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Abstract

The ZnO nanoparticles were successfully synthedigethemical method were found to be
(20-70) nm in size as revealed by XRD Scherersnfda. The particle size measurement
was done by SEM, TEM. In the present research &af® nanoparticles were synthesized
using Zinc Acetate in ethanol with further additiohethyl acetate. The white synthesized
ZnO powder was then heated at 450750C and 900C temperatures. The ZnO samples
were then characterized by XRD, SEM and TEM. Furtharacterization was done using
FTIR, UV- visible spectroscopy and DSC-TGA. The &gonal wurtzite structure of ZnO

was confirmed by XRD spectra. FCC structure was ptedicted by the XRD peaks. The
optical properties of the ZnO samples were studigdUV-visible spectroscopy. The

temperature variation of samples indicates that sime increases with increase in
temperature while the XRD peaks gets sharper aadosh The thermal properties were

investigated by TGA.



Chapter 1
INTRODUCTION

1.1 Motivation and Background For The Project

Today, in the age of science technology and innowatvhen
world is surmounting on the roof of technology &eatonics mostly dominated by
miniaturize devices and electronic equipments dmefeby creating the need of new
materials and technologies into all aspects ofydd#é. Since the early -1960s the potential
of integrated circuits that are used in the compuneustry has grown exponentially
fulfilling a prediction by Gordon E. Moore, calléMoore’s law’. In order to fulfil this
prediction very common type of material comes duttis “semiconductor”. These
semiconductors mainly dominated by known elemerabin (Ga), Indium (In), Silicon
(Si) and Germanium (Ge) which makes their way enplriodic table as p-block elements.
The starting point of the semiconductor industryswtne invention of the first
semiconductor transistor at Bell Lab in 1947. Gemmia which possesses properties like
low melting point and silicon dominates the commarenarket for its better fabrication
technology and application to integrated circults.time passes on the rapid growing world
demands speed with technology which was fulfillgcallcompound semiconductor Gallium
Arsenide (GaAs) which makes it easy for high spgetelectronic devices. As compare to
silicon Gallium Arsenide which does a direct baag gemiconductor possess higher carrier
mobility along with higher effective carrier velbgiwhich makes it better suited for
optoelectronics devices. But for high temperatleeteonic devices something more was
required. Due to this world now demand a materiéh ywroperties like high bad gap, higher
electron mobility as well as higher breakdown fistcength. So on making investigation the
name of compound comes out is “Zinc Oxide” whictaigvide band gap semiconducting
material having highelectron mobility, high thermal conductivity, widend direct band
gap, and large exciton binding energy [1, 3, 12,V@8ich makes it suitable for wide range
of devices, including transparent thin-film transis, photo detectors, light emitting
diodes and laser diodes that operates in the bideiraviolet region of the spectrum. Also
zinc oxide has been commonly used in its polyctiyséaform over hundred years in a wide
range of applications. It creates enthusiasm teldgvproper growth and procetechnique
for synthesis of zinc oxide. Zinc Oxide is also wmoas “Lu-Gan-Stone “ in china, Zinc

oxide has been In used in medical treatment faequimber of years in china.
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In the last decade world witnessed a rapid actiothé research related to zinc oxide as a
semiconductor. From the 1960s, synthesis of Zn@ fhims has been an active field
because of their applications as sensors, transslacel catalyst .The decade of 1970 for
ZnO away in manufacturing of simpler ZnO devicéd® Iceramic varistors, piezoelectric
transducers [2] etc. A lot of work on metallo-angachemical vapour deposition has been
done extensively in latter decade. Newer methodse wesed including pulsed laser
deposition and moleculer beam epitaxy [3] in thédAO which leads to commercial
availability of ZnO. In the last decade a lot e§earch has been done to study the surface
modification and photocatalytic property of ZnO $9] and applications in low-voltage and
short-wavelength electro-optical

devices, transparent ultraviolet protection Filme)d spintronic devices [49]Now
researchers are investigating optical propertiedn@ capped with polymers [5] along with
its piezoelectric properties [6ZnO has now become one of most studied materia as
presents very interesting properties for optoetgitls and sensing applications, in nano

range synthesis.
1.2 What IsNanoTechnology

According to a general accepted definition ‘nanbtetogy’
is a technology concerned with objects that haveadt in one dimension a size
of less than 100 nm. This means that underlyingnopaysics’ can be placed
between mesoscopic physics (the physics of obfjetigseen a few microns and
one hundred nanometer) and microscopic physhes ghysics of interactions

between individual atoms and molecules) [7].

The European Union as well as the large Americamh dapanese (and to a
certain degree also Chinese, Brazilian, Indian) eesearch societies currently
invest substantial resources in research geared ardisw applied
nanotechnologies. One of the big expectations & thanotechnology will
eventually fulfil the dreams of scientists from dilsciplines; from physicist
waiting to see quantum mechanical concepts contiéetovia chemist, longing
to fabricate large molecules atom for atom; todm@ts, seeking to control atom
transport into and out of membranes and understahith functions the
macromolecules composing the genome perform. “Tai@lenty of room at the

bottom”, as Richard Feynman stated as early as 1959.



Eric Drexler in the early 1980’s coined the wordaidTechnology”

1.3 History Of Zinc Oxide

It is hardly possible to trace the first usage ot oxide-zinc compounds
were used by early humans, in processed and urgzeddorms, as a paint or medical

ointment, but their composition was uncertain.

“Pushpanjan’probably zinc oxide was used for eyes and open dsus mentioned in the
Indian medical text the “Charaka Samhita”, thoughtdate from 500 BC or before [8]
Around T' century AD it was used as a preferred treatmena feariety of skin conditions
including skin cancer. It is still widely used invariety of products such as baby powder,

antiseptic ointment, anti-dandruff shampoos androgeagainst diaper rashes.

Around 200 BC Romans produced brass, an alloy mé and cooper by a cementation
process where copper was reacted with zinc oxitihwis thought to have been produced
by heating zinc ore in a furnaf®. In India it has also been recovered from zmmoes at
Zawar around $tBC. From 12" to the 18 century zinc and zinc oxide were recognized and

produced in India using a primitive form of theadit synthesis form.

In 17" century zinc manufacture moved to China from Indiac oxide was mainly used
in paints and ointmen{8]. This white powder was widely accepted as water erobl
1830s but it did not mix well with oil. It was uséy some artists as a base for their oil
paintings in 1890s and 1900s, due to the factithaiakes a rather brittle dry film when
unmixed with other colors. It was mostly used iblrer industry in the vulcanization of
rubber. In recent times it was used in photocopyagt was added into the photocopying

paper as a filter.

1.4  Processing methods of Nanomaterials

There are a large number of techniques availablsytthesize
different types of nanomaterials in the form oflawls, clusters, powders, tubes,
rods, wires, thin films etc.There are thereforeous physical, chemical, biological

and hybrid techniques available to synthesize natenals.



The technique to be used depends upomdterial of interest, type of nanostructure
viz. zero dimensional (0-D), one dimensional (1eDjwo dimensional (2-D) material, size,
quantity{9] etc.

Synthesis
U U g 4
Physical Chemical Biological Hybrid
Colloids, sol-gel Using biomembranes, Electro-
L-B films, DNA, enzymes and Chemical,
Inverse micelles micro organisms CvD
Mechanical vapour
Ball Milling, Laser Ablation,
Melt Mixing lon Implantation

Fig. 1.4.1: A Schematic Diagram of types of Synihe$ Nanomaterials

There are two different approaches of material i€ation. One is the “Top-Down”
approach and the other is “Bottom-Up” approachthinfirst one, generally a bulk material
is taken and machined it to modify into the desisbdpe and product. Examples of this
type of technique are the manufacturing of thegrated circuits using a sequence of steps
such as crystal growth, lithography, Etching, ianplantation etc. For nanomaterial
synthesis, ball-milling is an important top-down pegach, where macrocrystalline
structures are broken down to nanocrystalline &ires, but original integrity of the

material is retained [10].

On the other hand “Bottom-Up” technique is usetudd something from basic materials,

for example, assembling materials from the atomEoutes up, and, therefore very



important for nano-fabrication. Examples of thipdyare self assembly of nanomaterials,
sol-gel technology, physical and chemical vapoupogéion (PVD, CVD), epitaxial

growth, laser ablation, etc [10].

Synthesis of nanomaterials is based on followingtsgies:
* Liquid-phase synthesis
» Gas-phase synthesis

* Vapour-phase synthesis

Liquid-phase synthesis
Under Liquid-phase synthesis the techniques ased

» Co-precipitation

* Sol-gel process

* Micro-emulsions

* Hydrothermal/Solvo-thermal synthesis
* Microwave synthesis

* Sono-chemical synthesis

* Template synthesis
Gas-phased synthesis

e Pulsed Laser Ablation
* |nert Gas Condensation

* lon Sputtering
Vapour-phased synthesis

» Chemical vapour synthesis
» Spray Pyrolysis

» Laser Pyrolysis/ Photochemical synthesis

Nanostructured materials can have significantlyfed&nt properties, depending on the
chosen fabrication route. Each method offers sodvargages over other techniques while

suffering limitation from others.



1.5 Objective of Study

Objective of this project is focused on the follagisteps:

Preparation of ZnO nanoparticles by wet chemicakthod Zinc
acetate dehydrate and ethanol are the precursdoesiatghere.
Characterize the crystal structure and phase uemgRD diffraction
pattern.

Characterize the surface morphology by SEM

Determination of particle size using TEM

Detect the various functional groups in moleculds sgnthesized
nanomaterials by FTIR spectroscopy analysis

Study the optical properties using UV-vis, PL spestopy

Study of Thermal property using TGA

Study of Transition temperature using DSC
Study of I-V characteristics and density of stageng STM
Determination of Thermal conductivity and Residtivising probe

technique






Chapter 2

Literature Survey

2.1 Crystal structureof ZnO

Zinc Oxide (ZnO) is a strategically important seamducting material whic
potentially has wide application in wireless commcations, optoelectronics, includit
ultraviolet(UV), diode lasers and sensors and MEMS techn[3].

Zinc oxide is an inorganic white powder compoundttts insoluble in water, which
widely used as an additive in numerous materiats @oducts including plastic, ceran
glass, cement, paints, tberies and first aid tapes. It occurs naturallyttees mineral zincits
but most zinc oxide is produced synthetically. latemial science zinc oxids a wide band-
gap of 3.37 eV [211, 57, 56, 60 at room temperature and is a semiconductor ofl-VI

semiconductor group.

Most of the 111 binary compound semiconductors crystallize ithei cubic zinc blende «
hexagonal wurtzite (Wz) structure where each amosurrounded by four cations at f

corners of a tetrahedron and vice veand it belongs$o the space group P63mc (186).
The crystal structure shared by ZnO are wurtzi#) (Binc blende (B3 and rock salt (or

Rochelle salt (B1)11,12,11.

Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)

(a) (b) (c)

Fig. 2.1: Stick and ball representation of ZnO e [14]
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It has a stable wurtzitstructur¢[11]. In an ideal wurtzite, with a hexagonal closedkeul
lattice type has téice parameters a= 0.325 nm, b= 0.3249 nn ¢ = 0.521 nm, in the rati
of c/a=1.60212, 54. The figure below shows the schematic representati@ewurtzite

ZnO structure with lattice constara in the basel plane amdn the basel directio

[000 1]

Fig. 2.2: wurtzite ZnO structure with lattice caanstisa, ¢ andu which is represented |
bond length or the near-neighbour distanck divided byc (0.375 in ideal crystal
a and 8 (10947 in ideal crystal) bond angles and three typeseafos-nearest-neighbour

b,', b, by [14].

It is characterize by two interconnecting sub ¢asi ofZn?* and0?~ whereeach anion is
surrounded by four cations at the corner of a hewleon with a typicasp® covalent
bonding. ZnO has a large free exciton binding eperg 60 meV [ 3,12, 58] for more
efficient optical emission and detection at roomperature and wch will strongly promp
the applications of UV laser in the field of bertkatection, communication and optis
memory with magnitude enhancement with performaMigch effort has been devoted
tailor the morphology and size to optimize ttptical prgerties. As a resuvarious ZnO
nanostructures including nanowires, nanotubes, belt®yp nanoflowers, nanospheres h
been obtained [13].

Moreover, the melting point of ZnO is 1°C which determines its high thermal a
chemical stability. This kind otetrahedral coordination in ZnO will form a nonaah

symmetric structure with polar symmetry along tlesdgonal axis. The root cause for

13



natural N-type nature of ZnO is due to the sermitdss of ZnO lattice constants to the
presence of structural point defects (vacancies iatefstitials) and extended defects
(threading/planar dislocations) that are commordynfl in ZnO resulting in a non-
stoichiometric compoundn, ., O with anexcess zinc [15]. These excess zinc atoms have
the tendency to function as donor interstitiald tige its natural N-type conductivity. The
cause of the commonly observed unintentional n-tgreductivity in as-grown ZnO is still
under debate.

Obtaining p-type doping in ZnO has proved to bewry difficult task [1]. One reason is that
ZnO has a tendency toward n-type conductivity. Arotreason is that the defects, which
we now know are not responsible for n-type condghitgti do play a role as compensating
centers in p-type doping. A third reason is the that there are very few candidate shallow
acceptors in ZnO. Column-IA elements (Li, Na, K)tbe Zn site are either deep acceptors
or are also stable as interstitial donors that camspte p-type conductivity [1]. Column-IB
elements (Cu, Ag, Au) are deep acceptors and doamitibute to p-type conductivity. And
because O is a highly electronegative first-romm&et only N is likely to result in a
shallow acceptor level in ZnO. The other columnisheents (P, As, Sb) substituting on O
sites are all deep acceptors.

In ionic form, the excess zinc exist as Zn+ iniged$ that are mobile and they tend to

occupy special interstitial sites with Miller indéx, %, 0.875) as shown in Figure.2.3

113, 213, 112 1/3, 213, 0.875

Fig.2.3: ZnO unit cell with ionic positions of Zirmnd Oxygen atoms [15]

2.2 Properties of ZnO
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As far as properties of ZnO is concerned one caid&ithem mainly into Chemical
properties and Physical properties which are fursiie-divided into Mechanical properties,

Electrical properties and optoelectronic properties

2.2.1 Chemical Properties[8]

ZnO possess following chemical properties:

It occurs as the mineral zincite or as white powkleown as zinc white. It is

generally orange or red in colour due to mangameparity.

e It is thermochromic, changing from white to yellogolour when heated and
reverting to white colour. This change in colourceused by a very small loss of
oxygen at high temperatures.

» It is amphoteric oxide nearly insoluble in watett kus soluble in most acids and
alkalis. With acids it forms compounds like zindphate while with acids it forms
zincates.

* On exposed to air it absorbs both water vapourcanidon dioxide. This forms zinc

carbonate.

2.2.2 Physical Properties[16]

ZnO possess following physical properties:

Property Value
Lattice parameters at 300 K
a 0.325 nm
c 0.521 nm
alc 1.602 (for ideal hexagonal structure)
u 0.345
Molecular weight 81.38
Density 5.606 g/cn
Stable phase at 300 K Wurtzite
Melting point 1975°C

15



Thermal conductivity 0.6

Linear Expansion coefficient ay: 6.5 107°, ¢4 3.0x 107
Static Dielectric constant 8.656
Refractive Index 2.008
Energy gap 3.37 eV (direct)

Intrinsic carrier concentration <107% cm~3(max n-type doping) $0%°

cm~3 electrons; max p-type doping<10

cm~3 holes
Exciton Binding Energy 60 meV
Electron Effective mass 0.24
Electron Hall mobility at 300 K 200cm?/Vs
for low n-type conductivity
Hall effective mass 0.59
Hole Hall mobility at 300 K for low 5-50cm?2/Vs

p-type conductivity

Table 1: Physical Properties of wurtzite ZnO

2.2.3 Mechanical Properties

Mechanical properties of ZnO including tensile mlodu(from tension), bending
modulus (from buckling), elasticity and fracturee af critical relevance [17]. ZnO is a
relatively soft material with approximate hardngsst 4.5. Both tensile modulus and
bending modulus were found to increase as nanalaraeter decreased from 80 to 20 nm.
The majority of the reported studies focused oniytloe elastic properties (i.e Young’'s
Modulus).

2.2.4 Electrical Properties

In case of ZnO nanostructure, the surface defeggtsn boundary, surface absorbed
oxygen and unsaturated dangling bonds) are the mmpsirtant factors for controlling the

electrical conductivity [18]. Doped ZnO is a welidwn transparent conductor [38]. The
electrical conductivity in Znananomaterial$ also an interesting but controversial topic;

two different hypotheses are reported as a causetygfe conductivity in ZnO. Majority of
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reports illustrate that the intrinsic defect stdiles oxygen vacancies or zinc interstitials are
responsible for n-type conductivity in ZnO [1, 18Jhough, few other researchers think
quite contrary to the hypothesis and believe thainsic defects are deep level traps and

cannot contribute in conduction.

2.2.5 Magnetic Properties

The perfect crystalline nature along with a defediden surface controls the
magnetic properties of ZnO nanowire. Magnetic measents illustrate the ferromagnetic
nature of submicron sized zinc oxide (ZnO) arisiing to singly charged oxygen vacancies
[18]. Nanowires show diamagnetic behavior when alatkat higher temperature in oxygen
while argon annealing does not affect the magrmitaviour [37]. It has been found that
ZnO is a promising host material for ferromagnekioping [12]. Ab initio calculations do
predict ferromagnetism in n-type ZnO doped with trtesnsition metalions, including Co
and Cr, but predict no ferromagnetism for Mn-dop&dO. This is consistent with
experimental results where ferromagnetism is nseoled in Mn-doped ZnO that is n-type
due to group Il impurities [16, 18].

2.2.6 Optoelectronic Properties

The optical properties of ZnO were characterizeghgtoluminescence (PL).
It has rapidly emerged as a promising optoelectromaterial due to its large band gap of
3.37 eV at room temperature, low power threshotdfaical pumping and highly efficient
UV emission resulting from a large exciton bindieigergy of 60 meV [1, 3, 12, 19, 20].
The process of optical absorption and emission Hmeen influenced by bound excitons
which are extrinsic transition related to dopamsiefects thereby usually responsible for
creating discrete electronic states in the band Bapiton which is a bound system do not
requires traps to localize carriers and recombwigls high efficiency. The optoelectronic
properties of ZnO nanostructures depend strongly tloeir morphology, crystalline
structure, defect and impurity contents [21]. Thptoelectronic properties of the
nanostructures and thefect of air annealing are further studied by measguthe PL
spectra of the samples at room temperature. A baoadintense emission spreading from
450 to 650 nm along with a less intense band atratfd885 nm can be sedrom the
spectra. The 385 nm band is attributed to the legigg excitonic luminescence of ZnO, the
broad band in the visible region is generdilieved to be associated with intrinsic defects

in nominally undoped ZnO [22].
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The broad emission near 520 nm in ZnO is ofterrmedeas the green emission, while other

broad emission at around 580 nm is referred aswedimission.
2.2.7 Optical Band Gap

An accurate knowledge about the band structureseh@conductor is quite critical
for exploring its applications and even improvimg tperformance. Since both conduction
and valence bands contribute significantly to thergy range where the optical excitations
fall in, it is impossible to give a detailed integpation of optical reflectance without at least
a semi quantitative band-structure calculatiort.firs
Zinc oxide has a direct and wide band gap (3.37[#V¥) 12,] as shown in the figure below.
It has also a large exciton binding energy of 60/raad an exciton bohr radiug,= 20 A°
[22].

e
—/ —
@
.............. i
E.=3.4376 eV —
T=4.2K E‘
AE 4.9 meV 2
I o T e
AE_ . =43.7 meV
r,[A]
r,[B]
r,IC] PR ST gl A e el
-10 -
- L ™M T A “

() (b)
Fig. 2.2.7.1: (a) Band structure and symmetridsexfagonal ZnO. The splitting into three

valence bands (A, B, C) is caused by crystal fagld spin-orbit splitting (b) The LDA band

structure of bulk wurtzite ZnO calculated usinganslard pseudopotentials [15,23]

Band-gap engineering of ZnO can be achieved byialjpwith MgO or CdO. Adding Mg
to ZnO increases the band gap, whereas Cd decrgsband gap, similar to the effects of
Al and In in GaN [1].

The band gap of ZnO as calculated by local derapfyroximation (LDA) is found to be
3.77ev which mostly accounts for the Zn 3d eledrdrhe ZnO having direct band gap is

very well indicated by the valence band maxima lameest conduction band minima both

18



occurring at the same G point of k=0.Zn 3d leerls indicated by bottom ten bands
(occurring around 9ev) and O 2p bonding stateshagielighted by next six bands from -
5eV to 0 eV. The empty Zn 3s levels signified bistfitwo conduction band states are
mainly Zn localized. Crystallization of ZnO mostigvourable in wurtzite symmetry and

crystal field splitting as well as spin orbit iréetion results in three states say A, B &C.
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CHAPTER-3

MATERIALSAND METHODES

3.1 EXPERIMENTAL

The precursors used in the synthesis of ZnO namticies by wet chemical
method are Zinc acetate dihydrate (€CI@0),Zn 2H,0) with molecular weight of 219.50
gm and ethanol (C#H,OH) having a molecular weight of 46.08 gm. Ethataddes care
for the homogeneity and PH value of the solution &elps to make a stoichiometric
solution to get Zinc oxide nanopatrticles [24].
Steps involved in the synthesis of ZnO nanopadiele as:

* Firstly in a 50 ml beaker take 500 mg of Zn acegatd dissolve it in a 20ml
of Ethanol along with continuous stirring. This Mig¢sult in a homogenous
solution.

» After this transfer the above prepared homogenolgisn in a crucible or
watch-glass and add 2-3 drops of Ethyl Acetate ;@POCHCH3) with
constant stirring.

* Heat the above prepared solution atC#® evaporate the solution. This will
result in a white powder.

* The white powder obtained is subjected to calcomatiat three different
temperatures 450, 700°C, 900C for 3 hours.

The growth of ZnO from zinc acetate dihydrate presou using wet chemical process
generally undergoes four stages, such as solvatigdyolysis, polymerization and
transformation into ZnO. The zinc acetate dihydmtrursor was first solvated in ethanol,
and then hydrolyzed, regarded as removal of therdatated acetate ions. Ethanol has
smaller size and a more active — OH. Ethanol cactrenore easily to form a polymer
precursor with a higher polymerization degree. €hagc hydroxide splits into Zn cation
and OH- anion according to reactions (Eg. (1)) fsidwed by polymerization of hydroxyl
complex to form “Zn—0O-Zn" bridges and finally trdosned into ZnO (Eq. (2)) [25].

Zn (OAc), ——> 2Zr’"+ 2(0Ac)” (1)
Zn**+ 20H ©=——=> Zn (OH), =——=> ZnO + kD 2)
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The calcinated powders are studied using diffechatacterisation techniques.

Confirmation of pure ZnO phase is verified by XRiabysis. The shape and morphology of
particles are studied by SEM pictures obtained. Wérethe particles have attended the
nano range is studied by taking the TEM picturesavfhple which gives the sharp peaks in
XRD analysis. Optical properties were studied bydnld electrical properties using STM.

Resistance can be measured using High resistartee. me

3.2 CHARACTERISATION TECHNIQUES

In order to investigate various properties of phepared sample, it has to goes
under a number of characterisation techniques.ré&belt gives the information about the

different optical, electrical as structural propestof sample.

3.2.1 Structural Characterisation

Structural characterisation is done to eedct information about the crystal
structure, surface morphology, particle size etoguXRD (X-ray Diffraction),

SEM (Scanning electron microscope), TEM (Transrois&lectron microscope).

3.2.1.1 XRD

Up to 1895 the study of matter at the atomic levas a difficult task but
the discovery of electromagnetic radiation with 118-10 m) wavelength, appearing at the
region between gamma-rays and ultraviolet, makgmstsible. As the atomic distance in
matter is comparable with the wavelength of X-ting phenomenon of diffraction find its
way through it and gives many promisable resultsed to the crystalline structure.
Crystals are regular arrays of atoms, and X-rays ¢@ considered waves of
electromagnetic radiation. Atoms scatter X-ray veverimarily through the atoms'
electrons. Just as an ocean wave striking a ligislgroduces secondary circular waves
emanating from the lighthouse, so pan X-ray stgkem electron produces secondary
spherical waves emanating from the electron. Thhenpmenon is known as elastic
scattering, and the electron (or lighthouse) isvkmas the scatterer. A regular array of
scatterers produces a regular array of sphericaksvaAlthough these waves cancel one
another out in most directions through destrucinterference, they add constructively in a
few specific directions, determined by Bragg's law.
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2dsin8 = n\

Wherenis an integer 1, 2, 3..... (Usually equal 1)s wavelength in angstroms (1.54 A for
copper), d is interatomic spacingdn andd is the diffraction angle in degrees.

The characteristic of the sample can be determinyeglotting the angular positions and
intensities of the resultant diffracted peaks daliaion. XRD is used to determine the

structure of sample, i.e. how the atoms pack tageith the crystalline state and what the
interatomic distances and angle are.

A C

\\Im'ﬂaﬂ:x—m’s Diffracied x rayz rd
Yy

Atomic-scale crystal lattice planes

R

Fig. 3.2.1 (a): X-Ray diffraction in accordancewiragg’s law [26]

The figure shows the X-Ray diffractometer Brucké& @vance available in DTU.

Fig.3.2.1 (b): Photograph of Bruker D8 Advance

The main components of XRD are an X-ray tube, apdarnolder, and an X-ray detector.

X-rays are generated by in a cathode ray tube hyirfgea filament to produce electrons,
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accelerating the electrons toward a target by appls voltage, and bombarding the target
material with electrons. When electrons have siffic energy to dislodge inner shell
electrons of the target material, characteristica)X-spectra are produced. These spectra
consist of several components, the most commorgh&irand K. K, consists, in part, of
Kaand K. Ky has a slightly shorter wavelength and twice theensity as K. The
specific wavelengths are characteristic of theatargaterial (Cu, Fe, Mo, Cr). Filtering, by
foils or crystal monochrometers, is required toduee monochromatic X-rays needed for
diffraction. K,;and K, is sufficiently close in wavelength such that aghéed average of
the two is used. Copper is the most common targeemal for single-crystal diffraction,
with Cu K, radiation = 1.5418A [27]. These X-rays are colligthiand directed onto the
sample. As the sample and detector are rotatedintbasity of the reflected X-rays is
recorded. When the geometry of the incident X-ragpinging the sample satisfies the
Bragg Equation, constructive interference occuid @peak in intensity occurs. A detector
records and processes this X-ray signal and cantiegtsignal to a count rate which is then

output to a device such as a printer or computeTtoio

The geometry of an X-ray diffractometer is sucht tih& sample rotates in the path of the
collimated X-ray beam at an anglevhile the X-ray detector is mounted on an arm to
collect the diffracted X-rays and rotates at anlamd 2. The instrument used to maintain

the angle and rotate the sample is termgdraometer. For typical powder patterns, data is

collected at 2 from ~5°to 70°, angles that are preset in the X-ray scan.
3.2.1.2 Scanning Electron Microscope SEM

A scanning electron microscope (SEM) is a typelefteon microscope that produces
images of a sample by scanning it with a focuserbef electrons. The electrons interact
with atoms in the sample, producing various sigiiadég can be detected and that contain
information about the sample's surface topograpityc@mposition. The signals that derive
from electron reveal information about the samptduding external morphology (texture),
chemical composition, and crystalline structure andntation of materials making up the
sample. In most applications, data are collectesl avselected area of the surface of the
sample, and a 2-dimensional image is generateddibptays spatial variations in these
properties. The electron beam is generally scammedraster scan pattern, and the beam's
position is combined with the detected signal tmdpice an image.
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A typical SEM consists of electron gun, electronskes, sample stage, detector for all
signals of interest, display/data output devicesnbst applications, data are collected over
a selected area of the surface of the sample, @hdimensional image is generated that
displays spatial variations in these propertiegaarranging from approximately 1 cm to 5
microns in width can be imaged in a scanning magleguconventional SEM techniques
(magnification ranging from 20X to approximately,300X, spatial resolution of 50 to 100
nm) [28]. The SEM is also capable of performinglgses of selected point locations on the
sample; this approach is especially useful in gai@hely or semi-quantitatively determining
chemical compositions (using EDS), crystalline anee, and crystal orientations
(using EBSD). The design and function of the SEMvésy similar to the EPMA and
considerable overlap in capabilities exists betwbertwo instruments.

The figure shows a typical SEM:
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Fig.3.2.1 (c): Schematic SEM [29]

The SEM is an instrument that produces a largelgmfi@d image by using electrons
instead of light to form an image. A beam of elecstris produced dhe top of the
microscope by an electron gun. The electron bedlows a vertical path through the

microscope, which is held within a vacuum. The béawels through electromagnetic
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fields and lenses, which focus the beam down towsedample. Once the beam hits the

sample, electrons and X-rays are ejected fromadhgke.

Incident Beam

prirmary backscatherad
H-rays ehectrons

secondary electrons
Auger electrons

Sample

Detectors collect these X-rays, backscatteredrelest and secondary electrons and convert
them into a signal that is sent to a screen sinulartelevision screen. This produces the
final image. Because the SEM utilizes vacuum camaktand uses electrons to form an
image, special preparations must be done to thelsadll water must be removed from

the samples because the water would vaporize imateum. All metals are conductive and
require no preparation before being used. All natats need to be made conductive by
covering the sample with a thin layer of conductivaterial. This is done by using a device
called a "sputter coater." The sputter coater aseslectric field and argon gas. The sample
is placed in a small chamber that is at a vacuurgoA gas and an electric field cause an
electron to be removed from the argon, making tbma positively charged. The argon
ions then become attracted to a negatively chaggétifoil. The argon ions knock gold
atoms from the surface of the gold foil. These guluins fall and settle onto the surface of
the sample producing a thin gold coating. The egslmows the Hitachi-s-3700 N available
in DTU.

Fig. 3.2.1 (dHitachi-s-3700 N
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3.2.1.3 Transmission Electron Microscopy (TEM)

Transmission electron microscc (TEM) is a microscoptechnique whereby a
beam of electronsstead of lightis transmitted through an ultthin specimen, interactir
with the specimen as it passes through. An imadgerieed from the interaction of tt
electrons transmitted through the specimen; thegémia magnified ar focused onto an
imaging device, such asfluorescent screen, on a layerpbiotographic filn, or to be
detected by a sensor such CCD camera.

A TEM is composed of several components, whichudela vacuum system in which 1
electron travel, an electreemission source for generation of the electrorastrea series ¢
electromagnetic lenses, as well as electrostasitepl The latter two allow the operatot
guide and manipulate the beam as required. Alsoinedis a device to allow the inserti
into, motion within, and removal of specimens from beam path. Imaging devices

subsequently used to create an image from theetecthat exit the syste

Theoretically, the maximum resolutitd, that one can obtain with a light microscope
beenlimited by the wavelength of t photonghat are being used to probe the samp
and the numerical apertt of the systemiNA [31].

B A A
" Insina | 2NA

Early twentieth century scientist theorised waygetting around the limitations of tl

d

relatively large wavelengtlof visible light(wavelengths of 4(-=700 nanometers) by
using electrons. Like all matter, electrons havéhbeave and particle properties |
theorized by Louis/ictor de Broglie), and their wa-like properties mean that a be:
of electrons can be mado behave like a beam of electromagnetic radiatidme
wavelength of electrons is related to their kinetiergy via the de Broglie equation.
additional correction must be made to account &ativistic effects, as in a TEl

electron's velocity apprches the speed of light,

h
Ae A2 —
vamDE (1 + %)

Where,h is Planck's constar my is the rest massf an electron ar E is the energy

of the accelerated electron. Electrons are usugbyerated in an electr
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microscope by a process known as thermionic enmdsion a filament, usually
tungsten, in the same manner as a light bulb, wmrratively by field electron
emission. The electrons are then accelerated bgleatric potential (measured
in volts) and focused by electrostatic and elecagnetic lenses onto the sample.
The transmitted beam contains information about cteda

density, phase and periodicity; this beam is usddrn an image.

The figure shows the TEM used for characterisation

Fig.3.2.1 (e) Photograph of TEM
Figure illustrates the internal constructadm EM:

Condonses Aperturs

Objective Aprrtsre
Zeloct Area Apardure

Seredan

Fig.3.2.1 (f) Internal Structure of TEM [30]
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3.2.2 Optical Characterisation

As we know zinc oxide has wide range of applicatiothe field of optoelectronics
devices on putting the sample to following chanas&tion techniques gives information

related to optical properties.

» UV-visible spectroscopy
» Fourier Transform infrared spectroscopy

* Photoluminescence

3.2.2.1 Fourier Transform infrared (FTIR)

In the region of longer wavelength or low frequernbe identification of different
types of chemicals is possible by this techniqueinfifared spectroscopy and the
instrument requires for its execution is Fouriangform infrared (FTIR) spectrometer.
The spectroscopy merely based on the fact thataulele absorb specific frequencies
that are characteristic of their structure termed rasonant frequencies, i.e. the
frequency of the absorbed radiation matches thguéecy of the bond or group that
vibrates. And the detection of energy is dondhmnbasis of shape of the molecular
potential energy surfaces, the masses of the a@mdsthe associated vibronic coupling
energy is done on the basis of shape of the maeqdtential energy surfaces, the

masses of the atoms, and the associated vibroofing.

As each different material is a unique corabon of atoms, no two compounds
produce the exact same infrared spectrum. Thereiftfrared spectroscopy can result in a
positive identification (qualitative analysis) ofesy different kind of material. In addition,
the size of the peaks in the spectrum is a dirglitation of the amount of material present.
In infrared spectroscopy, IR radiation is passedugh a sample. Some of the infrared
radiation is absorbed by the sample and some isf plassed through (transmitted). The
resulting spectrum represents the molecular abisarpand transmission, creating a
molecular fingerprint of the sample. Like a fingempmo two unique molecular structures
produce the same infrared spectrum. This makearadr spectroscopy useful for several
types of analysis.

The figure shows the FTIR available in DTU:
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Fig.3.2.2 (a): Photograph of Nicolet-380 FTIR
The goal of anyabsorption spectroscopy (FTIRaultlet-visible ("UV-Vis")

spectroscopy, etc.) is to measure how well a saaipderbs light at each wavelength. The
most straightforward way to do this, the "dispegsspectroscopy” technique, is to shine
a monochromatic light beam at a sample, measurerhogh of the light is absorbed, and
repeat for each different wavelength.

The figure shows the components of FTIR:
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Fig.3.2.2 (b): Internal Structure of FTIR [33]

FTIR analysis can give not only qualitative (idén#ition) analysis of materials, but with

relevant standards, can be used for quantitativeat) analysis. FTIR can be used to
analyze samples up to ~11 millimetres in diameted, either measure in bulk or the top ~1

micrometer layer.

3.2.2.2 Photoluminescence

Photoluminescence (abbreviated as PL) describgsh#i@omenon of light emission
from any form of matter after the absorption of {ms (electromagnetic radiation).
Photoluminescence (PL) is the spontaneous emisséiloght from a material under optical
excitation. Features of the emission spectrum eansled to identify surface, interface, and
impurity levels and to gauge alloy disorder an@iifaice roughness. The intensity of the
PL signal provides information on the quality offages and interfaces [34].

Figure below shows the typical experimental sefou’L measurement.
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Fig.3.2.2 (c) Set up for PL [34]
In a typical PL experiment, a semiconductor is &ctiwith a light-source that provides
photons with energy larger than the band-gap enefidye incoming light excites a
polarization that can be described with the sendaotor Bloch equations. Once the
photons are absorbed, electrons and holes are dormigh finite momentak in
the conduction and valence bands, respectively. éko#tations then undergo energy and
momentum relaxation towards the band gap minimuypickl mechanisms are Coulomb
scattering and the interaction with phonons. Fnalhe electrons recombine with holes
under emission of photons.
Ideal, defect-free semiconductors are many-bodiesys where the interactions of charge-
carriers and lattice vibrations have to be considén addition to the light-matter coupling.
In general, the PL properties are also extremeaigisige to internal electric fields and to the
dielectric environment (such as in photonic crygtathich impose further degrees of
complexity.

Figure shows the PL instrument:

Fig.3.2.2 (d) Photograph of PL Instrument
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3.23.1HIGH RESISTANCE METER/ ELECTROMETR

An Electrometer is an electrical instrument for mwa@ng electric charge or
electrical potential difference. There are manyfedént types, ranging from historical
handmade mechanical instruments to high-precisiectrenic devices. In order to study
electrical properties (resistance) of ZnO nanoiglag electrometer/ high resistance meter

is used.

Modern electrometer is a highly sensitive elecitartltmeter whose input impedance is so
high that the current flowing into it can be comset, for most practical purposes, to be
zero. The actual value of input resistance for modsectronic electrometers is around

10*Q, compared to around 190 for nano-voltmeters.

Here we measured resistance with variation of teatpee. The photograph below shows
the Electrometer 6517A available in DTU.

ZeroChack

Fig.3.2.3 (a) Photograph of 6517A Electrometer

3.23.2STM

The development of the family of scanning proberosicopes starts with the original
invention of the STM in 1981.Gerd Binnig and HewtriRohrer developed the first working
STM while working at IBM Zurich Research Labora&siin Switzerland. This instrument
would later win Binnig and Rohrer the Nobel Prirephysics in 1986 [35]A scanning
tunnelling microscope (STM) is a non-optical mi@oge that works by scanning an
electrical probe tip over the surface of a sampla eonstant spacing. This allows for a 3D

picture of the surface to be created.
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The STM works by scanning a very sharp metal wpe@ver a surface. By bringing the tip
very close to the surface, and by applying an Btadtvoltage to the tip or sample, we can
image the surface at an extremely small scale -ndmaresolving individual atoms. The
STM sample must conduct electricity for the prodesaork. For an STM, good resolution
is considered to be 0.1 nm lateral resolution ar@l @m depth resolution. With this
resolution, individual atoms within materials awmutinely imaged and manipulated. The
STM can be used not only in ultra-high vacuum Hab an air, water, and various other
liquid or gas ambient, and at temperatures ranfyomg near zero Kelvin to a few hundred

degrees Celsius

In addition to scanning across the sample, infolonatn the electronic structure at a given
location in the sample can be obtained by sweepoltage and measuring current at a
specific location. This type of measurement is exhBcanning tunnelling

spectroscopy (STS) and typically results in a pfathe local density of states as a function

of energy within the sample.
Working Principleof STM

The STM is based on several principles. One igjtlrentum mechanical effect of
tunnelling. It is this effect that allows us to &ethe surface. Another principle is the
piezoelectric effect. It is this effect that allows to precisely scan the tip with angstrom-
level control. Lastly, a feedback loop is requiredhich monitors the tunnelling current and

coordinates the current and the positioning oftijhe
Modes of Operation

First, a voltage bias is applied and the tip isubgid close to the sample by
coarse sample-to-tip control, which is turned offerw the tip and sample are sufficiently
close. At close range, fine control of the tip Ihtlaree dimensions when near the sample is
typically piezoelectric, maintaining tip-sample aemtion W typically in the 4-7 A (0.4-
0.7 nm) range, which is the equilibrium positiontvixeen attractive (3<W<10A) and
repulsive (W<3A) interactions. In this situatiometvoltage bias will cause electrons to
tunnel between the tip and sample, creating a suthat can be measured. Once tunnelling
is established, the tip's bias and position widpeet to the sample can be varied (with the
details of this variation depending on the expenthend data are obtained from the

resulting changes in current.
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If the tip is moved across the sample in the xgnpl the changes in surface height and
density of states cause changes in current. Thieseges are mapped in images. This
change in current with respect to position can leasured itself, or the height, z, of the tip
corresponding to a constant current can be meastlinege two modes are called constant

height mode and constant current mode, respectively

In constant current mode, feedback electronics sadjne height by a voltage to the

piezoelectric height control mechanism. This letada height variation and thus the image
comes from the tip topography across the sample gives a constant charge density
surface; this means contrast on the image is dwariations in charge density. In constant
height mode, the voltage and height are both hettstant while the current changes to
keep the voltage from changing; this leads to aagenmade of current changes over the
surface, which can be related to charge densitg.bEmnefit to using a constant height mode
is that it is faster, as the piezoelectric movemeantjuire more time to register the height

change in constant current mode than the curreartgshin constant height mode.

The figure below shows the STM along with its comgats:
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Fig.3.2.3 (b) Components of STM [8]

The photograph shows the STM available in DTU.
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Fig.3.2.3 (c) Photograph of STM
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CHAPTER-4
CHARACTERISATION TECHNIQUES

In order to investigate various properties of phepared sample, it has to goes
under a number of characterisation techniques.réhkelt gives the information about the

different optical, electrical as structural propestof sample.

4.1 Structural Characterisation

Structural characterisation is done to get exadbrmation about the crystal

structure, surface morphology, particle size etcftlowing techniques are available

* XRD ( X-ray Diffraction)
» SEM (Scanning electron microscope)

* TEM (Transmission electron microscope)

4.2 Optical Characterisation

As we know zinc oxide has wide range of applicatiothe field of optoelectronics
devices on putting the sample to following chanas&tion techniques gives information

related to optical properties.

» UV-visible spectroscopy
* Fourier Transform infrared spectroscopy

* Photoluminescence

4.3 Electrical Properties Analysis

* LCR meter to measure Resistance

e STM (Scanning Tunnelling Microscope
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Fig. 4.1: Characterization Methods

411 XRD

Up to 1895 the study of matter at the atomic lewak a difficult task but the
discovery of electromagnetic radiation with 1 A {1® m) wavelength, appearing at the
region between gamma-rays and ultraviolet, makgmssible. As the atomic distance in
matter is comparable with the wavelength of X-ilng phenomenon of diffraction find its
way through it and gives many promisable resultsted to the crystalline structure.
Crystals are regular arrays of atoms, and X-rays ¢® considered waves of
electromagnetic radiation. Atoms scatter X-ray veverimarily through the atoms'
electrons. Just as an ocean wave striking a ligisthgoroduces secondary circular waves
emanating from the lighthouse, so pan X-ray stgkem electron produces secondary
spherical waves emanating from the electron. THienpmenon is known as elastic
scattering, and the electron (or lighthouse) isvkmas the scatterer. A regular array of
scatterers produces a regular array of sphericaksvaAlthough these waves cancel one
another out in most directions through destruciiterference, they add constructively in a
few specific directions, determined by Bragg's law.

2dsinf =nk

Wherenis an integer 1, 2, 3..... (Usually equal 1)s wavelength in angstroms (1.54 A for

copper), d is interatomic spacingAn andd is the diffraction angle in degrees.
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The characteristic of the sample can be determimeglotting the angular positions and
intensities of the resultant diffracted peaks daliaion. XRD is used to determine the
structure of sample, i.e. how the atoms pack tageth the crystalline state and what the
interatomic distances and angle are.
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Fig. 4.2: X-Ray diffraction in accordance with Bggglaw [26]

The figure below shows the X-Ray diffractometer &mr D8 advance available in DTU.

Fig.4.3: Bruker D8 Advance

The main components of XRD are an X-ray tube, apdarolder, and an X-ray detector.
X-rays are generated by in a cathode ray tube hyirgea filament to produce electrons,
accelerating the electrons toward a target by applst voltage, and bombarding the target
material with electrons. When electrons have sigiffic energy to dislodge inner shell
electrons of the target material, characteristica)X-spectra are produced. These spectra

consist of several components, the most commorgh€jrand Ks. K, consists, in part, of
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Kaand K. K, has a slightly shorter wavelength and twice thensity as K. The
specific wavelengths are characteristic of thedngaterial (Cu, Fe, Mo, Cr). Filtering, by
foils or crystal monochrometers, is required todu@e monochromatic X-rays needed for
diffraction. K,;and K, is sufficiently close in wavelength such that aghéed average of
the two is used. Copper is the most common targeemal for single-crystal diffraction,
with Cu K, radiation = 1.5418A [27]. These X-rays are colligthtand directed onto the
sample. As the sample and detector are rotatedinteasity of the reflected X-rays is
recorded. When the geometry of the incident X-ragpinging the sample satisfies the
Bragg Equation, constructive interference occuis ameak in intensity occurs. A detector
records and processes this X-ray signal and cantlegtsignal to a count rate which is then

output to a device such as a printer or computeTitoio

The geometry of an X-ray diffractometer is sucht tih& sample rotates in the path of the
collimated X-ray beam at an andlevhile the X-ray detector is mounted on an arm to
collect the diffracted X-rays and rotates at anlewod 2. The instrument used to maintain

the angle and rotate the sample is termgdraometer. For typical powder patterns, data is

collected at 2 from ~5°to 70°, angles that are preset in the X-ray scan.
4.1.2 SEM

A scanning electron microscope (SEM) is a typelefteon microscope that produces

images of a sample by scanning it with a focusedrbef electrons. The electrons interact
with atoms in the sample, producing various sigtiadd can be detected and that contain
information about the sample's surface topograpityc@mposition. The signals that derive
from electron reveal information about the samplguding external morphology (texture),
chemical composition, and crystalline structure andntation of materials making up the
sample. In most applications, data are collectesl avselected area of the surface of the
sample, and a 2-dimensional image is generateddibptays spatial variations in these
properties. The electron beam is generally scammedraster scan pattern, and the beam's
position is combined with the detected signal tmdpice an image.
A typical SEM consists of electron gun, electronskes, sample stage, detector for all
signals of interest, display/data output devicesnbst applications, data are collected over
a selected area of the surface of the sample, @hdimensional image is generated that
displays spatial variations in these propertiegaarranging from approximately 1 cm to 5
microns in width can be imaged in a scanning maslaguconventional SEM techniques
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(magnification ranging from 20X to approximately,300X, spatial resolution of 50 to 100
nm) [28]. The SEM is also capable of performinglgses of selected point locations on the
sample; this approach is especially useful in gat@hely or semi-quantitatively determining
chemical compositions (using EDS), crystalline cmee, and crystal orientations
(using EBSD). The design and function of the SEMvésy similar to the EPMA and
considerable overlap in capabilities exists betwbertwo instruments.

The figure below shows a typical SEM:
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Fig.4.4: SEM [29]

The SEM is an instrument that produces a largelgnifi@d image by using electrons
instead of light to form an image. A beam of elecstris produced dhe top of the
microscope by an electron gun. The electron bedlows a vertical path through the
microscope, which is held within a vacuum. The béaawels through electromagnetic
fields and lenses, which focus the beam down towssdample. Once the beam hits the

sample, electrons and X-rays are ejected fromaheke.
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Detectors collect these X-rays, backscatteredrelest and secondary electrons and convert
them into a signal that is sent to a screen sintolartelevision screen. This produces the
final image. Because the SEM utilizes vacuum camatand uses electrons to form an
image, special preparations must be done to thelsamll water must be removed from

the samples because the water would vaporize imabeum. All metals are conductive and
require no preparation before being used. All natais need to be made conductive by
covering the sample with a thin layer of conductivaterial. This is done by using a device
called a "sputter coater.” The sputter coater asesectric field and argon gas. The sample
is placed in a small chamber that is at a vacuurgoA gas and an electric field cause an
electron to be removed from the argon, making tbhma positively charged. The argon
ions then become attracted to a negatively chagg&tlfoil. The argon ions knock gold
atoms from the surface of the gold foil. These guluims fall and settle onto the surface of
the sample producing a thin gold coating. The fgoelow shows the Hitachi-s-3700 N
available in DTU.

Fig. 4.5: Hitachi-s-3700 N
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413 TEM

Electron Microscopes are scientific instrumentg tise a beam of highly energetic
electrons to examine objects on a very fine scdl@s examination can yield the
information like topography, morphology, compogiticas well as crystallographic
information’s. Working principle is exactly as theptical counterparts except that they use
a focused beam of electrons instead of light tcaget the specimen and gain information
as to its structure and composition. The main us¢hig technique is to examine the
specimen structure, composition or properties ib-rsicroscopic details so that this
microscopy technique is significantly involved immerous fields.

Transmission electron microscopy (TEM) is a micapsctechnique whereby a beam
of electrons instead of light is transmitted throwan ultra-thin specimen, interacting with
the specimen as it passes through. An image isefrinom the interaction of the electrons
transmitted through the specimen; the image is ffiagnand focused onto an imaging
device, such as a fluorescent screen, on a laygaibgraphic film, or to be detected by a
sensor such as a CCD camera.

TEM’s uses electrons as “light source” and theicmlower de Broglie wavelength makes
it possible to get a resolution of thousand timetsdn than with a light microscope. One can
see objects to the order of a few angstroms. At llemanagnifications TEM
image contrast is due to absorption of electronthermaterial, due to the thickness and
composition of the materialThe first TEM was built by Max Knoll and Ernst Rasin
1931, with this group developing the first TEM witsolving power greater than that of
light in 1933 and the first commercial TEM in 1939.

A TEM is composed of several components, whichudela vacuum system in which the
electron travel, an electron emission source foieggtion of the electron stream, a series of
electromagnetic lenses, as well as electrostatitepl The latter two allow the operator to
guide and manipulate the beam as required. Alsoinegis a device to allow the insertion
into, motion within, and removal of specimens fréime beam path. Imaging devices are

subsequently used to create an image from theetecthat exit the system.

Theoretically, the maximum resolutiah, that one can obtain with a light microscope has
been limited by the wavelength of the photons #rat being used to probe the sample,
and the numerical aperture of the systsifA[31].
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Early twentieth century scientist theorised waygetting around the limitations of tl

d=

relatively large wavelength visible light(wavelengths of 4(~700 nanometers) by
using electrons. kie all matter, electrons have both wave and parficbperties (a
theorized by Louisf/ictor de Broglie), and their wa-like properties mean that a be:
of electrons can be made to behave like a beamestremagnetic radiation. Tt
wavelength of elecbns is related to their kinetic energy via the dedie equation. Ar
additional correction must be made to account &ativistic effects, as in a TEI

electron's velocity approaches the speed of c.

vfzmﬂE 1+—?)

Where,h is Planck's constar my is the rest massf an electron ar E is the energy
of the accelerated electron. Electrons are usugbyerated in an electr
microscope by a process knowr thermionic emissiofrom a filament, usuall
tungsten, in the same manner ¢light bulb, oralternatively b field electron
emission.The electrons are then accelerated b electric potenti: (measured
in volts) and focused by electrostatic and electroraigrienses onto the samp
The transmitted beam contains information about ctela

density, phasanc periodicity; this beam is used to form an im

The figure below shows the TEM used for characiéins

Fig.4.6 TEM
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Figure below illustrate the internal constructidimT&M:

Condonser Aperturs

Objective Aperbsre
Swlock Aron Aporiure

SerEen

Fig.4.7 Internal Structure of TEM [30]

4.2.1UV-visible Spectr oscopy

Ultraviolet—visible spectroscopyr ultraviolet-visible spectro- photomet(yV-
Vis or UV/Vis) refers to absorption spectroscopy or reél@ce spectroscopy in
the ultraviolet-visible spectral region. This me&nsses light in the visible and adjacent
(near-UV and near-infrared (NIR)) ranges. The ghisamn or reflectance in the visible range
directly affects the perceived colour of the chatsdnvolved. In this region of
the electromagnetic spectrum, molecules undergiretgc transitions. This technique is
complementary to fluorescence spectroscopy, infilhatescence deals with transitions
from the excited state to the ground state, wibkogption measures transitions from the
ground state to the excited state.
Theinstrument used in ultraviolet-visible spectroscopy is called a
UV/Vis spectrophotometer. It measures the intensitiight passing through a sampl, (
and compares it to the intensity of light beforep@sses through the samplg)( The

ratioIL is called the transmittance. Absorption may bes@méed as transmittance (T )/I
0
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or absorbanceA& log lp/l). Absorbance is directly proportional to the paéngth,b, and
the concentratiorg, of the absorbing specid3eer's Lawstates that

A =ebc, wheresis a constant of proportionality known as the molabsorbtivity or
extinction coefficient, called the absorbtivityAtbsorbance units (AU).

If no absorption has occurred, T = 1.0 #&wd0. Most spectrometers display absorbance on
the vertical axis, and the commonly observed raageom 0 (100% transmittance) to 2
(1% transmittance) [31]. The wavelength of maximainsorbance is a characteristic value,
designated akmax

A diagram shows the components of a typical spewter are shown in the following
diagram.The basic parts of a spectrophotometer are a dighice, a holder for the sample,
a diffraction grating in a mono-chromator or a pri®® separate the different wavelengths
of light, and a detector.

The ultraviolet (UV) region scanned is normallyrfr@00 to 400 nm, and the visible

portion is from 400 to 800 nm

Light Source L

Diffractian I \ .
Grating I H Mirror 1
Slit 1 /
Slit 2 e Light Source Wis
Filter
Fefarence
Mirror 4 Cuvette Detector 2
Referanca I
Bsarn ‘If 0
Lens 1
Half Mirror

6? Mirrar 2 Sample
Cuvette Detector 1
Sample n I
% Mirrar 3 Beam ULeng o

Fig.4.8: UV-visible Spectrometer [32]

The figure below shows the UV 5704 instrument:
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Fig.4.9: UV-5704

422FTIR

In the region of longer wavelength or low frequenice identification of different
types of chemicals is possible by this techniqueinffared spectroscopy and the
instrument requires for its execution is Fouriangform infrared (FTIR) spectrometer.
The spectroscopy merely based on the fact thataulgle absorb specific frequencies
that are characteristic of their structure termed rasonant frequencies, i.e. the
frequency of the absorbed radiation matches thguéecy of the bond or group that
vibrates. And the detection of energy is dondglenbasis of shape of the molecular
potential energy surfaces, the masses of the ammdsthe associated vibronic coupling
energy is done on the basis of shape of the ma@eqdtential energy surfaces, the

masses of the atoms, and the associated vibronming.

As each different material is a unique corabon of atoms, no two compounds

produce the exact same infrared spectrum. Thereiftfrared spectroscopy can result in a

positive identification (qualitative analysis) ofegy different kind of material. In addition,

the size of the peaks in the spectrum is a dirgitation of the amount of material present.
In infrared spectroscopy, IR radiation is passedugh a sample. Some of the infrared
radiation is absorbed by the sample and somei®prissed through

(transmitted). The resulting spectrum represergsrblecular absorption and transmission,

creating a molecular fingerprint of the sample. Lakéngerprint no two unique molecular
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structures produce the same infrared spectrum. mhlses infrared spectroscopy useful for
several types of analysis.

The figure below shows the FTIR available in DTU:

Fig.4.10: Nicolet-380 FTIR
The goal of anyabsorption spectroscopy (FTIRaultlet-visible ("UV-Vis")

spectroscopy, etc.) is to measure how well a sampterbs light at each wavelength. The
most straightforward way to do this, the "dispegsspectroscopy” technique, is to shine
a monochromatic light beam at a sample, measurernogh of the light is absorbed, and
repeat for each different wavelength.

The figure below shows the components of FTIR:

Fixed mirrar
 El—

Beam splitter  Moving mirror

[Source HCollimator } H I
U1

Sample
compartment

|

Fig.4.10: FTIR [33]

FTIR analysis can give not only qualitative (idén#étion) analysis of materials, but with

relevant standards, can be used for quantitativeat) analysis. FTIR can be used to
analyze samples up to ~11 millimetres in diameted, either measure in bulk or the top ~1

micrometer layer.

4.2.3 Photoluminescence

Photoluminescence (abbreviated as PL) describgsh#i@omenon of light emission
from any form of matter after the absorption of fms (electromagnetic radiation).

Photoluminescence (PL) is the spontaneous emisséiloght from a material under optical
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excitation. Features of the emission spectrum eansled to identify surface, interface, and
impurity levels and to gauge alloy disorder an@iifsice roughness. The intensity of the
PL signal provides information on the quality offages and interfaces [34].

Figure below shows the typical experimental sefou’L measurement.

Laser

Sample

Photo | ¢— | Spectrometer
Detector

PL

Fig.4.11 set up for PL [34]
In a typical PL experiment, a semiconductor is &xtwith a light-source that provides
photons with energy larger than the band-gap enéiggy incoming light excites a
polarization that can be described with the sendoctor Bloch equations. Once the
photons are absorbed, electrons and holes are dormtie finite momenta k in
the conduction and valence bands, respectively ekbgations then undergo energy and
momentum relaxation towards the band gap minimwnpickl mechanisms are Coulomb
scattering and the interaction with phonons. Finalie electrons recombine with holes
under emission of photons.
Ideal, defect-free semiconductors are many-bodiesys where the interactions of charge-
carriers and lattice vibrations have to be considén addition to the light-matter coupling.
In general, the PL properties are also extremeaigisige to internal electric fields and to the
dielectric environment (such as in photonic crygtathich impose further degrees of
complexity.

Figure below shows the PL instrument:

38



Fig.4.12 PL Instrument

441 HIGH RESISTANCE METER/ ELECTROMETR

An Electrometer is an electrical instrument for me@ng electric charge or
electrical potential difference. There are manyfedént types, ranging from historical
handmade mechanical instruments to high-precisiectrenic devices. In order to study
electrical properties (resistance) of ZnO nanoiglad electrometer/ high resistance meter
is used.

Modern electrometer is a highly sensitive electtaraltmeter whose input impedance is so
high that the current flowing into it can be comseb, for most practical purposes, to be
zero. The actual value of input resistance for modsectronic electrometers is around
10*Q, compared to around 19 for nano- voltmeters.

Here we measured resistance with variation of teatpee. The photograph below shows
the Electrometer 6517A available in DTU.

ZeroChack )

Fig.4.14 6517A Electrometer
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442 STM

The development of the family of scanning proberosicopes starts with the original
invention of the STM in 1981.Gerd Binnig and HedtriRohrer developed the first working
STM while working at IBM Zurich Research Laboraesiin Switzerland. This instrument
would later win Binnig and Rohrer the Nobel Prirephysics in 1986 [35]A scanning
tunnelling microscope (STM) is a non-optical miaoge that works by scanning an
electrical probe tip over the surface of a sampla eonstant spacing. This allows for a 3D

picture of the surface to be created.

The STM works by scanning a very sharp metal wpe@ver a surface. By bringing the tip
very close to the surface, and by applying an Btadtvoltage to the tip or sample, we can
image the surface at an extremely small scale -ndmaresolving individual atoms. The
STM sample must conduct electricity for the prodeswork. For an STM, good resolution
is considered to be 0.1 nm lateral resolution ar@l @m depth resolution. With this
resolution, individual atoms within materials autinely imaged and manipulated. The
STM can be used not only in ultra-high vacuum Hsb an air, water, and various other
liquid or gas ambient, and at temperatures ranfymg near zero Kelvin to a few hundred

degrees Celsius

In addition to scanning across the sample, infoilonabn the electronic structure at a given
location in the sample can be obtained by sweepoithge and measuring current at a
specific location. This type of measurement is exhBcanning tunnelling

spectroscopy (STS) and typically results in a pfathe local density of states as a function

of energy within the sample.
Working Principle of STM

The STM is based on several principles. One igjtlrentum mechanical effect of
tunnelling. It is this effect that allows us to &ethe surface. Another principle is the
piezoelectric effect. It is this effect that allows to precisely scan the tip with angstrom-
level control. Lastly, a feedback loop is requiredhich monitors the tunnelling current and

coordinates the current and the positioning oftijhe

Modes of Operation
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First, a voltage bias is applied and the tip isughd close to the sample by
coarse sample-to-tip control, which is turned offerw the tip and sample are sufficiently
close. At close range, fine control of the tip Ihtlaree dimensions when near the sample is
typically piezoelectric, maintaining tip-sample aemtion W typically in the 4-7 A (0.4-
0.7 nm) range, which is the equilibrium positiontvixeen attractive (3<W<10A) and
repulsive (W<3A) interactions. In this situatiometvoltage bias will cause electrons to
tunnel between the tip and sample, creating a suthat can be measured. Once tunnelling
is established, the tip's bias and position widpeet to the sample can be varied (with the
details of this variation depending on the expenthend data are obtained from the

resulting changes in current.

If the tip is moved across the sample in the xgnpl the changes in surface height and
density of states cause changes in current. Thieseges are mapped in images. This
change in current with respect to position can leasured itself, or the height, z, of the tip
corresponding to a constant current can be meastlhede two modes are called constant

height mode and constant current mode, respectively

In constant current mode, feedback electronics sadjne height by a voltage to the

piezoelectric height control mechanism. This lefada height variation and thus the image
comes from the tip topography across the sample gives a constant charge density
surface; this means contrast on the image is dwariations in charge density. In constant
height mode, the voltage and height are both hettstant while the current changes to
keep the voltage from changing; this leads to aagenmade of current changes over the
surface, which can be related to charge densitg.Emefit to using a constant height mode
is that it is faster, as the piezoelectric movemeatuire more time to register the height
change in constant current mode than the currearigshin constant height mode.

The figure below shows the STM along with its comgats:
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Fig.4.15Components of STM [8]

The photograph below shows the STM available in DTU

Fig.4.16 STM
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Chapter 5
Result and Discussion

5.1 X-ray Diffraction (XRD)

Figure.5.1 (a), (b) & (c) shows the XRD patterntloee samples calcined at
450°C, 700C & 900°C respectively. Hexagonal ZnO phase (wurtzite stmajtis confirmed
by the study of standard data JCPDS 76-0704. Spemep P63mc (186) along with

hexagonal system and lattice parameters of thelsangpfurther confirmed from XRD.

. S1 @ 450
100 002 110 @ 300
103 112
160 ' 200 -
e ] @ 100
23 \ ; ﬁ A }h
-g S g0
@ RT
0 -
1 ! | ! 1 !
20 40 60 80
2 Theta
(Degree)

Fig.5.1 (a) XRD pattern of ZnO nanopatrticles aneeé&® 450C taken at three different
temperatures to study whether there is a phasegel@mot
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Fig. 5.1 (c) XRD pattern of ZnO nanoparticles anees 900C
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The table below shows the lattice parameters of Aa@particles:

1000

JCPDS 76-0704

Lattice Parameter A
A 3.24982
C 5.20661
cla 1.60212

Table 5.1(d) Lattice parameters of ZnO Nanopasidetermined from XRD

With increasing calcinations temperature from 450 900C peak height increases and
FWHM decreases as a result diffraction peaks becetranger and sharper, thereby
indicating that the crystal quality has been imgawand the size of particles become

bigger. The table below shows the variation of pealght and FWHM with different

annealing temperature. The result has been shawanfp high intensity peak.

Calcination TemgC | Peak height FWHM (°)
S1 450 204 0.388
S2 700 346 0.144
S3 900 385 0.113
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Table 5.1 (e) shows the variation of peak heighit BWHM with calcination Temperature

Table 5.1 (f), (g) and (h) below shows the % dfidat contraction at different temperatures
[36]. The origin of the lattice relaxation (contii@n or expansion) is due to the presence of
dangling bonds in the surface layer of ZnO nanaglest The ions on the surface of ZnO
nanoparticles are incompletely coordinated andgsssthe unpaired electron orbitals. Each
of these dangling bond&ri{** and0?~ions) forms an electric dipole resulting in a pial
array of dipoles originating in the boundary lagéreach nanoparticle lies in this surface
and experience a repulsive force. ZnO has the popé adsorbingd?~ andO~ions in the
surface; hence the repulsive inter dipolar forcerei@ses and the attractive electrostatic
interaction betwee@n?*and0?~ ions increases [36]. Due to this electrostaticaation

lattice is slightly contracted.

% Variation of d with Temperatu@50/300)

S.No. | 26 Dopserved Dstandera | %0 contraction| (hkl)

1 31.7150 2.81231 2.81430 0.0707 100
2 34.3118 2.60289 2.60332 0.0165 002
3 36.3064 2.47483 2.47592 0.0440 101
4 47.4462 1.90982 1.91114 0.0690 102
5 56.7043 1.62451 1.62472 0.0129 110
6 62.7634 1.47604 1.47712 0.0731 103

Table 5.1 (f) % variation of'd’ at 450

% Variation of d with Temperatu(@00/300)

S.No. | 26 Dopserved Dstandera | %0 contraction| (hkl)

1 31.7067 2.81290 2.81430 0.0497 100
2 34.3429 2.60027 2.60332 0.1171 002
3 36.1097 2.46938 2.47592 0.2641 101
4 47.3838 1.91080 1.91114 0.0177 102
5 56.3301 1.62094 1.62472 0.2326 110
6 62.6121 1.47151 1.47712 0.3797 103
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% Variation of d with Temperatui®©00/300)

Table 5.1(g) % variation of‘d’ at 700

S.No. | 26 Dypserved Dgtanaera | % contraction| (hkl)

1 31.6774 2.81022 2.81430 0.1449 100
2 34.3118 2.59875 2.60332 0.1755 002
3 36.1182 2.46332 2.47592 0.5089 101
4 47.3709 1.90762 1.91114 0.1841 102
5 56.3655 1.62321 1.62472 0.0929 110
6 62.7258 1.47686 1.47712 0.0176 103

Table 5.1(h) % variation of'd’ at 900

The average crystallite sizes of samples S1 @5®2 (700C ) and S3 (90T) were
determined by the Debye-Scherer formula. The thblew shows the crystallite sizes of

three samples along with Lattice constants witlagation of annealing temperature.

Zno Annealed

L (particle size) in nm

a (Lattice G@amt)

450°C

20.94

3.499

700°C

56.61

3.491

900°C

71.83

3.483

Table 5.1 (i) Variation of L and a with temperature

With increasing temperature crystallinity of thetpdes increases causing particles become
bigger. Thus,in order to get smaller particles Iowemperature is favourable. And
comparing the XRD report of three samples it haanbmoncluded that samples calcined at
700°C and 90CC gives high intensity fine peaks, which can be uded further
characterization.

In ZnO nanopatrticles, there are a large numberastncies of oxygen, vacancy clusters,

and local lattice disorders present in the intexfaavhich lead to an increase in ¢ and
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decreases in a and the volume of the unit cell. [dlvetemperature annealing can lead to a
relaxation in the interface structure, but canniepel the local lattice disorders or change
the internal structure of the nano-grains, so tla&eeno apparent changes in the positions
and intensities of XRD peaks. When the annealingprature increases there

is a rapid decrease in the density of vacant &tlites, vacancy clusters, and local lattice
disorders and a rapid resumption of lattice pararseand the volume of the unit cell
towards normal values, and the grains begin to grow

Hence particle size increases with increasing teatpes and lattice constant 'a’ decreases
with increasing temperature. For a real crystas, ¢hlculated values of 'a’ and 'c' are the
same based on different crystal planes. Howeverpthsence of a large number of vacant
lattice sites and local lattice disorders may leaderious reduction in the intensity or even
the nearly disappearance of the XRD peaks of thegponding lattice plane.

As there is no apparent change in the position BDXpeaks or disappearance of any
particular peak, therefore it can be concluded tthate is no phase change with increase in
temperature.

The XRD patterns of the nanoparticles are considgraroadened due to the very small
size of these particles. The strong and narrowatiffion peaks indicated that the product

has good crystallinity.

5.2 Scanning Electron Microscope (SEM)

Figure.5.2 (a), (b) & (c) shows the SEM morpholajythe synthesized nano ZnO
particles at different annealing temperatures. dindnstrates clearly the formation of
spherical ZnO nanopatrticles, and change of the hadogy of the nanoparticles with the

calcinations temperature.
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Fig. 5.2 (a) SEM images of ZnO nanoparticles arateat 456C for 3 hr
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Fig. 5.2 (c) SEM images of ZnO nanoparticles aredbat 90€C for 3 hr

The figure below shows the EDX of ZnO sample S1

Full scale counts: 1619 Znq1)
n
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kV Take Off Angle: 35.0 deg.
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Quantitative Results for: ZnO(1)

Elemen Net . Formul Standar
t a d
Counts
oK 22.99 +/-0.46 5496 +/- 0]
2522 0.000 1.11
Zn K 77.01 +/-4.26 45.04 +/- Zn
1538 0.000 2.49
Znl - - - -
14596  0.002
Total 100.00 100.00

Fig. 5.2 (d) EDX of ZnO nanoparticle annealed &1°45

As temperature increases particles starts aggldaimeravhich results in the formation of
bigger size particles. Nucleation and growth rateraases with increase in annealing

temperature, as a result agglomeration is moredrsample annealed at 900

5.3 Transmission Electron Microscope (TEM)

Fig. 5.3 (a), (b) & (c) shows the TEM imagek ZnO nanoparticles annealed at
450°C, 700°C and 900C respectively.
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Fig. 5.3 (a) TEM images @ 450

Fig. 5.3 (b) TEM images @ 700
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Fig. 5.3 (c) TEM images @ 900

These images consist of spherical particles with dlrerage size of 17 nm to 85 nm
determined with the help of image J software whick in close agreement with that
estimated by Scherer formula based on the XRD npatiehe table below compares the

particle size determined from Debye-Scherer formaaM and TEM.

Temperature XRD (nm) SEM (nm) TEM (nm)
450°C 20.94 26.24 16.08
700°C 56.61 62.21 60.043
900°C 71.83 90.13 84.272

Table 5.3 (d) Comparison of particle average sizes

54 FTIR (Fourier Transform Infrared Spectroscopy)

Fig. 5.4 shows the FTIR spectrum of the ZnO nartapes synthesized by wet
chemical method, which was acquired in the rangB084000 crit. In order to quickly
establish the presence or absence of the variobiatainal modes present in ZnO
nanoparticle, we performed FTIR spectroscopy of Zr&DoparticlesIn order to analyze
spectrum peaks are correlated with FTIR spectrgscoprelation tabld40].The band 450-
500 cm® correlated to metal oxide bond (Zn-O) and alsdhenticates presence of ZnO.
The peak at 471.4 ciis the characteristic absorption of Zn—O bdié peaks in the range
of 1000-1500crt corresponds to the H-O-H bonding. These absortéomis are due to O-
H bending of the hydroxyl grougPeak near 1640 chobserved in sample corresponds to
the C=0 group carboxylic derivates, which may be tturesidue of zinc acetate, is used in
reaction The adsorbed band at 3400-35007cim assigned O-H stretching [39, 52, 59]

From this FTIR we can also observe that increagiegannealing temperature sharpens of
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the characteristic peaks for metal oxide, sugestivd, the crystalline nature of ZnO

increases on increasing the calcination temperature
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Fig. 5.4 FTIR Spectrum of ZnO nanopatrticles
5.5 Ultra-Violet Visible Spectroscopy (UV-visible)

Absorption spectroscopy is a powerful non-destmwactechnique for exploring the optical

properties of semiconducting nanoparticles. To attarize ZnO nanocrystals the sample is
dispersed in ethanol solution. A blank solutionethanol is taken in cuvette to set the
baseline [40]. From the literature the absorptipactra of ZnO in the UV and visible range
is observed between 350-380 nm which is a chaistitéstandard peak range for a

wurtzite hexagonal phase ZnO, demonstrating thatstmthesized products are pure ZnO
[5, 25,36, 38, 40]. It is found that the absorpteuige systematically shifts to the lower
wavelength or higher energy with decreasing sizéh@manoparticle. This pronounced and
systematic shift in the absorption edge is duééoguantum size effect [41].

5.6 Photoluminescence (PL)

The photoluminescence originates from the recontioinaf surface states. The strong PL
implies that the surface states remain very shalbsnit is reported that quantum vyields of
band edge will decrease exponentially with incregglepth of surface state energy levels

[41]. Figure 5.6 (a) shows the photoluminesceneetspm of ZnO nanopowder annealed at
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450°C with excitation wavelength 32tdm and 340 nm at room temperature. Figure shows
three peaks from 420 nm to 500 nm (UV region) gpoading to the near band gap
excitonic emission [54, 55, 57] and the other mated at around 68tn attributed to the

presence of singly ionized oxygen vacancies. Théssam is caused by the radiative
recombination of a photo generated hole with aestela occupying the oxygen vacancy

[41]. The emission near 530 nm in ZnO is often refersetha green emission [21].
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Fig 5.6 (a) PL Spectra of ZnO nanopatrticles anmealet50C. Left one is with excitation

wavelength 320 nm and the right one is at 340 ngdaK

The green emission is attributed to the radiate@ombination of a delocalised electron

close to the conduction band with deeply trappdd.ho
Figure 5.6 (b) shows the PL spectra of ZnO nanogowdnealed at 700. From the figure

it is quite clear that there is negligible changehe position of peaks in the UV region.

However the intensity corresponding to oxygen vaiEmis quite low. At 90T intensities

in the UV region is low while the position of peakesnain unchanged.
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5.8 Resistance M easur ement

Figure 5.8 shows the variation of eledlricesistance of ZnO nanoparticles with

temperature.

The decrease in

semiconducting behaviour of ZnO is observed.
The activation energy was determined by usingethetion

Where R is the resistance at temperatureglisR constant, Hs the activation energy and

ReXp ()

k is the Boltzmann constant [48].
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5.9 Scanning Tunnelling Micr oscope

It is used to measure correlations between the gaamstructures and electric
properties of ZnO surfaces under ultra high vacutiomneling spectroscopy is used
identify individual ZnO grains, grain boundaries and stefampurities [44 Figure 5.9 (a)
and (c) shows theV\-characteristics of ZnO nanoparticles made in tant current mode at
Bias Voltage of 200 mV and Tunnelling current at 200 matches perfectly \th
experimental data [454€,47,51]. Figure 5.9 (b) and (d) shows the conductivity o
sample which matches perfectly to that of a sendootor. Each-V curve could be
correlated to a specific point on the im: In each case the dimensionless quty (di/dv) /
(i/v) which has been demonstrated to be related to el Gensity of states [44], w.
obtained by numerically differentiating the expegimally determined currel When the
current decreaset below the detectable limit, at biases newo, the conductivity wa

defined equal to zero and the quantdi/dv) / (i/v) was defined equal to ol
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Chapter 6

Conclusion

Zinc oxide nanoparticles were synthesized through ehemical method by considering
different calcinations temperatures. The resultghaf XRD and TEM showed that the
average patrticle size of ZnO particles increasdh wicreasing calcinations temperature,
and the SEM results showed that the formation dfiegpal shaped nanoparticles.
Furthermore, the FTIR showed a broad absorption balated to Zn-O vibration band. PL
shows three peaks from 420 nm to 500 nm (UV regiomjesponding to the near band gap
excitonic emission and the other is located at rdo880nm attributed to the presence of
singly ionized oxygen vacancies. By studying vaiatof electrical resistance of ZnO

nanoparticles with temperature semiconducting belbawf ZnO is confirmed. The I-V

characteristics of ZnO nanoparticles made in connstarrent mode at Bias Voltage of -200

mV and Tunnelling current at 200 PA matches pesfetith experimental data.
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