetic tapes, magnetic recording devices and other spin

based devices. 

4.2.2 Silver (lOO-MeV) ion irradiation 

We have also used silver ions to modify the lnS nanostructures embedded in 

the matrix. As 100-MeV silver ions have higher value of electronic energy loss 

(780.1 keV/A ) and they are capable of depositing very high amount of energy 

into the target materials. Although, Silver is very heavy ion and projectile range 

is not so large (23.06 \,1m), it is capable of passing through the films of thickness 

<l\,1m in a straight path. For the irradiation experiment, we have used fluences 

as listed in the table 4.3. 
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Table 4.3 : Fluences and corresponding irradiation time of Ag+6 ion 

Sample Fluence 
Beam 

Charge Time of irradiation 
code (ions/cm2

) 
current 
(pnA) 

state 

F1 1.25 x 1010 12 sec 

F2 5.00 x 1010 48 sec 
1.0 +6 

F3 2.0 x 1011 192 sec= 3 m 12 sec 

F4 8.0 x 1011 768 sec =12 m 48 sec 

Significant red shift of the onset of absorption for ion irradiated lnS samples 

was observed in the UV-Vis OAS (Figure 4.9). These results indicated increase 

of particle size due to nanoparticle growth. Both XRD and TEM also support the 

growth of the nanoparticles under ion irradiation. The XRD patterns of the 

unirradiated (pristine) and irradiated lnS nanostructures embedded in 

polymer is shown in the Figure 4.10. The diffraction peaks are recorded at 28 = 

28.98°,48.18° and 56.68° which were corresponding to (111), (2 2 0) and (3 1 

1) crystal planes of lnS highlighting typical zinc-blend structure. It was 

-::s .e. 

250 300 350 

a- unirradiated (FO) 
b - 5.0 X 1010 ion/cm 2 (F2) 
c. 2.0 X 10.1 i0l1/cm 2 (F3) 
d· 8.0 X 10.1 ion/cm 2 (F4) 

400 450 

Wavelength (nm) 

500 

Figure 4.9: UV-Vis spectra of unirradiated and irradiated lnS nanostructures 
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confirmed that crystal structure of the samples remains same irrespective of 

fluence variation. The peak around 26.4° corresponds to the PVOH crystalline 

phase. With increasing fluence, we have not observed any structural 

modification except the decrease of the FWHM of the diffraction peaks with 

increasing fluence. This reduction of FWHM may be attributed to the 

agglomeration of the nanostructures under ion irradiation. We also observed 

the sharpness reduction of the XRD peak corresponds to PVOH at 26.4° with 

increasing fluence due to amorphization of the polymer (PVOH). TEM 

micrograph confirms the growth of nanoparticles with increasing fluence 

(Figure 4.11). 

F4 
311 8 x 10 llion/cm2 

F3 
2 x lOll ionicm2 -" :::J F2 

~ - 5 x 101Oionf cm2 

~ 
"iii 
c F1 cv 

(220) - (311) C I25 x 10lOion/cm2 -

FO 
lllurra (liate d 

20 30 40 50 60 70 80 
26 (degrees) 

Figure 4.10 : XRD pattern of irradiated and unirradiated ZnS nanoparticles 
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Figure 4. 11 : TEM micrograph of the (A) unJrradlated and Ion-Irradiated ZnS nanopartlcle 

at fluences (8)FI (C)F2 (D)F3 (E)F4 
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4.4.3 Nitrogen (80 MeV) ion irradiation 

Finally, we considered 80MeV Nitrogen ion irradiation of PVOH embedded ZnS 

and CTAB capped ZnO nanostructures. Again, we have also perform irradiation 

experiment on the Tb doped lnO nanorod sample. The 1 cm2 x 1cm2 films 

were irradiated with the fluences viz 1.25 x 1010 ion/cm2
, 5 x 1010 ion/cm2

, 2 x 

1011 ion/cm2
, 8.0 x lOll ion/cm2 and 3.2 x 1012 ion/cm2 under ultra high 

vacuum (~1.6x10-6 torr). During the experiment, the fluences are maintained in 

the experiment by varying the time of irradiation as derived (Table 4.3). The 

irradiated lnS and lnO samples analyzed separately by UV-Vis OAS, XRD, TEM 

and atomic force microscope (AFM) 

Table 4.3 : Fluences and corresponding irradiation time ofN+4 ion 

Sample Fluence 
Beam 

Charge Time of irradiation 
code (ion/cm2

) 
current 
(pnA) 

state 

F1 1.25 x 1010 8 sec 

F2 5.00 x 10lU 32 sec 
1.0 +4 

F3 2.0 x 1011 128 sec= 2 m 8 sec 

F4 8.0 x 1011 1408= 8 m 32 sec 

Zinc Sulfide (ZnS) nanostructures: 

In the UV-Vis absorption spectra {Figure 4.12 of unirradiated and ion irradiated 

lnS nanostructure, we have observed appreciable red-shift in absorption 

edges as one moves from lower to higher values. It suggests therefore, that 

increase of particle size occurred due to swift ion irradiation. The Is-Is 

excitonic peaks for the un irradiated ZnS sample was observed at 278nm 

gradually shifted to 290 nm for highest fluence (F4). 
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Figure 4.]2: UV-Vis OAS spectra of irradiated and unirradiated ZnS nanoparticles 

The XRD patterns (Figure 4.13) depict cubic crystal structure of ZnS systems. 

The diffraction peaks corresponded to 28 = 28.980
, 48.180 and 56.680

. The 

peaks are assigned to (111), (22 0) and (3 11) planes of ZnS system and thus 

exhibiting typical zinc blende structure. The peak around 20.8 corresponds to 

PVOH crystalline phase [334]. Under irradiation there is no signature of phase 

transformation of the crystal structure even at the highest fluence. Though the 

crystal structure remains same, the FWHM of the XRD peaks (upon irradiation) 

has been gradually reduced with increasing fluence variation. This reduction of 

FWHM may be attributed to the agglomeration of the nanostructures under 

ion irradiation. If we compare this agglomeration aspect due to 80-MeV N+4 

ions with the XRD results (Figure 4.6, Figure 4.10) due to previous two ions (Ag 

and Ti), it can be suggested that the nature of growth of nanoparticles is 

substantially low in case of use of N ions. It is due to the low energy deposition 

to the nanoparticle system. The reduction of sharpness of the XRD peak 

corresponding PVOH at -20.80 with increase in ion fluence, also supports 

amorphization of PVOH and recovery of nanostructures from the matrix 

enca psu lation. 
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The visible evidence that supports ZnS nanostructure modification is shown in 

a series of TEM micrographs (Figure 4.14). With the increase in fluence (Fl-F4), 

the growth of nanoparticles is observed, like Ti and Ag ion irradiation cases. 

Qualitatively, for lower electronic energy loss, modification is not significant as 

compared to that of Ti or Ag ion irradiation. In the previous cases, at highest 

fluence (F4=8x1011 ions/cm2
) the existence of single nanoparticles are rarely 

found and size has crossed 100 nm, but here, isolated nanoparticles have size 

less than 100nm. This is due to low energy deposition to the system in the 

Nitrogen ion irradiation compare to Titanium and silver. 

1:5 2S 3S 45 155 615 715 as 

20 In degrees 

Figure 4.13: XRD pattern of80 MeV ~4 ion irradiated at fluences (FO-F4) and 

unirradiated ZnS nanoparticles 
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FIgure 4.14 TEM mIcrograph af80-MeV N+4 Ion IrradIated ZnS nanapartlcles at fluences 

(A)FO (B)FI (C)F2 (D)F3 (E)F4 
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Zinc Oxide (ZnO) nanostructures: 

In the UV-Vis OAS spectra (Figure 4.15) of the zinc oxide (ZnO) nanoparticles 

we have observed the excitonic absorption peak at -320nm and it is found to 

be shifted with increasing fluence. The red shift of this absorption peak was 

observed as in the previous cases and suggests the fluence dependent particle 

size enhancement. However, the excitonic peak was also found to get 

broadened as we increase the ion fluence which is the signature of increased 

inhomogeneity with ion fluence variation. 

-::J 
~ - FO - F1 c 
0 F2 
.: F3 .Q ... - F4 
0 
In 
.Q 
~ 

300 400 500 600 

Wavelength (nm) 

Figure 4.15: UV-Vis spectra of un irradiated (FO) and 80 MeV ~ ion irradiated 

(Fl-F4) ZnO nanoparticles 

The structural phase and crystallographic orientation of the unirradiated and 

irradiated samples were identified in the XRD pattern shown in the figure 4.16. 

The XRD pattern clearly represents the polycrystalline nature and wurtzite 

phase of the samples. No transformation of this wurtzite phase was observed 

under 80 MeV Nitrogen ion irradiation. The strongest diffraction peak at -35 

implied that the nanostructures were grown with a preferred orientation along 

(101) plane. In the irradiated lnO samples when we moved upto higher 

fluence, we found adequate improvement in the intensity of the (101) peak 
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relative to other peaks. To be more specific, one clear observation was the 

FWHM of (002) and (101) planes, which become smaller as move from F1 to F4 

and finally, splitting of these peaks was observed. The splitting aspect is one 

indication of the formation of elongated nanostructures. No characteristic 

peak(s) due either to impurities or unreacted species like Zn, CTAB or Zn(OHh 

were observed. 

"'-_-___ F_"1 

FO 

25 35 45 55 65 75 as 
20 In degrees 

Figure 4.16 : XRD pattern of unirradiated (FO) and irradiated (F I,F2,F3,F4) 

ZnO nanopartic\es at different fluences 
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Figure 4.17: TEM mICrograph of80 MeV N+4 Ion Irradiated ZnO nanopartlcies at fluences 

(A)FO (B)F) (C)F2 (D)F3 (E)F4 
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Figure 4.18: AFM images of 80 MeV N+4 ion irradiated ZnO nanoparticle films at fluences (B)F1 
(C) F2 (0) F3 (E) F4 
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Figure 4.19: Schematic ofZnO nanostructures modification under 80 MeV 
N+4 ion irradiation at fluences FO, F I, F2 , F3 and F4 and its modification 

TEM studies provide the visual impression on the structural evolution and 

modification of nanostructures which are depicted in Figure 4.17. The 

uniformly distributed ZnO nanoparticies of average size -15nm are found to be 

gradually elongated with increasing fluence. At lowest fluence (1.25 X 1010 

ion/cm2
), no substantial structural modification was observed. Some evidence 

of elongation in the form of oblate structures are observable at higher fluences 

(i.e. 5xl010 ion/cm2 and 2x1010 ion/cm2
). At the highest fluence (8x1010 

ion/cm2
), the ZnO nanoparticles are turned into almost nanorods by 

unidirection growth. Atomic force microscopy (AFM) images (Figure 4.18) also 

revels the formation of such elongated nanostructures in the beam direction 

i.e vertical to the sample surface. In Figure 4.18 the left column represents a 

set of 2d topology where as 3d morphological impressions are shown in the 

right column. It is quite clear that with increase in ion fluence, matrix gradually 
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gets amorphized allowing particles to grow independently along the beam 

direction. Ion beams, therefore, can be employed for obtaining vertically 

aligned ZnO nanostructures. The growth process of elongated ZnO 

nanostructures is shown schematically in the Figure 4.19. 

The advantage of using Nitrogen beam is surface activation- a 

phenomena of removing undesired reactants, defects from surface of the 

nanostructures. The fast ions produce amorphized regions along the ion tracks 

known as "columnar defects" . Ideally, the density of creation is governed by 

the ion fluence, while ion species and sample material type determine the 

extent of amorphization. In fact, in nanomaterials surface atoms are more 

active and respond to swift heavy ions. Ions traversing through the sample lose 

energy by exciting the electronic subsystem (i.e.lO·1S s) and each ion has direct 

impact into the nano-specimen and there is least overlapping effect. So, at 

these fluences, the spherically symmetric nanoparticles can be transformed 

into oblate liked. Above this critical fluence, overlapping effect starts and 

growth of nanoparticles is accompanied by the interparticle mass- transport 

leading to organized nanoparticle growth. The competition among 

nanoparticles to coalesce and grow independently in confined space has led to 

vertically aligned rods. 

ZnO:Tb nanorods: 

We have also irradiated Tb-doped ZnO nanorods with 80MeV nitrogen ions 

with fluence varying in the range 1010 
- 1013 ion/cm2

• The UV-Vis OAS spectra 

of both irradiated and unirradiated samples are depicted in Figure 4.20. The 

un-irradiated nanorods (Figure 4.20 (a)) show long tailing and two prominent 

peaks at -365 nm (-3.4 eV) and -270 nm (~4.59 eV). The 365 nm peak maxima 

is attributed to the excitonic ground state (n=O), whereas the 270 nm 

corresponds to the first (n=l) eXCited excitonic state. The ground state 

excitonic energy (-3.4 eV) is enhanced compared to the free exciton energy in 

the bulk ("'3.30 eV) owing to 10 confinement of carriers [105). 
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Figure 4.20 UV-Vis OAS spectra of a) unirradiated ZnO:Tb nanorods, and irradiated 
ZnO nanorods irradiated with a fluence of b) 5xl 01 1, c) 2xl 0 12

, d) 8 xl 0 12 ionslcm~ 

The presence of long tailing due to significant inhomogeneity in the sample is 

found to be suppressed for ion irradiated samples (Fig. 4.20 (b,c)), though 

ground state excitonic absorption position is found to be undisplaced. This 

clearly indicates that controlled nitrogen irradiation could bleach out the 

undesired species at best alongwith improved surface passivation and without 

affecting the ground state excitonic feature. Conversely, the excited state 

absorption peak of irradiated nanorods was shifted to 285 nm (Fig. 4.20 

(b,c,d)). So, there is an appreciable red-shift of ~235 meV in the first excitonic 

excited state absorption of irradiated specimens, compared to the pristine 

one. It is now clear that a metastable state is created between the ground 

state and the first excited state as a result of nitrogen ion irradiation. This 

newly generated state could be due to the improved symmetric distribution of 

the nanorods owing to recovery from matrix encapsulation which is otherwise 

suppressed in a given matrix. The excited state excitonic absorption feature is 

found to be more prominent with increase in ion fluence. In contrast, the 
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Figure 4.21: (A) SEM image of ZnO:Tb nanostructures without irradiation, (A I) 
TEM image of a fully grown isolated nanorod of diameter 75 nm without 
irradiation, and TEM image after irradiation with a fluence of (B) 5x I 011, (C) 
2x10 12

, and (D) 8xlO l2 ions/cm2
; respectively. An overview of the agglomerated 

nanorods (case '0') at lower magnification is shown in (E). 

fluence (8x10~2 ions/cm2) the ground state absorption becomes featureless 

followed by a long tailing. We have thus realized that with the proper selection 

of fluences, energetic nitrogen beam can improve not only the quality but also 

help in preserving ground state and excited state carrier population of 

elongated nanosystems (nanorods) under investigation. The actual 

modification was observed in the TEM images [Figure 4.21]. The nanorods of 

dia 70-80 nm [Figure 4.21 (All] have showed growth due to ion irradiation 

with increasing fluences. 
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4.2 Organization and modification through photon illumination 

The third method that we have employed was through intense light 

Illumination process. In this process, we have IIlummated PVOH dispersed ZnS 

nanosystems with a 2mW red He-Ne laser of wavelength A=632.8 nm. For this purpose 

we considered the films of -SOOnm thickness casted by spm coating technique. The 

samples are Ilium mated for 30 mmutes and 60 mmutes and then characterIZed by 

transmission electron microscopy. 

Figure 4.22: TEM Image of ZnS nanostructures (a) without Illumination, illuminated for 

(b) 30 min, and (c) 60 mm (d) magnified view ofa section of figure (c) 

Fig. 4.22(a) depicts an electron micrograph of dispersed ZnS nanostructures. 

Interparticle coalesce leadmg to channel and island like structures are apparently 

visible upon photon illumination (Flgrue 4.22 b,c). At higher magnification (selected 

region of TEM micrograph c, shown In d) the structures are found to be 
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oblate/elongated ones. The modified nonstructural evolution can be treated as a 

consequence of light matter interaction in the nanoscale regime. 

Due to strong particle-particle interaction, the particle agglomeration occurs 

during self-assembly of nanostructures. Note that the interaction forces between the 

, organic molecules and the inorganic nanoparticles play crucial role in controlling the 

structures and consequently, the properties of the nanoscale material. When ZnS 

nanoparticles are embedded in the insulating PVOH matrix, it show long term stability' 

but diffusion of atoms in the polymer is present. The mass transport is driven by the 

free surface energy of the nanoparticles and associated with lattice defects and grain 

boundaries. These diffusion processes, at times, result in the variation of size and 

shape distribution. The diffusion process is accelerated through laser illumination. 

Control laser irradiation helps atoms deffuse and assembles in order to minimize 

surface energy. As a result, nanopatterns of varying dimensions one formed as evident 

in Figure 4.22 (a,b,c). The elongation, through small, was observable for longer 

exposure time. 
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Chapter 5 
• 

5.1 luminescence Characteristics for 
optoelectronics /photonics applications 

As far as application in luminescent and optoelectronic devices is concerned 

the optical properties of the investigated nanostructures play a key role in 

determining efficiency and figure of merit. We discuss the size and system dependent 

optoelectronic properties. The radiative emission mechanism in nanoscale particles 

have never always been easy to interpret and understand. The luminescence response 

of impurity doped systems is much more complicated. This is because of the presence 

of various kinds of defects (which exist as nonradiative centers) of different origins 

and material system dependent carrier life time dynamics. The light emission 

properties of undoped and doped nanostructured systems have been investigated. 

The band-edge, defect related (Zinc vacancy, Sulfur vacancy, Oxygen vacancy 

etc.) and impurity related emission characteristics are discussed qualitatively as well 

as quantitatively. Further, a meaningful analysis on the ion irradiation (fluence) 

dependent tunability in the Pl response is being presented. 

The optical properties were explored by optical absorption and 

photoluminescence (Pl) spectroscopy. The UV-Vis spectra of corresponding samples 

are explained in the Chapter 3 and Chapter 4. In this chapter, the luminescence 

characteristics are discussed based on Pl studies. The room-temperature Pl spectra of 

the nanostructures were studied by a Perkin Elmer LS-55 spectrophotometer using 

Aex=32Snm line (of Xe- source) as the excitation wavelength and the data were 

collected by a computer controlled standard monochromator based photo-detection 

system. The Aex=325nm line is used to excite the electrons form the valence-band to 

conduction-band. Sometimes, we have varied the Aex to distinguish the luminescence 

peak from that of the Raman peaks (appears near the Aex in the spectrum). 
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5.1 luminescence response of ZnS nanostructures 

Following figures (Figure 5.1, Figure 5.2, Figure 5.3) demonstrate the PL spectra ( hex 

=325 nm) of undoped ZnS nanoparticies and nanorods. 

350 400 450 500 550 600 
wavelength in nm 

Figure 5.1 : PL spectra of ZnS nanoparticJes 
in PVOH matrix (A..x =325 nm) 

350 400 450 

300 350 400 450 500 550 600 

wavelength in nm 

Figure 5.2 : PL spectrum of ZnS 
nanoparticles in eTAB (A..x =325 nm) 

500 
wavelength In nm 

Figure 5.3: PL spectrum ofZnS nanorod in eTAB (A..x =325 nm) 

Basically, the PL spectra of ZnS nanoparticles and nanorods, show a strong blue

luminescence, peaking at -420 nm - and having an extended tail. As observed, the 

highly asymmetric and broadened emission spectra indicate the involvement of 

number of luminescence centers that correspond to different kinds of defects. The 

defects can be lattice vacancy. interstial and impurity related types. The radiative 

118 



Chapter 5 Luminescence Characteristics for optoelectronics/photonics applications 

transitions via all these states can be superimposed which result in a broad peak 

centered at - 420 nm 

CB 
.... -e------e----

(2) hvZll 

VB 

Figure 5.4 : Luminescence mechanism in ZnS nanostructures 

In general, both Schottky and Frenkel defects exist in all crystalline solids, but 

at any time only one type of defects is dominant as they are associated with different 

energy of formation. It was known that Schottky defects are more dominant in cubic 

ZnS. Schottky defects of ZnS primarily involve the S2+ vacancies (V-s) and the Zn2+ 

vacancies (VZn). In ZnS nanoparticles, surface 52+ vacancies (V's) are dominant over the 

other defects. In ZnS, (Zinc interstitial (Znj) I and (5 vacancy (V-s) I act as (shallow 

donors( (electron traps) where as ( S interstitial (Si)' and ( Zn vacancy(Vzn)' act as 

(deep acceptor' (hole traps) levels. So, sulfur vacancies (V's) generate localized donor 

sites just below the conduction band [Figure 5.41. Excitation of these produce a 

positive charge and conduction band electrons. This localized charge exerts a 

potential, which can further trap electrons. So upon excitation, Sulfur vacancies (V-s) 

are pumping the electrons into conduction band. Emission occurs when a captured 

electron recombines with a hole [1511. 

Figure(S.4) depicts schematically the energy transfer processes that occur in 

nanocrystalline ZnS upon UV excitation. The excitation of the ZnS nanocrystals starts 

with the creation of a Mott-Wannier exciton by the incident photon (h vex>Eg). The 

excited electron is than transferred to a shallow trap (denoted by the dashed line) as 
I 

in the bulk ZnS. As the electron effective mass (moe= 0.27 me ) is quite small, this 
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shallow trap-state is delocalized over the entire nanocrystal. The hole (with a 

significantly larger effective mass m· h ::: 0.54 mh ) remained which initially in the 

valence band of the ZnS nanocrystal will be trapped for a longer period of time. The 

recombination of the electron-hole pairs can occur via non-radiative relaxation and 

radiative emission or defect related emission. Nonradiative relaxation will occur 

through certain defect states or surface states (Figure 5.4). In the process, first the 

hole is trapped at a sulfur vacancy, denoted by Vs· , resulting in a Vs·· state. 

Subsequent recombination with an electron in a shallow trap gives rise to the violet 

emission: 

(1) Vs· + hv"'w ~ Vs-

(2) Vs·· + e- ~ Vs· + hv+zns 

The steps denoted by (1) and (2) are schematically shown in Fig. 5.4. Thus, the intense 

blue emissions at "'422 nm are attributed to sulfur vacancy (V"s) and interstitial sulfur 

(SI) lattice defects. It was found that the peak intensity -422 nm gets decreased with 

the. use of excess sulfur based reactants (PL spectra not incuded). Thus this PL peak 

(peak 1 A - 420 nm) is due to sulfur vacancy related surface states and their extent of 

passivation [335]. The intensity of the emission peak at -420 nm is so high that it 

quenched the other defect related peak 420 nm, suggesting that the number of 

surface defects was much greater than that of internal defects due to the high surface 

to volume ratio of ZnS nanoparticles. The other peak (A"'480 nm) observed is due to 

the Zn vacancy (Vzn ) present in the material system. The asymmetry in PL response 

comes from the variation in defect concentration present in the material. In case of 

ZnS nanorods, concentration of defect due to Znic vacancy is more and the PL curve 

[Figure 5.2] is found to be more asymmetric. 

The intense blue luminescence response of nanoscale ZnS has a lot of 

applicability owing to significantly high quantum efficiency much higher than its bulk 

form. It can be used as a promising phosphor material for light emitting devices and 

for electroluminescence devices. In Contrast, the impurity activated ZnS gives us 

doped nanostructured systems that could display remarkable color tunability along 

with high luminescence efficiency. Note that, almost all transition metals (Mn, Cr, Co, 

Cu etc) exhibit variable oxidation states. The flexibility in the oxidation states is due to 
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their typical electronic structures with outermost shells partly filled. When such 

elements are incorporated into a semiconductor host material, then upon excitation 

-:i 
iii --

01-1% MDdoped (MNZ1) 
b-3% Mn dopod (MNZ3) 
C-5%Mndoped (MNZ5) 

380 400 480 800 880 600 680 700 780 800 

Wavelength In nm 

Figure 5.S : PL spectra of ZnS:Mn nanostructures at different doping levels (1 %, 2%, 3%) 

they exhibit characteristic emissions via impurity levels. The PL response of various 

transition metal~TM) doped system have been investigated. The PL response of Mn 

doped ZnS nanoparticles are shown in the Figure (5.5). Here, alongwith the blue 

emission peak (-420nm) due to the sulfur vacancy, an intense luminescence peak was 

observed -580nm and is ascribed to the impurity (Mn+2
) activated peak. Earlier, 

yellow orange emission, due to delocalization of d-electrons of form Mn was to ZnS by 

Bhargava et al and many other groups (111,118-120]. This yellow orange emission was 

so intense that it could suppress the sulfur vacancy related peak. With increase of Mn

dopant concentration, the ratio of Mn+2-to-S-2 vacancy related emission intensity 

increases. Therefore it shows the tunablity aspects of the ZnS:Mn sample. 

In the emission process of ZnS:Mn recombination of electron -hole pairs can 

occur via different routes. The first blue peak (-422nm) is due to the electron hole 

recombination through the sulphur vacancy (Vs• ) where as the impurity activated 

peak is found at -580 nm. The emission from Mn2+ can be excited either directly by 

recombination of a bound exciton at Mn2+ or via trapping of a hole by Mn2+. 
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Subsequent recombination with an electron in a shallow trap results in Mn2+ in an 

excited state, (Mn2+)", which gives rise to the well-known orange Mn2+ emission: 

(1) Mn2+ + hv+vB -+ Mn3+ 

(2) Mn3+ + e- ~ (Mn2+). 

(3) (Mn2+). ~ Mn2++ hV+Mn 

These processes, denoted by (1), (2) and (3) are also schematically shown in Figure 

S.6.The transfer of the delocalized electron to the manganese will probably not 

immediately result in Mn2+ in the ~1 excited state_ Most likely, the Mn2+ will be in a 

higher excited state, from which it will relax nonradiatively to the metastable ~l state. 

VB_ 
1 2 3 

Figure 5.6 : A scheme of lwninescence mechanism in ZnS:Mn nanostructures 

The thermally-activated quenching of the defect emission and the accompanying 

increase in the Mn2+ emission can now be understood: at elevated temperatures the 

holes are detrapped from the Vs·· levels and some of the holes that are released may 

now be retrapped by Mn2+. After a subsequent recombination with an electron, Mn2+ 

in excited state is formed resulting in MnH emission. This can explain the increase of 

the Mn2+ related emission intensity in the temperature regime where the violet 

defect-related emission gets quenched [128). 
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Figure 5.7 : PL spectra of ZnS:Cu nanostructures with different doping concentration 

In the luminescence spectra of Cu doped ZnS system [Figure 5.7) the impurity 

activated peak was observed at -500nm in the blue-green region of the 

electromagnetic spectrum. This green emission arises from the recombination 

between the shallow donor level due to sulfur vacancy (Vs·) and the t2 level (emerge 

according to crystal field theory) of Cu2
+. It should be mentioned here that as CuS 

nanoparticles do not show any luminescence under UV radiation, the observed green 

emission originates from Cu2
+ ions that are embedded in the ZnS matrix and substitute 

Zn2
+ ions in ZnS nanoparticles. With the increase of the Cu2

+ concentration, the green 

emission peak position is gradually shifted to longer wavelength (from 480 to 500 nm). 

As mentioned, the energy level of sulfur vacancy (Vs·) relative to the valence band 

nearly keeps constant in these samples despite the variation of the Cu2
+ 

concentration. So it can be concluded that the t2 energy level of Cu 2
+ ions is farther 

from the valence band with increasing Cu2
+ concentration. Based on the Pl results 
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observed, the schematic energy level diagram of ZnS:Cu nanoparticles can be 

schematically shown (Figure 5.8). This figure explains the emission mechanism of 

ZnS:Cu nanoparticles and illustrates the above assignment [121]. 

lwe:r. 
h,/zns 

••• VB_ 
1 2 3 

Figure 5.8 : A scheme of luminescence mechanism in ZnS:Cu nanostructures 

These blue-green emissions dominate and can mask the band-edge emission 

and the trap related emissions. However, the luminescence of ZnS:Cu2
+ nanocrystals is 

obviously stronger than that of ZnS:Mn2 
... nanocrystals due to the fact that a number 

of radiative centers participate in the former case whereas in ZnS:Mn2
+, only one 

type of radiative center is at work resulting visible luminescence. The luminescent 

intensity is more dependent on the concentration of impurity ions. 

Similar kind of results have been observed in the emission spectra of Cobalt 

doped ZnS (ZnS:Co) system. In the spectra, as one can see the impurity (C02+) peak has 

dominated the other defect-related and band-edge emissions along with sulfur 

vacancy peak (-420nm). As we increase the doping concentration enhancement, in 

the impurity activated luminescence peak was observed. 
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Figure 5.9 : PL spectra ofZnS:Co nanostructures in different doping concentration 

It was observed that transition metal-doping enhances the luminescence response of 

the ZnS nanostructures and it is possible to tune the luminescence as well as 

quantum-yield just by varying the concentration of dopant in ZnS host. Such a material 

is highly applicable in multicolor light emitting devices as a phosphor material. In such 

devices we will have to excite the material by a low intensity UV/blue to get high 

intensity light of different color. However, it is possible to produce different colors of 

light by making a composite of these doping systems with different proportions. It is 

also expected that it will provide very stable fluorescence owing to its intense 

luminescence response. 
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5.2 Luminescence response of ZnO nanostructures 

The luminescence specta of ZnO nanoparticles [figure 5.10, figure 5.11] and nanorods 

[Figure 5.12] were studied and the results are presented below. As can be observed, 

the Pl spectra consists of a sharp peak at ~375nm along with a broad peak that 

corresponds to different defect states inherent in the system. The sharp peak 

corrsesponds to near band edge emission or popularly called donor{D)- acceptor{A} 

pair transition. 

350 400 450 500 550 600 
WavelengtL in nm 

Figure 5.10: PL spectra ZnO nanoparticles 
dispersed in PVOH matrix 

350 400 450 

350 .00 450 soo 550 600 

Wavelength in nm 

Figure 5.11 : PL spectra of CT AB capped 
ZnO nanoparticies 

SOD 550 
Wavelength In nm 

Figure 5.12 : PL spectra of CT AB capped ZnO nanoroos 
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Despite the use of various passivation methods, adequate defect states are expected 

at the surface of nanocrystallites. The concentration of surface states, very often 

depend on the synthesis protocols and passivation processes. These surface states 

acts as surface traps for charge carriers and excitons, which generally degrade the 

optical and electrical properties of the nanosystems. 

----~------~~--~----~i-EC Zn· 
_I 

UV 
peak 1.62 eV 2.38 eV Eg 

:Jev209ev 
...L 2.28 eV Green 

peak 

Figure 5.13 : Defect states in ZnO system 

Ev 

The surface states can be suitably used for radiative transitions. lnO 'has a 

characteristic has a green emission from the defect states along with the typical band 

edge (near ultra violet) emission (Eg 3.37 eV, A =386 nm). It was also reported that the 

green emission would suppress the band-edge emission due to several reasons. 

Theoretical and experimental studies [336,331] showed that the defect states 

in a lnO nanostructure can be of several types, including: 

• neutral, singly or doubly charged In vacancies (Vzn); 

• neutral or singly charged oxygen vacancies (Vo); 

• singly charged or neutral interstitial In (lnj); 

• interstitial 0 (OJ); 

• a complex of Vo and In, (Voln,); 

• a complex of VZn and Znj (Vznlnj); and 

• substitution 0 at In position (OZn)' 

• Substitution of Zn at 0 position 
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According to Aleksandra et al. [337], the singly charged oxygen vacancy (Vo+) is 

located at 1.62 eV, below the conduction band in the ZnO band gap and results in an 

emission at -500 nm. The most widely, but not universally accepted mechanism for 

green luminescence from Zno is the electron-hole recombination on singly ionized 

oxygen vacancies. In solution-based synthesis, the oxygen vacancies appear to be 

intrinsic and may result from the abrupt heterogeneous nucleation and growth, 

mediated by the uneven surface energies. If the radiative center is associated in part 

with the surface, their concentration would be expected to decrease with the 

aggregation of nanostructures [338]. In our ZnO nanoparticle and nanorod systems, 

amongst all the defects quoted above oxygen vacany (Vo+) is believed to be the most 

prominent one which could suppress the other defects. However, from Pl spectra 

analysis it was found that the green-to-UV peak ratio is higher for PVOH embedded 

ZnO system than CTAB based ZnO nanoparticles. 

Aspect ratio dependent luminescence response of ZnO nanorods: 

The gradual structural transformation from particles to rods have already been 

discussed in chapter 4. The Pl studies of ZnO nanoparticles (ZO) and nanorods of 

different aspect ratio (Zl, Z2, Z3) are presented in Figure 5.14. The luminescence 

response of these nanorods is basically dependent on the length, diameter as well as 

shape. We have studied the luminescence behavior of all these samples under the UV 

excitation (325 nm). In the Pl spectra (Fig.S.12), the prominent peak observable at 

-362-375 nm is ascribed to the near-band edge (NBE) emission or nanoscale ZnO 

products. Note that, the NBE peak has shifted slightly towards red for Zl-Z3 samples 

(nanorods) compared to that of ZO (nanoparticles) one. Previously, lhe NBE was 

observed in the range of 378-385nm for elongated ZnO systems [203]. Secondly, a 

relatively broad peak observable at -480 nm is assigned to the defect related 

emission. This broad peak observed in the visible-green region is attributed to the 

recombination of photo-generated holes with singly ionized oxygen vacancies [337]. 
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Figure 5.14 : Luminescence response of ZnO nanoparticles and nanorods (ZO. Z I.Z2 and Z3) 

In order to make a clear picture on the correlation between the nature of 

nanostructures and the Pl responses, we have estimated the physical parameters 

which are presented in table 5.1. In our case, since the ZnO nanoscale products are 

formed as a result of spontaneous decomposition of hydroxyl products into oxide 

ones, it is likely that during crystal growth phenomena, there can be adequate amount 

of oxygen related defects. The defects may vary from singly ionized oxygen vacancy to 

oxygen antisites. Also, the presence of interstitial defects cannot be fully ignored. It is 

important to quote here that the surface to volume ratio is extremely high in case of 

nanoscale materials and most of the atoms are therefore displayed on the surface of 

the material than its core. In this context, a clear evidence of strong surface-defect 

related emission was observable for spherically symmetric nanoparticles (ZO) as 

shown in Figure 5.14A. The defect related emission (Green) is approximately six orders 

of magnitude stronger than its NBE (UV) counterpart. Conversely, for one dimensional 

structure (Zl-Z3), the NBE (UV) emission gradually shoots up as compared to the 

defect emission (Green). When the aspect ratio increases from 1.5 to 5, the UV-to

Green intensity ratio gets improved from 1.15 to 1.72 (Figure 5.14(A), Table 5.1}. The 

strong, symmetric and tunable responses of both the emission features suggest that 

our ZnO products are of high quality with minimum inhomogeneity. 
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Table 5.1: Aspect ratio depende,nt luminescence response 

Avg. Average UV 
Green Aspect UVto 

emissio ratio Green 
Sample diameter length emission 

n peak (Ien~h/ Intensity 
(nm) (nm) peak (nm) 

(nm) dial ratio 

ZO 20 20 - 362 "'475 1:1 0.15 

Zl 20 '30 -370 "'480 1.5: 1 1.15 

Z2 20 60 "'370 -480 3:1 1.41 

Z3 20 100 -370 -480 5:1 1.72 

In Figure 5.14 (8), we correlate the aspect ratio vs. length (labeled by II) and UV-to

Green intensity ratio vs. length (labeled by.) of the nanostructures (Z(l-Z3). Two 

important inferences can be drawn. Firstly, with linear increase in aspect ratio one 

need not obtain a linear trend in the UV-to-Green emission. The trend would saturate 

at a definite aspect ratio. Secondly, between aspect ratio 1 and 1.5 (when the particles 

start growing into oblates) the response is sharp. Further, when the dimension 

(length) of the nanorods is several orders of magnitude larger than the diameter, 

there is only slow improvement in the UV-to-Green emission features. Thus, between 

the transition from a spherical symmetric nanosphere system to an oblate one, a 

drastic enhancement in the UV emission could be assured. The UV emission response 

gets quenched appreciably at the cost of defect related green emission for nanorods 

with higher aspect ratio. 

This aspect ratio dependent luminescence study reveals possibility of tunable 

band-edge and defect related emissions. We found that the nanorods with higher 

aspect ratio show more intense UV peak, thus ensuring possibility of deployment of 

these nanorods in developing UV laser and other light emitting devices. On the other 

hand, nanostructures with dominant green emission can be useful for oxygen based 

senSing devices. Elaborate mechanism correlating nanorod dimension and extent of 

tunable emission is currently under investigation. 
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5.2 Modification of luminescence response by ion irradiation 

and photon illumination 

We have developed lnS and lnO nanostructures using different chemical approaches 

which are discussed in chapter 3. Further, these nanostructures were modified 

through ion irradiation and photon illumination. Different kinds of modification were 

observed under these processes (discussed in Chapter 4). Along with the structural 

modification, these nanostructures endure modification of the luminescence 

properties along with the other physical properties. 

(a) Modification of luminescence response by Titanium ion irradiation: 

The PL spectra of irradiated and un irradiated PVOH embedded lnS at fluences 

1.25 x 1010 ions/cm2 
, 5 x 1010 ions/cm2 

, 2 x 1011 ions/cm2 and 8x 1011 

ions/cm2 are shown in Figure 5.15. 
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Figure 5.15: PL spectra of un irradiated (FO) and J 50MeV Titanium ion irradiated 

(FI-F4) ZnS nanostructures 

In the luminescence spectra of un doped ZnS the relatively intense sulfur 

vacancy peak ~ 420nm dominates the band-edge and defect related emission _ 

When we have irradiated the material with low fluence (Fl), adequate 

suppression of the emission peak was observed. At higher fluences also we 

have observed gradual suppression of the peak intensity owing to the 
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reduction in the concentration of surface traps as a result of nanoparticle 

growth. The FWHM of the PL peak is found to increase with increase in ion 

fluence. 

(b) Modification of luminescence response by Silver ion irradiation 

The PL spectra of irradiated and un irradiated PVOH embedded lnS at fluences 

of 1.25 x 1010 ions/cm2 
, 5 x 1010 ions/cm2 

, 2 x 1011 ions/cm2 and 8x lOll 

ions/cm2 are shown in Fig. 5.16. 
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Figure 5.16: PL spectra of un irradiated (FO) and lOOMeV Silver ion irradiated 
(F1-F4) ZnS nanostructure~ 

In the luminescence spectra of undoped ZnS the highly intense sulfur vacancy 

peak ~ 420 nm dominates band-edge and defect related emission. As the ion 

fluence (0 to 8 X 1011 ions/cm2
) increases, there is an adequate suppression of 

this emission owing to reduction in the concentration of surface traps as a 

result of nanoparticle growth. However, blue shift of the emission peak also 

observed with increasing fluence. The FWHM of the PL peak is found to be 

increased with increase in ion fluence. ~ 
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(c) Modification of luminescence response by Nitrogen ion irradiation 

linc Sulfide (InS) nanostructures: 

The PL spectra of irradiated and unirradiated PVOH dispersed ZnS 

nanostructures (fluences 1.25 x 1010 ions/cml 
, 5 x 10lD ions/cml 

, 2 x 1011 

ions/cm2 & 8x 1011 ions/cm l
) are shown in the Figure 5.17. 
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Figure 5.17: PL spectra of un irradiated (FO) and 80MeV Nitrogen ion irradiated 
(F l-F 4) ZnS nanostructures 

In the spectra we observed the similar kind of suppression of luminescence as 

we observed in Titanium and Silver ion irradiation. But here the suppression of 

luminescence is less compared to them. The FWHM of the PL peak is found to 

increase with the increase in ion fluence but having Quite small magnitudes as 

compared to Ag and Ti cases. 

Zinc Oxide (ZnO) nanoparticles: 

Again, in the Pl spectra (Figure 5.18) of irradiated and unirradiated ZnO we 

found some different kinds of responses at different fluences. Here, we have 

observed two major peaks: a UV near band-edge emission peak, -380 nm, and 

a green emission peak -500 nm. The band-edge emission is sharp while the 

other peak is broad. 
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Figure 5.]8 : PL spectra of un irradiated (FO) and gOMeV Nitrogen ion irradiated 

(Fl-F4) ZnO nanostructures 

After irradiation, with increasing fluence, we observed drastic suppression of this 

green emission (-500 nm) but gradual reduction in the UV emission (-380 nm). 

In the unirradiated ZnO, we noticed that the related emission (Green) is 

approximately six orders of magnitude stronger than its NBE (UV) emission . At a 

fluence of 1.25 xl010 ions/cm2 we observed suppression of the green emission 

and the UV-to-green peak ratio becomes -3. At the next three fluences along 

with the suppression of the green peak we observed blue shift of the UV peak 

owing to adequate growth of the nanoparticles, as observed form the TEM 

studies. At a fluence of 2 x 1011 ions/cm2
, a clear elongation of the nanoparticles 

are observed (chapter 4, Figure 4.17d) and then UV-to-Green intensity ratio gets 

improved significantly. At the final fJuence, due to further growth toward 

elongation more suppression of the green peak was observed along with the red 

shift of the UV peak. However, under ion irradiation as the nanoparticles are 
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grown in a particular direction with 

increasing fluence, the excitonic 

binding energy of the ZnO 

nanostructure reduces with the 

increasing f1uence [Appendix 10, 

Figure 5.17]. As the nanoparticles 

are elongated to nanorods inside the 

film, without destroying stability of 

the system, it offers plentiful 

prospective applications [60,62,63]. 
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Figure 5.19 : Variation of exciton binding 
energy due to 80 MeV ~ ion irradiation 
with increasing fluence 

Upon 80 MeV nitrogen ion irradiation, the nanoparticles are elongated 

inside the matrix and it is possible to keep them perpendicular to the 

substructure. However as these elongated nanorods are encapsulated in a 

matrix it will have better stability compared to different kinds of elongated 

nanostructures developed vertically on a substrate. 

Tb doped lnO (ZnO:Tb) nanorods : 

The luminescence response relatively complex for ZnO:Tb nanorods and it 

becomes more complicated after irradiation. The PL photoluminescence (PL) 

spectra (Aex=325 nm) of the nanorods before and after irradiation, are shown in 

Figure 5.20. In the asymmetrically broadened PL spectra, the defect related 

emissions dominate the band edge emission of ZnO and hence the band edge 

emission ( .... 370 nm) is only poorly resolved. The central maxima at .... 405 nm are 

ascribed as the emission from the zinc vacancies present in the ZnO lattice. The 

asymmetric nature of the luminescence patterns is ascribed to the presence of 

other inherent emission peaks (due to the distributed defect states on the 

surface and in the interior of a given nanostructured system) at higher 

wavelengths. In particular, the impression at .... 430 nm is the emission due to the 

presence of zi~c interstitia Is. The zinc interstitial related emission becomes more 

prominent for Tb doped ZnO nanorod system (Figure5.20 (b,b")). Further, for 

irradiated Tb:ZnO samples, this emission gets suppressed owing to the 

improvement in zinc vacancy related emission ("'405 nm). 
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Figure 5.20 : Scheme of various transitions involved in Tb-doped ZnO nanosystern. 
a) un-irradiated undoped ZnO; b) un-irradiated Tb-doped ZnO nanorods, and Tb
doped ZnO nanorods irradiated with a fluence of c) 5xlOll, d) 2x101 2, and e) 8xlOI2 

ions/cmz; respectively. The label ' b*' corresponds to as synthesized Tb doped ZnO 
where as 'b ' represents nanorods after repeated washing and dispersed in PVOH 

A feebly resolved peak at ~ 490 nm of the undoped nanorods (Fig. 5.20 (a)) is 

attributed to the blue emission of ZnO. The same peak corresponding to the Tb 

doped ZnO nanorods gets enhanced (Fig. 5.20 (b, b*)) because of the 

superimposition of the Tb3
+ related sD4JFG transition which occurs almost in 

the same wavelength range. Another weakly resolved band with a central 

maxima ~535 nm is seen for undoped nanorods, that corresponds to the 

oxygen vacancy related green emission. This peak becomes distinct and broad 

in the spectrum of Tb doped ZnO nanorods as a result of the overlapping 

emission pattern arising due to the transition (SD4J FS) of Tb3
+ at ~548 nm with 

the aforesaid green emission. The probable transition events are also shown in 

schematic Figure 5.21. The PL spectra of the N ion irradiated nanorod samples 

exhibit significant alteration. The PL response of the nanorods, irradiated with 

a fluence of 5x1011 ions/cm2 is more intense than the unirradiated nanorods, 
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but irradiation with f1uence of 2x1012 

ions/cm2 exhibits highest Pl intensity 

(Figure 5.21 (b)-(d)). Note that the 

central peak-ta-blue and central peak

to-green emissions are found to be 

enhanced for irradiated Tb-doped ZnO 

nanorods, upto a f1uence of 2x1012 

ions/cm2
• It is expected that upon ion 

Figure 5.21: Various transitions 
involved in ZnO:Tb nanosystems. 

irradiation the nanorods overcome the PVOH matrix encapsulation allowing 

recovery of free excitons and resulting in the enhancement of defect related 

emission. The Tb3 
.. related emission peaks are still in view after irradiation 

(Figure. 5.20 (cHe)). This indicates that Tb3
+ related peak appears due to the 

energy transfer from the deep level states to the 504 energy level of Tb3
+ 

cations (Figure S.21). While returning from the conduction band, most of the 

photo-excited electrons relax in the defect states and transfer their energy to 

the 504 energy level of Tb3 
.. reSUlting in the S04-7F6 and S04-7F5 transitions. The 

visual evidence of recovery from matrix encapsulation can also be seen in the 

electron micrographs (Figure. 4.21c in chapter 4). In contrast, the same sample 

which was irradiated with a fluence of 8xl012 ions/cm2
, the Pl intensity 

decreases drastically alongwith a red shift in the Pl spectra (Figure S.20(e)). 

This indicates that at this f1uence, the nanorods get completely dislodged from 

the supporting matrix, leading to agglomeration events (Fig. 5.20 (e); and 4.21 

c,d). The agglomeration leads to the suppression of the zinc' vacancy, zinc 

interstitial related emissions. The agglomerated system is characterized by a 

disordered phase where quantum confinement effect would no longer valid. 

However, the Tb-related emission peak remained intact even if the structural 

ordering was lost. The agglomerated nanosystems' (corresponding to a fluence 

of 8xl012 ions/cm2
) is found to have a symmetric peak at -455 nm. The 

quantitative aspects correlating structural modification and luminescence 

patterns, for rare-earth doped irradiated ZnO nanorods, might form the basis 

of nanoscale luminescent/display devices. 
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(d) Modification of luminescence response due to photon illumination 

The modification of the luminescence properties of lnS due to He-Ne laser 

illumination is studied. In case of non-illuminated lnS specimen, the peak due 

to sulfur vacancy (- 420 nm) is the most intense peak which dominates all the 

other defect related peaks (especially zinc vacancy). 

-- unllluminated ZnS 
--15 min illumination 

--30 min of illumination 

375 425 475 525 575 

Wavelength (nm) 

Figure 5.22 : PL spectra of ZnS under laser illumination 

After 15 min and 30 min of laser illumination, the peak position remains 

though remains same, intensity gets reduced by substantial amounts. The TEM 

micrograph (Figure 4.22) we observe that, upon 15 min of laser illuminat ion 

the spherical symmetric nanostructures have grown in to larger size as a result 

of which particle organization is modified. We thus observe a suppression of Pl 

intensity peak indicating drastic reduction of sulfur vacancies. Compared to no 

illumination for 15 min cases, upon illumination for 15 and 30 min, suppressed 

defect emission was observed with reduced peak intensity. The asymmetric 

broadening aspect was intact in all the three cases. 
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Conclusion and future directions 

With the progressive development of the powerful imaging techniques like SEM, SPM 

and TEM it has become possible to obtain visual information about nanoscale 

structures without deteriorating the sample specimen. The development of spherically 

symmetric as well as elongated ZnS and ZnO nanostructures have been studied 

extensively following phYSico-chemical and ion beam approaches. An attempt was 

made to correlate structure and optoelectronic properties while considering 

irradiation aspects. Doping with TM elements and a representative rare-earth metal 

(Tb) has lead to the introduction of definite luminescence centers and hence tunable 

emission patterns. Development of different nanostructured systems and 

understanding their light emission properties were the major objectives in the 

present work. 

To be specific, we have fabricated II-VI semiconductor nanostructures namely, 

ZnS and ZnO, both in spherical as well as in elongated forms. To enhance the stability 

of the nanoparticles, they are encapsulated in two organiC hosts, PVOH and CTAB. 

Along with the undoped ZnS, TM doped (Mn, Cr, Cu and Co) ZnS nanostructures were 

also synthesized and characterized. Our investigation on PVOH and CTAB hosts has 

revealed that the PVOH encapsulated ZnS nanostructures exist in the form of clusters 

with unavoidable size inhomogeneity. But, CTAB assisted ZnS nanoparticles were well 

separated and exhibited comparatively uniform size distribution. Similarly, in case of 

ZnO system, the nanoparticles are found to be well separated and of uniform size in 

(TAB environment than PVOH. Further, we could efficiently produce elongated ZnS 

and ZnO nanopatterns (nanorods) in CTAB environment. It has also been possible to 

vary the length of the ZnO nanorods by varying the physical conditions of the involved 

reactions. For ion irradiation experiment, we choose three different kinds of ion 

species (light: 80 MeV N+4
, medium: 150 MeV Ti+ l1

, heavy: 100 Ag+6
) so as to receive 

varying energy deposition. In general, after ion irradiation of the ZnS and ZnO 

nanoscale systems, significant particle growth was observed. But, the nature of 
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growth varied with the ion and ion fluence used. In case of undoped ZnS nanosystems, 

the growth was not uniform and possibility of obtaining elongated patterns was found 

to be unlikely. However, under 150 MeV Ttll ion irradiation, Cr doped ZnS 

nanostructures got modified resulting in oblate and elongated structures. As the 

patterns are found along the direction perpendicular to the beam direction, we expect 

hammering effect on the nanostructures. Both topography and evolution of magnetic 

domain boundaries of the irradiated ZnS:Cr structures have supported this unusual 

behavior. We have found that the ion irradiation has the ability to modify the 

structure and magnetic domains at definite ion fluences. It was finally observed that a 

light ion with very low energy deposition has the ability to develop very good 

elongated nanostructures. By using 80 MeV N+4 ion irradiation on spherically 

symmetric ZnO nanoparticles, elongated nanorods were obtained at a fluence of 

2xl011 ions/cm2
• The best elongated patterns were observed at 8xl011 ions/cm2

. Also, 

an attempt was made to elongate ZnS nanostructures through photon illumination 

using a 2mW He-Ne Laser. Under laser illumination, diffusion of the nanoparticles was 

observed with instances of small elongation. A detailed investigation is necessary with 

regard to laser power variation, particle size and host media containing nanoparticles. 

Note that, lnS and lnO are among the most studied wide band-gap 

semiconductors and they have potential in luminescent device applications. The 

properties that attract scientific community include high quantum yield, sharp 

fluorescence emission, size/shape dependent tunable emission, broad excitation 

range, high photostability etc. The undoped ZnS nanostructures show intense blue 

emission even though it was coated with organic host. Basically, the luminescence 

response of lnS is due to the sulfur vacancy which can quench out the band-edge and 

other defect related emissions. By controlling the sulfur vacancy in the synthesis 

process, the luminescence intensity can be controlled as per requirements. In the 

same way, TM doped lnS display typical luminescence patterns. The ZnS:Mn 

nanostructures show orange yellow emission (-s8snm) whose intenSity can be 

precisely tuned by varying the doping concentrations. Similarly, lnS:Co and lnS:Cu 

systems are characterized by their respective responses in the green region of the 

electromagnetic spectrum. Thus doping of lnS nanoparticles gives us the color 
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tunability opportunity along with the intensity. Again, through ion irradiation process 

with increasing fluence (which results in particle growth), we observed the reduction 

in sulfur vacancy and luminescence intensity. Photon illumination of lnS 

nanostructures embedded in PVOH also shows luminescence suppression with 

increase of illumination time. On the other hand, nanoscale lnO shows both band

edge emission (UV emission) and defect related emission (Green emission). In case of 

lnO system, the nanoparticles, irrespective of the nature of the host material (PVOH 

or CTAB) the defect related green emission seems to dominate over the other. 

Interestingly, in case of nanorods, both the emissions are prominent. The aspect ratio 

dependent luminescence study (particle-to-rod of different dimension) has revealed 

that the emission pattern of the ZnO nanostructures can be precisely tuned by 

controlling the aspect ratio ofthe nanorods. It was predicted that for chemical sensors 

(oxygen), the nanoparticles or nanorods with smaller length is useful while for UV 

optical sensors nanorods of larger dimension are preferable. Further, low ion 

irradiation of lnO gave the opportunity to control both kinds of emission 

characteristics. From the technological application point of view, the vertically aligned 

elongated ZnO nanostructures formed as a result of ion irradiation is more significant 

compared to randomly oriented ones obtained through chemical routes. Lastly, Tb 

doped ZnO nanorods under ion irradiation gives an idea that (sD4~-/F6 and sD4~-/Fs) 

transitions can be improved as a result of enhancement in the oxygen related defects. 

The detailed mechanism is presented in one of our recent report [339] 

The study of ZnO and lnS nanostructures is also limited by a different 

characterization tools as there is always a time-gap between synthesis and analysis. 

Improvement of the characterization methods is required to understand the 

mechanism of growth and coalescence. The future study may be planned to use the 

developed nanostructures for deploying in photovoltaic and optoelectronic prototype 

devices. The most prospective studies can be as below: 

(a) Development of some other binary semiconductor nanostructures 

In the present work we have limited our attention to lnS and lnO 

nanoparticles and nanorods. This may be extended to other binary systems (lnTe, 

lnSe etc.) which are also promising candidate in bulk as well as in nanoscale form. 
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Similarly, doping of ZnS, in this study is restricted to TM and it show luminescence 

response in certain region of the visible spectrum. Possibility of introduction of rare 

earth metal doping into ZnS, can uncover the emission response in some other region 

of the visible spectrum. Integration of such various systems is attractive for the 

development of white light emitting devices (WLEDS). 

(b) Development of luminescent devices 

The prototype device making depends on environmental stability and nature of 

interfacing optics and electronics. Investigation with doped and undoped ZnS 

nanostructures can be planned to achieve electroluminescence, multicolor 

luminescence patterns etc. The size and structure dependency can also be considered 

which need to be encountered by theoretical modeling. 

(c) Development of UV sensors: 

The size dependent UV color sensing can be considered for biological sensing 

and imaging. The fluorescent materials have already been proven to be best 

candidates to replace organic dyes etc. 

(d) Ion irradiation/photon illumination: 

A comparative study on keV and MeV ion scale of ion irradiation will help not 

only to understand the role of nanoscale defects but also to correlate size and 

radiative processes. The fast radiative and slow non radiative processes can account 

for the stability of a luminescence pattern. 

Finally, 'Nanoscience and Nanotechnology' is still in its infancy and requires 

involvement of material scientists, physicists, chemists and biologists who can work 

together in a common platform. The transfer of products from research laboratory to 

industry has to undergo several tests before making them commercially available. In 

this regard, waste arrangement and environmental issues need to be addressed. 
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Appendix 1 

Table: Value of Xnl for different value of n and I 

n 1 2 3 4 

0 3.142 6.283 9.425 12.556 

1 4.4493 7.725 10.904 14.066 

2 5.764 9.095 12.323 

3 6.988 10.417 13.698 

4 8.183 11.705 

5 9.356 12.967 

6 10.513 14.207 

7 11.657 

8 12.791 

9 13.916 
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Appendix 2 

Table : Parameters a, b, c used for estimating the band gap according to eq. (1.21) 

Semiconductor 
a b c 

nm-1eV1 nm-1eV1 nm-1eV1 

ZnS 0.2349 0.0418 0.2562 

ZnD 0.2174 0.0392 0.2134 

ZnSe 0.0845 0.1534 0.2128 

CdS 0.1278 0.1018 0.1821 

CdSe 0.0397 0.1723 0.1111 

GaAs 0.1969 0.2631 0.0728 

GaP 0.0359 0.1569 0.1564 

InAs 0.0374 0.2569 0.1009 

InP 0.0461 0.3153 0.0623 
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Appendix 3 

Table: Properties of Zinc Oxide and Zinc Sulfide 

Zinc Sulfide Zinc Oxide 

Molar Mass 97.474 g/mol 81.408 g/mol 

Solubility in water negligible 0.16 mglI 00 mL (30°C) 

Cubic Hexagonal Cubic Hexagonal 
Crystal Structrue 

(linc Blende) (Wurzite) (linc Blende) (Wurzite) 

Band gap 3.68eV 3.91 eV - 3.37 eV 

Lattice 
a 0.541 nm 0.3811nm - 0.32495 

Parameter c - 0.6234 nm - 0.52069 

at 300K 
cia 1.636 1.602 - -

Neighbour Dist. 0.234 nm 0.234 nm - 0.195 nm 

Density at 300K 4.11 g.cm-3 3.98 g.cm-3 - 5.606 g.cm-3 

Refractive index (no) 2.368 2.356 2.008 2.029 

Melting point 1185uC 1850° - 1975°C 

Bohr Excitonic Radius 2.5nm 2.34nm 

• 0.34me 0.27me me 

• I. 76me' 1.78me mh 

dielectric constant 9.2 8.5 
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Appendix 4 

Joint Committee on Powder Diffraction Standards (JCPDS) 

The International Centre for Diffraction Data (lCDD) or Joint Committee on Powder 

Diffraction Standards (JCPDS) maintains a database of powder diffraction patterns, the 

Powder Diffraction File (PDF), including the d-spacings (related to angle of diffraction) and 

relative intensities of observable diffraction peaks. Patterns may be experimentally 

determined or computed based on crystal structure and Bragg's law. It is most often used 

to identify substances based on x-ray diffraction data, and is designed for use with a 

diffractometer. Comparing the X-ray diffraction pattern for any material with JCPDS 

database we can get the crystal structure of the material and the crystals plans form 

which diffraction occurs.The database is exhaustive, over 500,000 entries as of 2009; 

computer algorithms allow rapid peak matching. The organization was founded in 1941 as 

the Joint Committee on Powder Diffraction Standards (JCPDS). In 1978, the name of the 

organization was changed to the current name to highlight the global commitment of this 

scientific endeavor. Thus, using JCPDS we can identify unknown materials. With every 

entry, the database also contains bibliographic references, chemistry descriptions, 

structural classifications, crystallographic and physical properties. 
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Appendix 5 

Table: Physical properties of the host materials 

Physical properties of PVOH 

Glass transition temperature 343°K 

Melting temperature 413 oK 

Refractive index 1.55 

Specific gravity 1.55 , 

pH 5-7 

Viscosity 25-32cp 

Specific heat (J/gm-K) 1.66 

Thermal conductivity (W m-1K-l) 2.0 

Molar mass a single structure unit (g) 58.2 

Dielectric constant 2.0 

Physical properties CTAB 

Molar mass 364.45 g/mol 

Melting temperature (K) 237-2430K 

pH 5.0-7.0 
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Appendix 6 

Table : Reactance concentration for obtaining ZnS:TM nanostructures 

(a) Mn doped ZnS nanostructures (ZnS:Mn) 

Sample Sample Code ZnCI2 (Mole) MnCI2 (Mole) Na2S (Mole) 

MNZ1 0.15 0.0015 0.01 

ZnS:Mn MNZ3 0.15 0.0030 0.01 

MNZ5 0.15 0.0075 0.01 

(b) Cr doped ZnS nanostructures (ZnS:Cr) 
Sample Code ZnCI2(Mole) Cr203 (Mole) Na2S (Mole) 

CRZ1 0.15 0.0015 0.01 

ZnS:Cr CRZ3 0.15 0.0030 0.01 

CRZ5 0.15 0.0075 0.01 

(c) Co doped ZnS nanostructures (ZnS:Co) 
Sample Code ZnCI2 (Mole) CoCI2 Mole Na2S (Mole) 

COZ1 0.15 0.0015 0.01 

ZnS:Co COZ3 0.15 0.0030 0.01 

COZ5 0.15 0.0075 0.01 

(d) Cu doped ZnS nanostructues (Zns:Cu) 
Sample Code ZnCI2 (Mole) CuCI2 (Mole) Na2S (Mole) 

CUZ1 0.15 0.0015 0.01 
ZnS:Cu CUZ3 0.15 0.0030 0.01 

CUZ5 0.15 0.0075 0.01 
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Appendix 7 

Ion irradiation Chamber and ion trajectory 
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Figure Schematic of Ion Irradiation chamber and Ion trajectory and the ladder 

used In the vacuum chamber where the samples are mounted to Irradiate 

The Ion Irradiation experiments were done at 15UD Palletron available at Inter University 

Accelerator center at New Deihl Schematic of the 15UD pattetron IS shown In the figure 

Irradiation IS performed by mounting the samples In ladder (Figure B) In the material sCience 

chamber The ladder can move up/down as well can be rotate and so we can Irradiate 16- 20 

samples without releasing the vacuum at a time 
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Appendix 8 

Fluence in ion irradiation experiment: 

It is defined as the total number of irradiating ions incident per square 

centimeter (ions/ cm2
) of the sample. 

Fluences are calculated using the following formula 

Fl (
d..) Time (t) x Beam Current x pnA 

uence 'I' = --.:......:....--------=---
Charge State 

Beam currents for ion irradiation experiments are usually taken in the 

range of 1-5 nA. 

. 10-9 Caul/sec . 
1 pnA (particle nano ampere) = 9 = 6.25xl 09 particles / sec 

1.6xl0-' Caul 
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Appendix 9 

Table 5.2: Excitonic bmding energy of nanorod with different aspect ratio 

Sample FO F1 F2 F3 F4 

peak position in 
OAS 345 nm 351 nm 364 nm 372 nm 376nm 

PL peak position 
(UV peak) 362nm 365nm 376 nm 382nm 382nm 

PL peak position 
( Green peak) ~ 580nm ~ 580nm ~ 580nm ~ 580nm ~ 580nm 

Excitonic Binding 
Energy 170mev 140mev 120mev 100mev 80mev 

. )- '".' . ~ ~ ~ <.,..,. "",# ~ 

rr~ . :t':;;' ::*/:: .~~ y ~ '~. .... .. " 

TEM micrograph It ,.; '\ II' '\ It .... " . "'''''~ ."v,/ ..... ",.'" .~ .... " .d-'.~., -t. ~.: of, ..... .\ '.~ •• :\.~t J ......... , .... ~:~ ...... ; :r~.~~ .,14 
~ ,.. t...~'{."'''! .~.. ... t;. 
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Abstract We report transition metal (Mn. Cu) impunty doped ZnS nanopartlcles fabricated by a simple 
solullon growth technique and their response to 150-MeV TI'" Ion Irradiation. The size of the nanostructures 
Increases with Ion fluence due to melting led grain growth. The Increased size as a results of grain growth has 
been observed In the optical ab~~orption spectra In terms of red shift The dopant related find fluence dependent 
luminescence properties are studied by Photolumlnescene spectroscopy and the results are discussed. 

Keywords Nanostructures. Ion irradiation 

PACS Nos. .; 1.20.Ka; 81 05 Dz; 82.35.Np 

1. Introduction 

A semiconductor nanostructure, which uses the principle of three dimensional carrier 
confinement, have emerged as important technological assets for their dimensional 
dependent optoelectronic properties. The nanoscaled systems exhibit properties e.g. 
quantum size effect or three dimensional carrier confinement, quantization of the bulk 
electronic states. In addition, energy gap enhancement occurs with decreasing crystallite 
size. In recent years, size dependent electronic and optical properties of nanoparticles 
[1-4] have been studied by different workers. In fact that the band gap of these materials 
varies with crystallite size makes them and interesting category of materials for potential 
optoelectronics and photonics application. Among binary semiconducting systems, ZnS 
are the most widely Investigated system having a direct band gap of 3.7eV at 300oK. 

, 
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Again, doped nanomaterials provide improved functionality for prospective applications 
in nanotechnology [5-9]. The properties of intrinsic nanomaterials or host nanomaterials 
can be tuned by doping with some impurity. It is an important phosphorescent material 
both in doped and undoped form. It has been established that when doped with some 
magnetic impurities, the nanostructures develop a unique c!ass of material called diluted 

· magnetic semiconductors (OMS) which are promising candidates for magnetic memories, 

sensors and other spin-based devices [10, 11]. Such semi-magnetic and semiconducting 
structure, where carrier and spin confinement is possible provides a matchless system for 

spin manipulation and spin transportation [12]. 

Here we have used the solution growth technique because it provides a homogeneous 
distribution of impurity atoms in the host nanoparticles. With this technique it is easy to 
control the size and shapes of the nanoparticles and the technique provides higher 
production yields 'at low costs. 

Swift heavy ion irradiation is a useful tool for the development of nanostructures through 
ion implantation, ion beams mixing and template synthesiS etc [13-17]. In this particular 
report, we highlight impact of 150 MeV Ti 11 + ions on the photoluminescence and 
morphological changes in polymer encapsulated ZnS:Mn and ZnS:Cu nanostructures. 

· 2. Experimental 

First, 5% (w/v) transparent polyvinyl alcohol (PVOH) matrix WdS prepClred under moderate 
stirring (-200 rpm) and heating (65°C) for 3 hours. Next 0.15 M ZnClz was added to the 
PVOH matrix under stirring environment. The solution was immediately brought back to 
ice cold temperature and left undisturbed overnight. H2S gas was allowed to diffuse through 

the solution for maximum absorption. The solution is than kept in cool and dark environment 
for 24 hours and then casted on 1 x 1 cm2 laboratory slides for the irradiation experiments. 

For doped ZnS nanoparticle we use solution casting technique. For Mn+2 doping instead 
of only ZnCI2 a mixture of ZnCI2 and MnCI

2 
is added to Ille PVOH matrix. For Cu 12 

doping instead of only ZnCI2 a mixture of ZnCI2 and CuCI2 is added to the PVOH matrix. 

The irradiation was carried out on four identical samples. The nanoparticle samples 
· were mounted on a vacuum shielded vertical sliding ladder having tour rectangular faces. 
One sample was reserved as virgin one to compare with the irradiated samples. They 
were irradiated at high vaccum (1.6 x 10-6 torr) by 150-MeV Ti+ 11 beam with approximated 
beam current 1.0 pnA (particle nano ampere). The fluence was varied in the range 1010 to 
1012 ion/cm2 . In order to expose the whole target area, the beam was scanned vertically 
over the sample plane. The energy of the ion beam was chosen in such a way that the 
projectile range of the incident ion (21.3. /lm, as computed by SRIM program) exceeds 
thickness of the sample films (- 0.5 ~lm). Again the ion beam energy and thickness of 
the target was selected so that modification due to electronic energy loss (5e) affects the 
sample. Energy dependent electronic energy loss (5e) and nuclear energy loss (5n) for 
Ti+11 ions has been shown in table 1. 
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Table 1. Stopping energies and projectile range of energelic T,·" beam through ZnS 
nanostructures in PVOH. 

Energy 
MeV 

100 

150 

Electronic energy loss 
5" = (dEldx) eV/A 

512.37 

587.29 

3. Results and discussion 

Nuclear energy loss 
5n = (dEldx) eV/A 

023 

017 

Projectile range 
R (~lm) 

1526 

2132 

The X-ray diffraction pattern of Bulk ZnS and ZnS nanopartlcles shown in Figure 1 and 
Figure 2, depicts cubic structure corresponding to three diffraction peaks (111), (220) and 
(311) at 27.5u, 46.2° and 56°; respectively. The broadening of XRD diffraction peak compared 
to bulk confirms the formation of nanoparticle. The XRD gives an idea of rough estimation 
of average particle size - 10 nm, obtained by measuring full-width-at half maxima (FWHM) 

and Scherrer formula d::::: 0.9 J../w cos (J . The 20-top%gical view of nano-ZnS, taken by 
atomic force microscopy (AFM) and shown in Figure 3. agrees well with the prediction 
made by. 

20 

20 

(111) 

30 

1 
40 
2A 

(220) 

50 

Figure 1. XRD pattern of Bulk ZnS 

(311) 

60 

Figure 2. XRD pattern of undoped ZnS nanoparticle 
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In the XRD diffraction pattern of doped ZnS nanoparticle there is no new diffractiiDn 
[ 

peak, but instead leads to gradual shifts in the lattice parameters of the host material 

with dopant concentration is observed in accordance with Vegard's Law (18). Several grou~s 
successfully used this tool for study of doping for bulk semiconductor [19) and inorga~ic 
nanocrystals. [21,22). 

In the UV-vis spectra [Figure 4] of ZnS nanoparticles films which are irradiated with 

different fluences show red sift of absorption threshold. With increasing fluence of idn 

irradiation. This is a signature of significant grain growth. 
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Normally, the photoluminescence study provides information relating to different energ~ 
states available between valence band and conduction band responsible for radiative

l 
recombination. It is well known that when emission peak energies are less than the band 
gap energy of the material, these emission peaks ascribe to transition involving donors,1 
acceptors, free electrons and holes. 
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Figure 5. PL emission spectra of a) unirradiated 
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undoped ZnS nanoparticles. 
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The luminescence spectra of undpoed ZnS nanopartlcle [fig 5] consists of two peaks. 
First one around 375nm is due to band edge emission and second one around 420 IS 
due to surface states led trap related emission. Here emission due to surface states 
dominants the band edge emission. As the ion fluence (0 to 8 x 1011 lon/cm2), increases 
in there is adequate suppression in trap related emission owing to reduction in surface 
traps as a result of nanopartlcle growth. 

In the luminescence spectra of Mn doped ZnS nanoparticle [figure 6] three types of 
peaks are observed First one is due to band edge emission, second is due to surface 
states of the nanostructures as observed in pure ZnS nanoparticle. The third peak is at 
580 nm is ascribed as orange yellow Mn++ emission. The impurity related emission is 
due to transition between its localized electronic levels In the band gap of the host material. 
The T1-A 1 tranSitIOn correspunds to the peak around 580 nm with the Increase in ion 

fluence (0 to 8 x 10 '1 lon/cm :), there is adequate suppression In trap related emission 
oWing to reduction in surface traps as a result of nanoparticle growth. 

In the luminescence spectra of Cu doped ZnS nanoparticle [Figure 7] luminescence 
peak is around 500 nm. This blue-green emission is due to a transition from the conduction 
band to the t2 level of excited Cu++ in the ZnS band gap Band-edge emission and trap 
related emissions are dOfT)inated and. masked by the Cu++ emission in the ZnS band gap. 
The PL peaks decrease in Intensity with the Increase In ion dose, possibly due to 
suppression In recombination emission owing to grain growth phenomena under ion 
irradiation. 
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Figure 7. PL emission spectra of a) unirradiated 
and irradiated b) 5 x 10'°, c) 2 x10 11 d) 8 X 1011 

Ions /cm2 ZnS.Cu nanopartlcles. 
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Figure 8. Band structure of (a) bulk ZnS (b) nanD 
Zns and (c) nano ZnS doped with some impUrity. 

In doped ZnS nanopartlcle the any impurity can lead to Impurity levels in the band gap 
they caused luminescence. Tile luminescence around 400 nm is due to photo excited 
electrons, which are excited to electronic excitonic electronic level of LUMO. Again, due 
to rapid transition to HOMO level, a strong luminescence occurs in case of undoped 
nanoparticles. Without doping, radiative tranSition occurs from conduction levels to the 
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valence levels only. While In doped nanostructures another type of luminescence IS therie 
due to Inter-band transitions In accordance with the crystal field theory 

4. Conclusion 
I In conclUSion, we have produced doped and undoped ZnS nanostructures by Simple and 
I Inexpensive chemical route Photoluminescence shows a now emiSSion peak due to doping 
I Nanostructures embedded In polymer show regular grain growth process under Ion Irradiation 

The size of the grain can be tuned by selecting the proper Ion fluence In the Irradlat~d 
doped nanostructures the emission peak due to surface states show blue shift while tHe 

I 

doped related emission peaks do not shift appreciably 
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Abstract : Hydroxyl free zinc OXide nanorods have been synthesized by a catalyst free surfactant based 
one-step solid state reacliOn process. The powder X-ray diffraction studies reveal well defined wurtzlte peaks 
due to crystalline ZnO, while optical absorption spectra represent promll1ent exciton absorption and remarkable 
blueshlft in the onset of absorption, As predicted by transmission electron microscopy, the ZnO nanorods are 
-100 nm long and of -20 nm dla Further, luminescence aspects of such nanorods are studied for pOSSible 
deployment in optoelectronics devices. 

Keywords: Nanorods, optoelectronics, luminescence. 

PACS Nos.: 61.46.Km, 81.07.Wx, 78,67 on, 81.07.-b 

1. Introduction 

Recently, one-dimensional semiconductor systems such as nanorods, nanotubes, 
nanoneedles, nanowires etc. have gained enormous research Interests as they are 

considered to be potential candidates for microelectronics, photonics, and sensing 

applications [1-8]. Till date, extensive literature is available highlighting fabrication 

details/methods e.g" chemical vapor depOSition [9-12], arc discharge [13], laser 
ablation [14], template based method [15,16] etc. 

Zinc oxide (ZnO), a II-VI binary-compound semiconductor, has a wurtzite structure 
with a direct band gap of 3.37 eV at room temperature. The wide band gap along with 
large exciton binding energy (-60 meV) makes ZnO as an attractive candidate for UV 
sensors/detectors [17]. Compared to the bulk-ZnO, nano-ZnO exhibits extremely large 
excition binding energy and therefore, excitions In the later case are much more stable 

'Corresponding Author © 2009 lACS 
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at room temperature (k(i T -25 meV). As an alternative candidate of nanoelectronics, it 
was reported that p-type conductivity can be induced in natural hexagonal crystal 
structure of ZnO nanowire and was ascribed to the presence of oxygen vacancies. 

Also, the combined magnetic and transport properties as well as high Curie temperature 
etc. have made doped-ZnO a potential candidate for spintronic applications [18,19]. 

Further, polarized light emission from ZnO nanorods has been demonstrated recently 

[20]. 

In this letter, we report one-step synthesis of ZnO nanorods adopting a cost 
effective, catalyst free solid state reaction reute. The as prepared samples were 
characterized by X-ray diffraction (XRO), transrnission electron microscopy (TEM) and 
absorption spectroscopy. In addition, photoluminescence studies are performed to reveal 

optoelectronic properties. 

2. Experimental details 

ZnO nanorods were synthesized at room temperature by a simple and convenien~ 

physico-chemical reaction. The source material was a mixture of zinc acetate dihydrate 
(ZAO) [Zn(CH3COOh.2H20], cetyl trimethyl ammonium bromide (CTAB, a cationic 
surfactant) (C19H42BrN], and sodium hydroxide flakes in molar ratio 1 : 0.5 : 3. Without 

applying direct pressure, the mixture was ground in a mortar for 1-2 hours. Next, the 

mixture was transferred to a culture-tube and kept in an ultrasonic bath for one hour. 

The sonicated mixture was then washed with double distilled water several times. In 

order to induce oxidation of unreacted species, the as prepared mixture was annealed 

at temperature 60-80°C for 2 hours. Finally, the product was preserved for further 
experimentation and characterization. 

In order to reveal structural morphology, with regard to Size, shape distribution 

and crystallinity the sample was studied by powder diffraction and electron microscopy. 
The XRD pattern was recorded on a powcier sample with a Rigaku O/max-2000 

diffractometer employing Cu-Ka radiation (A = 1.54 A) with a scanning rate of 0.02 
degree/so The TEM images were taken by employing a JEOL JSM-100 CX microscope 
working at a beam accelerating voltage of 80 KV. Optical properties were investigated 
by absorption and photoluminescence (PL) spectroscopy. The room-temperature PL 

spectra were recorded by a Perkin-Elmer LS-55 spectrophotometer using A = 325 nm 
as the excitation wavelength. 

3. Results and discussion 

The structural phase and crystallographic orientation of the as-grown nano-ZnO samples 
(Figure '1) were identified by XRD measurements. The diffraction pattern suggests that 

as-grown nanostructures are polycrystalline In nature with wurtzite crystal phase in 
conSistency with earlier reports (21]. 

The strongest diffraction (101) peak at 34.51 0 implied that the structures were 
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Figure 1. XRD spectra of ZnO nanorods. 

555 

grown with preferred orientation of (101) plane. From the presented data, the crystal 
lattice parameters are estimated as : a = 3.235 A and c = 5.189 A, which are close 
to a = 3.253 A and c = 5.209 A of ZnO .(JCPDS Card No. 80-00075). In the XRD 
pattern, no characteristic peak due either to impurities or unreacted species like Zn, 
CTAS or Zn(OHh is observed. This results actually indicates the formation of hydroxyl 
free, wurtzite ZnO phase. 

The absorption spectrurr, is represented in Figure 2. Smgle sharp exciton 
absorption peak was noticed at -350 nm owing to 1 $-1 $ transition states. Also, narrow 

tailing in the OAS ensures us that there is adequate suppression in the degree of 

300 350 400 450 500 550 
Wavelength (nm) 

Figure 2. UV-VIS optical absorption spectra of ZnO nanorods 

inhomogeneity due to improved and organizational growth of particles while synthesis 
was in progress. 

A clear evidence of the formation of elongated ZnO nanostructures is being 

depicted in Figure 3. The Figure shows an isolated ZnO nanorod, which has a typical 
length of -100 nm and of dia -20 nm. Interestingly, we notice that the nanorods have 
deviated from the ideal solid-cylindrical shape. In other words, two extreme ends of the 

nanorods have smaller dia compared the middle parts and thereto.e, resembling 
commercial ball-pen like structures. 
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Figure 3. TEM Image of ZnO nanorods. 

Since the hydroxides are decomposed by a strong heat of the reaction to 
produce oxides in the reaction process, organization and aSSimilation of particles would 
be slow during initiation and termination in the formation of ZnO nanorods. In reference 

to the mechanism of growth process first, Zn(OHh was formed due to compositional 
formed mixing facilitated by solid state reaction and finally, ZnO is produced due to 
gradual decompOSition owing to strong heat of reaction. 

The photoluminescence studies are presented in Figure 4. The 325 nm line of 
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Figure 4. Room temperature PL spectra of (a) nanD and (b) bulk ZnO 
e 

Xe-Iamp was used as the excitation source and the data were collected by a computer 
controlled standard monochromator based photodetection system. The sharp peak at 
-375 nm shows the near-band-edge (NBE) emission. This is generally associated with 
the excitonic transitions [22], which has been observed between 378-385 nm by earlier 
workers [23-26]. A second broad band peak -485 is noticeable only in nano-ZnS 
sample and is ascribed to the trap related emission. The trap emission is assOCiated 
with the nonradiative centers, generally inherent in nanosfructures owing to extremely 

large surface-to-volume ratio. 
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Previously, the presence of broader PL band In the vIsible green region was 

attributed to the recombination of photogenerated holes with the singly Ionized oxygen 

vacancies [22] Also, It was reported that the defect Induced emiSSion can be 

suppressed by chOOSing a sUitable substrate that aVOids lattice Inlsmatch to a large 
extent [27] In our powder sample system, there IS no such reason that can control 

trap emiSSion The symmetric nature of the green emission with FWHM -105 nm 

reflects uniform roughness all throughout the nanorods Highlighting polarized light 
emission characteristics, tunability of near band edge and defect emission was 

demonstrated by earlier workers [20] In our case, strong and symmetric response of 

both the emission features of PL also support organized growth of quality nanorods 

ConSidering absorption and emission spectra we have estimated blndino energy of 

excltons Eb -120 meV The calculated value IS close to the value estimated by other 
workers [28] 

4. Conclusion 

In summary, we have deSCribed a one step solid state syntheSIS of ZnO nanorods The 

method deSCribed here IS Simple, robust and cost effective for large scale productIOn 

One dimensional nanorods of length at least five times more than the base dimenSion 

were produced The powder diffraction study proVides signature of hexagonal wurtzlte 
structure With (101) as plcfened Ollentatlon SYlllmetnc nature ()f tlap-Iumlnescence, 
centered at -485 nm suggests uniform smoothness over the n, morod surfaces The 

binding energy of our ZnO nanorod sample was predicted to be -120 meV Temperature 
dependent and time resolved study of such nanostructures, Will help further, to explore 
and understand nature of light emission In terms of radiative and nonradlatlve transitions 
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1 Introduction Owing to increaSIng demands of dis
play and optoelectronic devices, Intensive research efforts 
are being pursued worldwide on various aspects of 
semiconductor nanostructured systems [1-3]. HIgh-quality 
semiconductor nanocrystals can be processed by a WIde 
varIety of physical and chemical routes. Doping with suitable 
optically active impurities has its own importance when a 
specific emission is desired. In recent years, the fabncation 
of binary semiconductor nanocrystals doped with either 
transition-metal ions [4, 5], or rare-earth Ions [6, 7] has 
gained a great deal of interest within the research com
munity. Zinc OXide (ZnO), a wide direct band gap (3.37 eV 
at 300 K) semiconductor, exhibits Intense light emiSSIOn 
charactenstlcs from the UV to the ,viSible range In the 
electromagnetic spectrum [8-10]. With the advent of 
processing routes. It has been po<;slble to produce not only 
good-quality spherIcal ZnO nanopartlcles (quantum dots) of 
narrow size dIstrIbution but also nanostructures of a large 
variety e.g. rods. needles, strips, shells, urchin and flower
like structures (II, 121. 

On the other hand. bombardment of the nanocrystal 
systems With energetic ions is an interestIng concept to 
reveal in-depth information With regard to structural and 
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morphological evolution during ion-nanomatter interaction. 
Attempts have been made so far that hlghhght ion-induced 
nanoparticle growth [13], nanostructure elongatIOn [14, 15], 
ripple formation [16] and other such effects. While 
nanoparticle growth, splitting and directed growth are 
reported for ion energy in the MeV scale, ion implantation 
[17] and ripple formatIon are observed for Ions carrying 
energy In the keV scale. The effect of controlled ion 
irradiation on asymmetrically shaped nanostructures could 
reveal many exciting properties that include surface polish
ing, polarized light emission. tunability in the trapped related 
emiSSion. etc In particular, irradiation-related study on rare
earth-doped elongated systems IS rarely discussed in the 
eXisting literature. In this report, we present cost-effective, 
one-step solid-state fabrication of quality Tb-doped ZnO 
nanorods and explore their structural and luminescence 
responses after 80-MeV nitrogen ion irradiation. 

2 Experimental details 
2.1 Synthesis of ZnO and Tb/ZnO nanorods 
ZnO nanorods were synthesized using a SImple solid-

state reaction approach. A mixture of zinc acetate dihydrate 
(ZAD), a catiOnIC surfactant cetyl-trimethyl ammOnIum 
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bromide (CTAS, 99.9% pure, Loba-Chemie). and sodium 
hydroxide (NaOH) with a molar ratio of I :0.4:3 were ground 
together in an agate mortar for", I h at room temperature. 
The unidirectional soft grinding was accompanied by the 
abrupt decomposition and excess heat release while the 
reaction was in progress. After ultrasonication, the product 
was washed repeatedly with deIOnized water and ethanol and 
finally dried in air (",70°C) for 2 h. 

For preparing Tb-doped ZnO nanorods, at first, terbium 
oxide (Tb40 7, 99.9% pure, Otto) was converted to terbium 
acetate. 0.5 gm of terbium oxide was reacted with a 0.4 mLof 
cone. nitric acid (maintaining pH'" 7 by dropwise addition 
of sodium hydroxide solution) resulting in a white 
precipitate. In order to remove unwanted byproducts, the 
product was subjected to repeated washing with distilled 
water. Finally, the product was treated with 0.4 mL glacial 
acetic acid to give rIse to terbium acetate [Tb(CH)COOh]. 
The Tb-doped ZnO nanorods were developed by adding as
received terbium acetate in the reactant-mixture (weight 
ratio Tb/Zn = 0.02) followed by unidirectional grinding. 

2.2 Irradiation of the nanorods Nontoxic and 
transparent polyvinyl alcohol (PYA) matnx medium was 
selected to disperse ZnO nanorods. ZnO nanorod-dispersed 
PYA films were casted on laboratory glass slides (I x I cm2

) 

for the irradiation experiment. The samples were irradiated 
in the Material Science chamber under a high vacuum 
(pressure of '" I 0-6 mbar) condition and using 80 MeY-N4+ 
ion beams (with a beam current of '" I pnA, particle
nanoampere), available at the 15UD tandem pelletron 
accelerator of Inter University Accelerator Centre, New 
Delhi. The ion-beam ftuence was measured by integrating 
the ion charge on the sample ladder, which was insulated 
from the chamber. The ion ftuence was varied in the range of 
5 x 10 11-8 X 10 12 ionslcm2

• 

The structural and optical properties of undoped and Tb
doped ZnO nanorods were characterized by X-ray diffrac
tion (XRD), scanning electron microscopy (SEM), trans
mission electron microscopy (TEM), absorption and 
emission spectroscopy tools. The results are discussed with 
a specific objective to understand irradiation-induced effects 
on Tb-doped ZnO nanorod systems. 

3 Results and discussion Figure I illustrates the 
XRD patterns of the pure and Tb-doped ZnO nanorods. In 
consistency with the other reports [7. 8], the diffraction peaks 
corresponded to the hexagonal wurtzite structure of ZnO 
with preferred orientation along the (10 I) plane (Fig. I A). 
The XRD pattern of the Tb-doped system is similar to the 
undoped one and no extra peak was detected that might 
correspond to other byproducts or reactant species (e.g. 
Tb02, Tb20 3, Tb40 7, etc.). Since terbium crystallizes into 
hexagonal closed packed structure, it can easily be 
accommodated into the hexagonal ZnO host lattice 
(a = 3.257 A, c = 5.233 A). As shown in the magnified 
version of Fig. I A (i.e. Fig. I B), the characteristic XRD 
patterns reveal a uniform shift in the diffraction peaks 
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Figure 1 (online colour at: www.pss-a.com)(A)istheXRDpattem 
of (a) undoped ZnO nanorods. and (b) Tb-doped ZnO nanorods. (B) 
represents the magnified view of (A) that is shown in the selected 
diffractIOn angle range. (C) corresponds to the EDS spectra of Th
doped ZnO nanorods. 

towards lar~er angle in t~e case of Tb-doped ZnO nanorods 
(a = 3.250 A. c = 5.197 A) with respect to its ZnO counter
part. This may be attributed to the lattice mismatch aroused 
due to the incorporation of the larger-sized Tb3+ cations 
(1.\ 8 A) into the Zn2+ site (0.74 A) of the host lattice. A 
similar kind of shift of the diffraction peaks towards larger 
diffraction angle on doping with rare-earth elements was 
reported by Zhang et al. [18]. it is necessary to make an in
depth analysis on the structural modification due to Tb 
doping. Applying the Williamson-Hall model [19], given 
by: f3 cos8 = 0.9;JD + 4£ sin8, one can obtain the average 
crystallite size (D) and microstrain (e) for a system of 
interest. Here, f3 is the full width at half maxima (FWHM) 
at Bragg's angle (28), with }, being the X-ray wavelength 
(CuKa = 1.54 A). Since the expression represents the 
equation of a straight line, the lattice strain can be calculated 
from its slope, whereas the intercept on the y-axis gives the 
crystall i te size. Accordi ngl y, the val ues of lattice parameter, 
mlcrostrain and average crystallite size for undoped and Tb
doped ZnO nanorods can be estimated (using Figs. 2a and b) 
and are presented in Table I. The microstrain experienced by 
the Tb-doped ZnO system is about eight times more than its 
undoped counterpart. The substantial increment in strain 

a) b) 
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Figure 2 (onlinecolourat: www.pss-a.com)Williamson-Hallplot 
of (a) undoped and (b) Tb-doped ZnO nanorods. 
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Table 1 Lattice parameter, microstrain and crystallIte size of 
undoped and Tb-doped ZnO nanorods. 

sample 

ZnO 
TblZnO 

microstrain 

6.87 X 10-4 

2.11 X 10-3 

crystallite size 
(nm) 

28.84 ± 0.11 
29.16±0.03 

lattice parameter 
(A) 

a = 3.257, c = 5.233 
a=3.250, c=5.197 

value is assigned to the inevitable chemical Incompatibility 
arising due to Tb incorporation into the ZnO host. The 
presence of Th in doped ZnO nanorod system was also 
verified from the energy-dispersive spectra (EDS). Zinc and 
terbium atoms corresponding to the lowest ground-state 
energy were found to be located at the same position 
(Fig.IC). 

The visible evidence of nanorods was obtained from 
SEM (lEOL-JSM6390L V) and TEM (lEOL JSM-100 CX) 
studies which are presented in Figs. 3a and b. The average 
length and diameter of the nanorods are found to be ",600 
and", 75 nm, respectively. The diameter of the nanorods at 
the extreme ends is found to be considerably smaller than the 
central parts. Since the decomposition of hydrox'ides into 
oxides is accompanied by a strong heat of reaction, the 
nanoparticle growth is expected to be slow during the 
initiation and termination of the final product (nanorods). 
The nanorods are found to be surface polished and resemble 
with the structure of solid-cylindrical ballpoint pens. 

Figure 4 depicts the UV -visible absorption spectra of 
both the irradiated and unirradiated samples of Tb-doped 
ZnO nanorods. The un-irradiated nanorods (Figs. 4a and b) 
show long tailing and two prominent peaks at "",365 nm 
(",3.4eV) and "",270nm ("",4.5geV). The 365-nm peak is 
attnbuted to the excitonic ground-state (/1 = 0), whereas the 
270 nm corresponds to the first (/1 = I) excited excitonic 
state. The ground-state exci tonic energy ("",3.4 e V) is 
enhanced compared to the free exciton energy in the bulk 
(",3.30eV) owing to ID confinement of carriers [20]. The 
ground-state excitonic energy (3.4 eV), in our case, is 
comparatively smaller than the reported value (3.53 eV) 
where the nanorods are considered in the strong quantum 
confined regime. However, the first excited-state (4.59 e V) is 
consistent with the reported one [20]. The presence of long 
tailing due to significant inhomogeneity in the sample is 
found to be suppressed for ion-irradiated samples (Figs. 4c 

Figure 3 (a) SEM Image ofTb-doped ZnO nanorods, and (b) TEM 
image of a fully grown isolated nanorod of diameter ~ 75 nm. 
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Wavelength (nm) 

Figure 4 (online colour at: www.pss-a.com) UV -visible spectra of 
(a) unirradiated undoped ZnO, (b) umrradiated Tb-doped ZnO 
nanorods, and Tb-doped ZnO nanorods irradiated with a Ruence 
of(e)S x 10",(d)2 x 10'2 and (e)8 x 1012ions/cm2;respeetively. 

and d), though the ground-state excitonic absorption position 
is found to be undisplaced. This clearly indicates that 
controlled nitrogen irradiation could bleach out the unde
sired species at best along with improved surface passivation 
and without affecting the ground-state excitonic feature. 
Conversely, the excited-state absorption peak of irradiated 
nanorods was shifted to 285 nm (Figs. 4c-e). So, there is an 
appreciable redshift of "",235 meV in the first excitonic 
excited-state absorption of irradiated specimens, compared 
to the pristine one. It is now clear that a metastable-state is 
created between the ground-state and the first excited-state as 
a result of nitrogen ion irradiation. This newly generated 
state could be due to the improved symmetric distribution of 
the nanorods owing to recovery from matrix encapsulation 
which is otherwise suppressed in a given matrix. The 
excited-state excitonic absorption feature is found to be more 
prominent with increased ion fluence. In contrast, the 
ground-state absorption that was sharp in the case of the 
unirradiated nanorod specimen becomes broad owing to 
relaxed ground-state absorption. At the highest fluence 
(8 x 10 12 ions/cm 2

) the ground-state absorption becomes 
featureless followed by a long tailing. We have thus shown 
that with the proper selection of fluences, energetic nitrogen 
beam can improve not only the quality but also help in 
preserving ground-state and excited-state carrier population 
of elongated nanosystems (nanorods) under investigation. 

The PL spectra of the nanorods (}.ex = 325 nm) before 
and after irradiation are shown in Fig. SA. In the 
asymmetrically broadened PL spectra, the defect-related 
emissions dominate the band-edge emission of ZnO and 
hence the band-edge emission (....,370 nm, dashed line) is 
only poorly resolved. The central maxima at ",405 nm are 
ascribed as the emission from zinc vacancies present in the 
ZnO lattice [21]. The asymmetric nature of the luminescence 
patterns is ascribed to the presence of other inherent emission 
peaks (due to distributed defect states on the surface and in 
the interior of a given nanostructured system) at higher 
wavelengths owing to the asymmetric geometry of the 
nanosystems. In particular. the impression at ",430 nm is the 
emission due to the presence of zinc interstitials [21]. The 
zinc-interstitial-related emission becomes more prominent 
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Figure 5 (onltnecolourat: www.pss-a. 
com) A: Room-temperature PL spectra 
of (a) unirradiated undoped ZnO, 
(b) unirradiated Th-doped ZnO nanorods, 
and Tb-doped ZnO nanorods irradiated 
with a fluenceof(c)5 x 10", (d)2 X 10 '2 

and (e) 8 x 10 '2 ions/cm2
, respectively. 

The label 'b" corresponds to as synthe
sized Th-doped ZnO, whereas 'b' rep
resents nanorods after repeated washing 
and dispersing in PYA. B: Scheme 
of various transitions involved in 
Tb-doped ZnO nanosystem. 
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for Tb-doped ZnO nanorod system (Figs. 5Ab,b*). Further, 
for irradiated ThlZnO samples, this emission gets suppressed 
owing to the improvement in zinc-vacancy-related emission 
(~405 nm). A feebly resolved peak at ",490 nm of the un
doped nanorods (Fig. 5Aa) is attributed to the blue emission 
of ZnO (21). The same peak corresponding to the Tb-doped 
ZnO nanorods gets enhanced (Figs. 5Ab,b+) because of the 
superimposition of the Tb 1+ -related ~D4-7F(, transition that 
occurs almost in the same wavelength range [22). Another 
weakly resolved band centered at ",535 nm was seen for 
undoped nanorods, which corresponds to the oxygen
vacancy-related green emission [23,24). This peak becomes 
distinct and broad in the spectrum of Tb-doped ZnO 
nanorods as a result of the overlapping emission pattern 
arising due to the transition (5D4-7FS) of TbH at ",548 nm 
with the aforesaid green emission [25). The probable 
transition events are also shown in schematic Fig. SB. 

The PL spectra of the irradiated nanorod samples exhibit 
significant alteration. The PL response of the nanorods, 
irradiated with a ftuence of2 x J 0 ' 2 ions/cm 2 is more intense 
than the unirradiated nanorods, but irradiation with a ftuence 
of 5 x Jail ions/cm2 exhibits the highest PL intensity (Figs. 
SAb-d). Note that the central peak-to-blue, and central peak
to-green emissions are found to be enhanced for irradiated 
Tb-doped ZnO nanorods, upto a ftuence of2 x 1012 ions/cm2 

(Table 2). It is expected that upon ion irradiatIOn the 
nanorods overcome the PV A matrix encapsulation allowing 
recovery of free excitons and resulting in the enhancement of 
defect-related emission. The ThH -related emission peaks 
are still in view after irradiation (Figs. SAc-e). This indicates 

3 ,6 
TI>+ 

that the Tb3+ -related peak appears due to the energy transfer 
from the deep level states to the sD4 energy level of TbJ + 

cations (Fig. SB). While returning from the conduction band, 
most of the photoexcited electrons relax in the defect states 
and transfer their energy to the 5D4 energy level of Tb3+ 
resulting in the sDc7F6 and sDc7Fs transitions. The visual 
evidence of recovery from matrix encapsulation can also be 
seen in the electron micrographs (Figs. 6a and b). In contrast, 
the same sample that was irradiated with a ftuence of 
8 x 1O '2 ions/cm 2

, the PL intensity decreases drastically 
along with a redshift in the PL spectra (Fig. SAe). This 
indicates that at this ftuence, the nanorods get completely 
dislodged from the supporting matrix, leading to agglomera
tion events (Figs. SAe and 6c,d). The agglomeration leads to 
the suppression of the zinc vacancy and zinc interstitial 
related emissions. The agglomerated system is characterized 
by a disordered phase where the quantum confinement effect 
would no longer be valid. However, the Tb-related emission 
peak remained intact even if the structural ordering was lost. 
The agglomerated nanosystem (corresponding to a ftuence of 
8 x 10 '2 ions/cm 2

) is found to have a symmetric peak at 
",455 nm. 

Taking PL maxima into consideration, the variation in 
the symmetry factor VS. ion ftuence can be plotted (Fig. 7). 
The improvement in the symmetry factor (lj! L1, 8 is the 
magnitude of the lower-end asymmetry and L1 is the FWHM) 
from 0.28 to 0.48 was observed while ftuence was varied 
from 5 x 10" to 8 x 1O '2 ions/cm2. Thus, one can ade
quately improve the symmetry factor without retaining 
structural ordering for overexposed samples. It is believed 

Table 2 Characteri~tic PL response V~. ion fluence variation for TblZnO nanorods. 

Iluence (ions/cm2
) energy absorbed (1Icm 2

) central peak position (nm) 

o (undoped) 
o (Tb-doped) 
5 x 10" 
2 X 10 '2 

8 X 10 '2 

o 
o 
6.4 
25.6 
102.4 

405 
405 
405 
405 
405 (455") 

relative PL intensity 

central-to-blue 

2.3 
1.7 
2.5 
2.8 
0.7 

central-to·green 

4.2 
1.9 
4.0 
4.9 
1.0 

"Though the central position IS shifted to 455 nm, the onglnal central peak al405 nm (corresponding to zinc vacancy) remains Intact. 
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Figure 6 TEM Image of the TblZnO nanorodsafter Irradiation with 
a ftuence of (a) 5 x lO", (b) 2 x 10 12 and (c) 8 x 1012ions/cm2; 
respectively. An overview of the agglomerated nanorods (case 'c') at 
lower magnificatIOn is shown in (d). 

<l -<0 

O.OOE+OOO 8.00E+012 
Fluence (lons/cm

2
) 

Figure 7 (online colour at: www.pss-a.com) Symmetry factor VJ. 

ion ftuence variatIOn. 

that with controlled nitrogen ion irradiation, one can recover 

not only band-edge emission but also improve the defect
related tunable and selective emissions. 

4 Conclusions By adopting a user-friendly surfactant
assisted growth process, one can produce high-quality Tb

doped ZnO nanorods. The excitonic ground-state and 

excited-state absorption features are evident in the optical 
absorption spectra. Nitrogen ion irradiation, at selected 

ftuences, has a direct impact on defect-related emission 

owing to significant surface modification. Recovery of the 

nanorods from the polymer matrix due to ion irradiation 
enables the suppression of the non-radiative emission and 
improvement of the radiative emission via surface traps. 
The Tb-related SD4-7FS and sD4- 7F6 transitions are found 

to be overlapped with the respective blue and green bands 

of the luminescence patterns. The quantitative aspects 
correlating structural modification and luminescence pat
terns, applicable for rare-earth-doped irradiated ZnO 
nanorods might form the basis of nanoscale luminescent! 
display devices and are currently being investigated by our 
group. 
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Chromium Doped ZnS Nanostructures: 
Structural and Optical Characteristics 
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Abstract. ChromIUm doped ZnS nanopartlcles arranged 10 the fonn of fractals were fabncated 
by us10g me'(peOSlVe phYSico-chemical route The Cr ZoS samples were charactenzed by 
diffractIOn and spectroscopic techmques Unexpected growth of fractals With several micrometer 
dimenSIOns and of core size I ~ml (tip to tip) was confirnled through TEM micrographs At 
higher magmficatlon, we found that individual fractals consist of sphencal nanopartlcles of 
average size < 30 nm The mechamsm leading to such organized structures deSCribing fractal 
pattern IS encountered In thiS work 

Keywords: Fractals, Self assembly, II-VI Semiconductor 
PACS: 6147 Hv, 81 16 Dn, 8105 Dz 

INTRODUCTION 

Among II-VI setruconductor systems, ZnS IS the most popular Wide band gap 
system havmg a direct band gap of -3 7eV at 300<)( ZnS IS a protrusmg host matenal 
due to ItS thermal and enVIronmental stabilIty TranSitIOn metal doped setruconductor 
nanostructures e g Mn ZnS, Mn ZnO, Cu ZnS are belIeved to be potentIal candidates 
owmg to strong etrusslon due to nnpunty states [1-3] Incorporation of both transltIon
metal Ions and rare-earth IOns znS nanostructures by adoptmg chetrucal and phYSIcal 
techniques have been reported m recent years [4-6] It has been used as base matenal 
for cathode ray tube lUImnescent matenals [7,8] On the other hand, Cr doped ZnS 
has not received much attentIOn owmg to slgrnficant chetrucal IncompatIbilIty ansmg 
due to latttce trusmatch at the host lattice Over the years, chetrucally syntheSized 
doped setruconductor nanostructures have attracted sClenttfic commuruty OWIng to 
mexpensIVe procedures for large scale productIOn FabncatIOn of trucro structured 
fractals reqUires self assembly SInce dIrect marupulatlon of such self snrular structures 
at the lower end of the scale IS extremely difficult to achieve [9] There IS a growmg 
Interest and conttnuous demand In the fabncatIOn of self SimIlar matenals, parts, 
features etc for apphcatton In nanotechnology One of the difficult tasks was to 
produce matenals that mcorporate multIple length scales simultaneously, from nano 
and trucro, to trucro scale In fact, fractals could aclueve tlus goal because of then self 
sitrulanty and sustaInablhty in the real world as well as in theory [10,11] In thIs 
paper, we report physlco-chetrucal syntheSIS of Cr ZnS nanostructures and their 
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spectroscopic and structural characterizations. A theoritical approach on the fonnation 
of resulting fractals is also attempted 

EXPERIMENTAL 

Cr-doped znS encapsulated in polyvinyl alcohol matrix (PVOH) was fabricated 
using a low cost colloidal solution casting route. For this 2% (w/v) PVOH in double 
distilled water was magnetically stirred at -200 rpm at a constant temperature for six 
hours until a transparent solution was fonned. Nel\.1, aqueous solution of ZnCh was 
added to the PVOH matrix under stIrring condition and then aqueous solutIOn of crO) 
solution was mixed at room temperature. To this precursor Na2S solution was drop 
wise injected, which led to the growth of 'Cr.ZnS' nanoparticles Optical properties of 
the samples were studied through PL-spectra. The structural aspects were revealed by 
XRD, TEM, AFM, MFM studies. The freshly prepared samples of CrZnS, deposited 
on glass substrates are used for AFM, MFM, PL and XRD measurements, where as 
liquid samples were kept for TEM studies. 

Particle size 
FIGURE I. TEM micrographs (a) Fractal patterns at higher maglllficatlOn, 

(b) spherical nanopartlcles of Cr lnS 111 PYA matrix at closer II1spectJon (c) DistributIOn of particles 
With average gram size 

RESULTS AND DISCUSSION 

At lower magnification unexpected growth of fractal-like patterns [10,11] were 
confinned though TEM micrographs (Figure la), whIle at hIgher magnification these 
fractals were found to consist of individual nanoparticles of average size less than 30 
run (Figure Ib). In figure Ic, distribution (%) of nanoparticles with particle size in a 
0.585 sq. 11m area is shown. It is observed that the maximum number of particles lie 
within the range of 10 run to 20 run. The fractal like feature was further confinned by 
systematically measuring Its fractal dimension, typically defined by the divider 
fonnula [12] 

D = lIm logN(r) 
J ,...0 log(r) 
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FIGURE 2. Analysis of the fractal patterns, (a) A straight rular of length r (thick line), walks 
along the nanomaterial surface contour, starting from point A, and ends at point B, Left: r"" 125 ~, 
and in figure (b) r "" 50 /lm, The distance between A and B (tllIn lme) is measured to be d. The path 

length N IS then defined as the sum of the number of steps and dlr. (c) A log-log graph ofN versus 
(~) Tbe fractal dimensIOn, Df IS the absolute value of the slope, in tbls case, Df = 1.48. 

where r is the length unit, N (r) is the size of the geomatric object measured with unit r. 
To measure Df, We used a methode illustrated by Andrea Lomannder et. al. [9]. For a 
given value of r , the ruler usually cannot walk along the contour exactly with an 
integer number of steps, giving rise to the mismatch between the start and the 
endpoints (points A and B in figure 3 ). In such cases, N was calculated as the sum 
of the number of full steps and the fractional length between the start and the end 
points with respect to r. In the example shown in figure 3(a), t=125 !!m, it looks 10 
steps (thick line ) starting from A to proceed to the point B along the contour. The 
remaining distance between A and B ( thin line) is SO mIl, whose fractional length 
with respect to r is SO/12S == 0.4, thus the total contour length is 10.4. In figure 3(b) 
r == SO!!m, the contour length yeilded an average value of N==38.7S. The measured 
value of N depended on the location of the starting point of the contour. Inspired by 
the Nyquist sampling theorem [13], several values of N starting at different points on 
the contour were measured and averaged. The graph of log[r] vs. Log[N] gave the 
fractal dimension Df = 1.48. This value corresponds to the fractal dimension Dfof a 
viscous fingering system [14], whose formation mechanism is known as diffusion
limited aggregation (DLA) [15,16]. In the plane, Df == 1.71; however, in real systems, 
depletion effects may decrease Dffrom this ideal value to 1.4 [13.14). Thus, it can be 
interpreted that the fractal like feature was fonned through DLA-like process. Change 
of pH and the presence of disulphide bond are important for the fonnation of fractals 
through DLA-like process [9). Molecular self- assembly takes place via a subtle 
balance between non covalent bond interactions that result in the formation of well
defined structures [17-22]. The cysteine disulphide bond should relnain stable at lower 
pH [23,24). In a recent work [2), The authours have shown production of Cr:ZnS 
nanoparticJes without fonnation of fractals. We have though followed the similar 
method replaced treatment of H2S by acidic Na2S treatment. We expect that, in our 
case the presence of excess disulfide bond could be responsible for the fonnation of 
fractals. 
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X-RA Y DIFFRACTION STUDIES 

The X-ray diffraction pattern of the Cr:ZnS nanoparticles embedded in PVOH 
matrix is shown in figure 3. It depicts cubic crystalline structure corresponding to 
three diffraction peaks (Ill), (220) and (311). The average particle size estimated is 
12 nm as obtained by measuring full-width-at half maxima (FWHM) according to 
Scerrer's formula [25) 

d = 0.9A. 
cucosB 

It has also been observed that maximum numbers of particles are oriented with 
crystalline state (111). 

10 20 30 40 50 60 70 
2 e in degree 

FIGURE 3. XRD pattern ofer doped ZnS 
nanostructures in PYA 

Photoluminescence Study 

Figure 4 represents photoluminescence response of Cr doped ZnS nanostructures in 
PVOH matrix at excitation wavelength 300 nm. The appearance of the PL peak with 
energy close to the band gap energy is recognized as band gap emission [26]. On the 
other hand emission peak corresponding to low energy values ascribed to the 
transition involving donors, acceptors, free electrons and holes. We ascribe the 
emission peak at ~380 nm as the band edge emission of ZnS and the peak at around 
550 nm is expected due to d-electron transfer of C?+ into the ZnS host. 
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FIGURE 4. PL emission spectra ofCr doped lnS nanostructures in PVOH matrix. 

AFM AND MFM STUDIES 

The surface morphology of the samples casted on glass substrates were studied by 
using scanning probe microscopy (SPM). A typical AFM and MFM micrographs for 
the sample is shown in Figure 5. AFM image of the sample exhibits unifonn surface 
morphology as shown in figure 5(a). Magnetic force microscopy is a well established 
method to probe the micro-magnetic properties of samples with lateral resolution 
down to ~50 nm. The advantage of SPM is that less sample is needed, thinning or 
polishing of the sample is not necessary. Moreover, the technique yields information 
on both the structural (AFM mode) as, well as the magnetic (MFM mode) aspects with 
regard to sample's surface. Therefore, the topology and magnetic domain structure of 
a sample can efficiently be correlated at the nanometer scale. Transition metals like 
Mn, Fe, Co, Ni doped ZnS, ZnTe systems are found to display spin glass state, where 
as V or Cr doped ZnS, ZnSe, ZnTe are ferromagnetic in nature [2]. 

2.51'01 ~.~.Ilm 

o I'm Opm 

o I'm 2.5 pm 0 I'm 2.5 pm 

FIGURE 5. (a) AFM and (b) MFM micrographs ofCrdoped ZnS embedded in PYA 

To exploit magnetic properties, we have carried out MFM studies on the Cr doped 
ZnS samples. The figure 5(b) is basically a phase image of the sample; it shows clear 
response to the magnetic field. The average size of the magnetic cores (black spot) is 
measured as - 165 nm and white regions spreading over the cores are ascribed to 
region of influence by the respective particles. Thus, it is evident that ZnS:Cr 
nanoparticles can respond appreciably to magnetic force and fields and MFM in this 
regard, can be a very good tool to exploit magnetic domains and particle-particle 
interactions. 

CONCLUSIONS 

We have fabricated Cr-doped ZnS nanostructures by a SImple and ine~"pensive 
chemical route. Photoluminescence shows a new emission peak - 550 nm due to 
incorporation of Cr+2 ions into ZnS host. Spherically isolated magnetic domains are 
found in MFM micrographs. A new direction for generation of fractals with II-VI 
based transition metal doped diluted magnetic semiconductor is reported. Here, the 
synthesized fractals are of dimension 1.48. This is evident that the growth of fractals 
were due to diffusion limited aggregation. The mechanism of fractal formation at 
nanoscale level is in progress. 
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