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Band Gap Variation of Size-Controlled ZnO quantum dots

synthesized by sol-gel method

Student: Kuo-Feng Lin Advisor: Prof. Wen-Feng Hsieh

Institute of Electro-optical Engineering

National Chaio Tung University

Abstract

ZnO quantum dots were successfully synthesized by a simple sol-gel method.
The average size of quantum*dots can: be tailored under several well-controlled
methods which are solution  concentration,  heating rate and aging time.
Size-dependent blue shifts of photoluminescence and absorption spectra reveal the
quantum confinement effect. The band gap enlargement is in agreement with the
theoretical calculation based on the weak confinement of effective mass model.
Furthermore, we observed increase of the size-dependent Stokes shift of the
photoluminescence peak relative to the absorption onset as the particle size decreases.
Finally, we observed the results that energy conservation was relaxed and
electron-phonon coupling energy was decreasing with decreasing quantum dots size

by Raman spectra.
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Chapter 1 Introduction

Semiconductor nanoparticles have attracted significant attention for their
distinguishable role in fundamental studies and technical applications, [1,2] mainly
due to their unusual photonic characteristics, which have been demonstrated in the
recent years. Zinc oxide (ZnO) is a versatile material that has achievable
applications in photo-catalysts, varistors, sensors, piezoelectric transducers, solar cells,
transparent electrodes, electroluminescent devices, and ultraviolet laser diodes, as a
result, it stimulates fairly extensive researches.[3-13] Compared with other wide
band gap materials, ZnO has a veryslarge exciton binding energy of 60 meV which
results in efficient excitonic enussion at:room temperature. It is known that ZnO
nanocrystals or quantum dotsZ(QDs) have superior optical properties to the bulk
crystals owing to quantum confiriement effects. In the past decade, various methods
have been employed to produce ZnO quantum QDs.[14-21] For instance, Guo et
al.[15] experimentally established that the third-order nonlinear susceptibility of ZnO
nanoparticles is almost 500 times larger than that of bulk ZnO. Vanmaekelbergh and
co-workers[22] discovered the optical transitions in artificial atoms consisting of one
to ten electrons occupying the conduction levels in ZnO nanocrystals. Fonoberov et
al.[23] have theoretically investigated that, depending on the fabrication technique
and ZnO QD surface quality, the origin of UV photoluminescence (PL) in ZnO QDs is
either recombination of confined excitons or surface-bound ionized acceptor—exciton
complexes. More and more unique behaviors are continuously being explored.

Understanding the electronic and optical properties of ZnO QDs and nanoparticles is
important from both fundamental science and proposed photonic applications points

1



of view. Absorption spectra were general widely used to investigate the band edge
emission from ZnO QDs.[14-20] However, direct observation of the band gap
variation upon particle size from PL is relatively rare.[21] In this thesis, we show
growth of high-quality ZnO QDs by a simple sol-gel method. The average size of
nanoparticles can be tailored by the appropriate concentration of zinc precursor, aging
time and heating rate. Furthermore, size-dependent PL and absorption spectra are
carefully discussed and compared with the theoretical calculation using the effective
mass model. We will examine the variable results of Raman spectra with adjustable

ZnO nanoparticle size.



Chapter 2 Theoretical background

2.1 Sol-gel method

A colloid is a suspension in which the dispersed phase is so small (~1-1000nm) that
gravitation force is negligible and interactions are dominated by the short-range forces,
such as der Waals attraction and surface charge. The precursors were mixed together
and heated at high temperature. This procedure has to be repeated several times
until a homogeneous product is obtained. Then, the materials have to be
transformed into the desired shape. Sol-gel synthesis has two ways to prepare
solution. One way is the metal-organic, route with metal alkoxides in organic solvent;
the other way is the inorganic route withrmetal.salts in aqueous solution. It is much
cheaper and easier to handle-than metal “alkoxides, but their reactions are more
difficult to control. The metal-organiec route-uses metal alkoxides in organic solvent.
The inorganic route is a step of polymerization reactions through hydrolysis and
condensation of metal alkoxides M(OR)Z, where M = Si, Ti, Zr, Al, Sn, Ce, and OR is
an alkoxy group and Z is the valence or the oxidation state of the metal. First,

hydroxylation upon the hydrolysis of alkoxy groups:
M -OR+H,0 > M -0OH + ROH @2-1

The second step, polycondensation process leads to the formation of branched
oligomers and polymers with a metal oxygenation based skeleton and reactive
residual hydroxyl and alkoxy groups. There are 2 competitive mechanisms:

Oxolation: formation of oxygen bridges:

M-OH+XO0O-M ->M-0-M + XOH , (2-2)



The hydrolysis ratio (h = H;O/M) decide X=H (h>>2) or X=R (h<2).
Olation: formation of hydroxyl bridges when the coordination of the metallic center

is not fully satisfied (N - Z > 0):
M-OH+HO-M ->M —-(OH), -M, (2-3)

where X=H or R. The kinetics of olation is usually faster than those of oxolation.
Figure 2-1 presents a schematic of the routes that one could follow within the scope of
sol-gel processing [24]. A sol is a colloidal suspension of solid particles in a liquid.
An aerosol is a colloidal suspension of particles in a gas (the suspension may be
called a fog if the particles are liquid and a smoke if they are solid) and an emulsion is
a suspension of liquid droplets in anther liquid. All of these types of collides can be
used to generate polymers or particles from  which ceramic materials can be made.
In the sol-gel process, the precursors;(starting compounds) for preparation of a colloid
consist of a metal or metalloid element surrounded by various ligands. For example,
an alkyl is a ligand formed by.temoving one hydrogen (proton) from an alkane
molecule to produce, for example, methyl ( *'CHs;) or ethyl ( + C;Hs). An alcohol is a
molecule formed by adding a hydroxyl (OH) group to an alkyl (or other) molecule, as
in methanol (CH3OH) or ethanol (C;HsOH).

Metal alkoxides are members of the family of metalorganic compounds, which
have an organic ligand attracted to a metal or metalloid atom. Metal alkoxides are
popular precursors because they react readily with water. The reaction is called
hydrolysis, because a hydroxy ion becomes attached to the metal atom. This type of
reaction can continue to build larger and larger molecules by the process of
polymerization. A polymer is a huge molecule (also called a macromolecule)
formed from hundreds or thousands of units called monomers. If one molecule

reaches macroscopic dimensions so that it extends throughout the solution, the



substance is said to be gel. The gel point is the time (or degree of reaction) at which
the last bound is formed that completes this giant molecule. It is generally found
that the process begins with the formation of fractal aggregates that they begin to
impinge on one anther, then those clusters link together as described by the theory of
percolation. The gel point corresponds to the percolation threshold, when a single
cluster (call the spanning cluster) appears that extends throughout the sol; the
spanning cluster coexists with a sol phase containing many smaller clusters, which
gradually become attached to the network. Gelation can occur after a sol is cast into

a mold, in which it is possible to make objects of a desired shape.

2.2 Quantum effect

During the last decade, the growth.of low-dimensional semiconductor structures has
made it possible to reduce the dimension-from.three (bulk material) to the quasi-zero
dimensional semiconductor structures-usually called quantum dots (QDs). In these
nanostructures the quantum confinement effects become predominant and give rise to
many interesting electronic and optical properties. The electron energy becomes
quantized and depends on the dot size. The band gap and density of states (DOS)
associated with a quantum-structure differs from that associated with bulk material,

determined from the magnitude of the three-dimension wave vector.

2.2.1 Quantum confinement effect

Models explaining the confinement of charged particles in a three-dimensional
potential well typically involve the solution of Schrodinger’s wave equation using the

Hamiltonian[25]



h2 Vz_ hZ
2m, °

e e

H=-

V:+V, +U (2-4)

Variation between treatments generally originates from differences in expressions
assigned to Vy which normally will is accompanied by the Coulombic interaction term
U. Boundary conditions are imposed forcing the wave functions describing the
carriers to zero at the walls of the potential well. Two regimes of quantization are
usually distinguished in which the crystallite radius R is compared with the Bohr
radius of the excitons or related quantities: weak confinement: R>a; and
strong confinement: R<a;.

In the first case crystallite radius is larger than the exciton. As a consequence, the
motion of center of mass of the exciton is quantized while the relative motion of
electron and hole given by the envelope funetion ¢(r, —r,) is hardly affected. In
the second case the Coulomb enérgy inéreases toughly with R™', and the quantization
energy with R, so that for sufficiently small values of R one should reach a situation

where the Coulomb term can be neglected.

2.2.1.1 Weak confinement [26]

Coulomb-related correlation between the charged particles handled through the
use of a variational approach involving higher-order wave function of the confined
particles, and we can not neglect the electron hole Coulomb potential. The
Schrodinger equation may be written as

/B n’

Py v, 1Ur -1 )Y = B (2-5)
2m, 2m, ‘ '
m.,r, +m.r,
Wetake r=r,—r. and R= Mele Mol hen the equation becomes
memh
h* h*
[ Va5V V(R UMY = E Y
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m.,m
—= " and E, as the total energy of the system. If we

with M =m,+m,, u=
m, +m,
take ¥ =¢@(R)@(r) and consider Coulomb interaction first, then we get

h2
[_
2M

Ve +V(RIP(R) =E ¥,

[—;"—ﬂV? FUMP(r) = (E, - E,)p(r) = E, (1),

Here E,, is resulting from the inclusion of Coulomb interaction. Then we consider

the confinement potential
V(R)=0,R<a
V(R)=w,R>a’

Thus, the energy is

B hiz’n?

en — —2,n = 1,2,3 .....
2Ma

and the absorption energy of a photon’is

2 2
08" W, - (2-6)

ha)o = Et = ex g 2Ma2 ex

—f

c

with M =m, + m, as the total mass-of the-electron-and hole.

2.2.1.2 Strong confinement

The size quantization band states of the electron and hole dominates for the kinetic
energies of electron and hole are larger than the electron-hole Coulomb potential, and
the effect of the Coulomb attraction between the electron and hole can be treated as a

perturbation. Then the Schrodinger equation becomes
/B h

- )\V’¥+V,¥ =EY.
2m, 2m

(

The potential is defined as
V(r)y=0,r<a
V(r)=o,r>a

and the energy of a electron or hole is



_n*xn’

2m,,a*’

cn

The absorption energy of a photon is

2_2 2_2
28 m, m, 2a” u
m.m
with 1 =—2"—as the reduced mass of electron and hole.
e + mh

2.2.2 Density of states (DOS)

The concept of density of states (DOS) is extremely powerful. Important physical
properties such as optical absorption, transport, etc., are intimately dependent upon
this concept. The density of states is the number of available electronic states per
unit volume per unit energy intérval-around an-energy E. If we denote the density of
states by N(E), the number of states in-anenergy interval dE around an energy E is
N(E)dE. To calculate the density of states;-we need to know the dimensionality of the
system and the energy vs. wave vector relation or the dispersion relation that the

electrons obey.[27]

2.2.2.1 Density of state for a three-dimensional system

In a three dimension system, the k-space volume between vector k and k + dk is
(see Figure 2-2) 4nk’dk. We had shown above that the k-space volume per electron
state is 3(2n/L). Therefore, the number of states of electron in the region between k

and k+ dk are

4k’ dk,, _ K’dk

V.
8’ 27

Denoting the energy and energy interval corresponding to k and dk as E and dE, we



see that the number of electron states between E and E+ dE per unit volume is

k*d
N(E)dE = =
21,2
and since E = , then the equation becomes
31
2F2
ik~ Y2 EdE E dE
which gives
31
2F2
N(E)dE =—™E° 4,

27
We must remember that the electron can have two states for a given k-value since
it can have a spin state of s=1/2 or -1/2.  Accounting for spin, the density of states is

O =T

3 .4
J2m2E?
=
2.2.2.2 Density of states for lowet-dimensional systems
If we consider a 2-D system, a concept that has become a reality with use of
quantum wells, similar arguments tell us that the density of states for a parabolic band
is

N(E):%.

Finally in a 1-D system, or “quantum wire”, the density of states is

1 1
J2m2E 2

NE =

We notice that as the dimensionality of the system changes, the energy
dependence of the density of states also changes. In three-dimensional systems we
have a E"?-dependence as shown in Figure 2-3. In 2-D systems there is no energy

dependence (Figure 2-3), while in 1-D systems, the density of states has a peak at E=0
9



(Figure 2-3). The variations related to dimensionality are extremely important and is

a key driving force to lower dimensional systems.

2.3 X-ray diffraction

2.3.1 Lattice parameters

Most metals exhibit crystalline structures. The most common types of such
structures are the simple cubic (SC), the face-centered cubic (FCC) and the wurtzite
structure, etc. By diffracting X-rays with a wavelength comparable to the lattice
constant, the lattice constant can be found by means of the diffraction pattern. For
hexagonal unit cell which is charaeterized by lattice parameters ap and co, the plane

spacing equation for the hexagonal structure 1s:[28]

1 4=h? +hk+k? - |?
7 = O e

d> 3 a; e

where h,k,| isthe Mill’s index. We know the Bragg’s law (4 =2dsin8) , A is the

wavelength of x-ray source. So the equation becomes

1  2sinf, 4 h*+hk+k*> 1I°
_ = =)+ — 2-8
e ( ) ) 3)( 22 ) & (2-8)

thus the lattice parameters can be estimated.

2.3.2 Debye-Scherer formula [29]

Consider now the path difference between successive planes when the incident beam
remains fixed at the Bragg angle 0 as Figure 2-4, but with the diffracted ray leaving at

an angle 6+ A0, corresponding to the intensity I in the spectrum line an angular

10



distance A0 away from the peak. The path difference between waves from

successive planes is now [30]
BC +CE =dsin 6 +dsin(6 + AO)

=dsin@+dsinfcosAf +d cosfsin Al
with BC and CE being the path differences between the successive incident beams,
and d is the interplanar distance. If A6 is small, we can write cosA0=1 and sinA6=Ab,
in which case

BC +CE = 2dsin@+ dAfcosd
=nA+dAf@cosb,
where A is the wavelength of the incident X-ray. Therefore the phase 6 per
interplanar distance is

2

) n/1+27ﬂdA6?cos0

= 2n7r+277[dA9c0549.

Since a phase difference of 2nn produces the-same effect as zero phase, we can write
the effective phase difference as
0= 277T dA@cosd.

We obtained the result that the distribution of intensity I in a spectrum line a distance

R from the grating is effectively
. 2 No
y 2 sin” —

R .20

sin” —

2

and the maximum intensity is

2
Imax =[£j Nza
R

where ¢ 1is the amplitude at unit distance from the grating, N is the total number of

11



grating apertures, and 0 is the phase change per aperture; or

Since N75 will change much faster thang, the sine square function will reach its

first minimum before g becomes very large. If we replace sin NT5 byg , we will

get
. o
L
Imax :( M ) .
2
The ratio —— will fall to — when
sin —— B
No 2
2

The solution to the equation yields the requireéd phase change corresponding to the

half maximum. It may be obtained
N2 4agcos0 =139
2 A

or since D=Nd, we have

0.894

2A0 = )
Dcosé@

The B is taken as the width at half maximum from A6 to —A8, and

0.894
Dcos®’

L =2A0= (2-9)

where A is the wavelength of the x-ray source, and D is the size of the particles.

12



2.4Photoluminescence characterization[31]

An electron was excited from the valence to the conduction band by absorption of a
photon. In this process, we bring the system of N electrons from the ground state to
an excited state. We need for the understanding of the optical properties of the
electronic system of a semiconductor is therefore a description of the excited states of
the N-particle problem. The quanta of these excitations are called “excitons”.

Indeed excitons in semiconductors form, to a good approximation, a hydrogen or
positroium like series of states below the gap. For simple parabolic bands and
direct-gap semiconductor one can separate the relative motion of electron and hole
and the motion of the center of mass. This leads to the dispersion relation of

excitons in Figure 2-5.

Ry' #°K’
E(ng,K)= Egs——% ; 2-10
( B ) [¢] nB 2M ( )
where ng =1,2,3...is the principal::quantum-number, Ry  =1.36eV iiz is the
m, €

exciton binding energy, M =m_,+m, and K =Kk, +k, are the translational mass
and wave vector of the exciton.

The exciton state has an effective Rydberg energy Ry  modified by the reduced
mass of electron and hole and the dielectric constant of the medium in which these
particles move. Some of the defects can bind an exciton resulting in a bound exciton
complex (BEC). In Figure 2-6 we visualize excitons bound to an ionized donor
(D"X), a neutral donor (D"X), and a neutral acceptor (A’X). An ionized acceptor
does not usually bind an exciton since a neutral acceptor and a free electron are
energetically more favorable. The binding energy of an exciton (X) is the highest for

a neutral acceptor (A"X complex), the lower for a neutral donor (D"X) and the lower

13



still for an ionized donor (D'X). The binding energy E® of exciton to the complex

usually increases according to

EP. <EP

b
D*X prx < EAOX :
The binding energy is defined as the energetic distance from the lowest free exciton
state at k=0 to the energy of the complex. There is a rule of thumb, known as

Hayne’s rule, which relates the binding energy of the exciton to the neutral complex

with the binding of the additional carrier to the point defect.

2.5 Raman spectroscopy

Raman spectroscopy is based on the Raman effect [32]. When photons from a laser
are scattered from a crystal with emission ot absorption of phonons, the energy shifts
of the photons are small, butcan beimeasured by interferometric techniques.
Usually, the phonon wave vectors are very small compared to the size of the Brillouin
zone so that the interactions are -only with'zone center phonon. Thus, one can have
interaction with either the zone center acoustic phonons or the optical phonons.

Once again, one can write the conservation laws for energy and momentum. It must
be remembered that the wavevectors containing the refractive index n,
ho'=hotho(K)

hanq' = hng ik + AG,

where q and q’ are the photon wavevectors in free space. The upper sign
corresponds to a phonon absorption (the process is called anti-Stokes scattering) while
the lower sign corresponds to an emission (Stokes scattering). Since q and q’ are
very small, G has to be zero. The anti-Stokes and Stokes scattering are shown in
Figure 2-7. The anti-Stokes mode is usually much weak than the Stokes mode, and

it is Stokes-mode scattering that is usually monitored.

14



When light is scattered from the surface of sample, the scattered light is found to
contain mainly wavelengths that were incident on the sample (Rayleigh scattering)
but also different wavelengths at very low intensities (few parts per million) that
represent an interaction of the incident light with material. The interaction with
acoustic phonons is called Brillouin scattering while the interaction with optical is call
Raman scattering. Optical phonons have higher energies than acoustic phonons
giving larger photon energy shifts. Hence Raman scattering is easier to detect than
Brillouin scattering. Subsequently, Raman scattering is a vibrational spectroscopic
technique that can detect both organic and inorganic species and measure the

crystalline of solids.

Overview of the sol-gel process

000000
000000
000000
000000

Uniform particle

/ Sol A-ercgei
o¥e \
920)m08
-

—
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. : Dense
Fibers i Ceramic
Dense Film

Figure 2-1 Schematic of the rotes that one could follow within the

scope of sol-gel processing.
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Figure 2.2 Geometry used to calculate density of states in

three, two and one dimensions.
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Figure 2.3 Variation in the energy dependence of the density of states in a)

three-dimensional b) two- dimensional c¢) one- dimensional systems.
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Figure 2-4 The crystalline planes of the materials.
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Figure 2-5 A pair excitation in the scheme of valence and conduction

bands (a) in the exciton picture for a direct gap semiconductor (b).
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Figure 2-6 Visualization of an exciton bound to an ionized donor (a), a neutral

donor (b), and a neutral acceptor(c)
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Figure 2-7 The picture of anti-Stokes and Stokes scattering processes.
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Chapter 3 Experiment detalil

3.1 Sample preparation

We produce monodisperse ZnO colloidal spheres by sol-gel method.  Sol-gel method
was chosen due to its simple handling and narrow size distribution. The ZnO
colloidal spheres were produced by a one-stage reaction process similar to that

described by Seelig et al [33], and reactions were described as the following

equations:
Zn(CH,CO00), + xH,0—~—-Zn(OH "), (CH,CO0"), , + XCH,COOH , (1)
Zn(OH"),(CH,CO0"), ,——>ZnO+(Xx-1H0 + (2 - x)CH,COOH . (2)

Eq. (1) is the hydrolysis reaction. for Zn(QAc), to form metal complexes. We
increased the temperature of reflux from-RT-to-160°C and maintained for aging. The
zinc complexes will dehydrate and‘remove. acetic acid to form pure ZnO as Eq. (2)
during the aging time. Actually, the two reactions described above proceed
simultaneously while the temperature is over 110°C. All chemicals used in this
study were reagent grade and employed without further purification. In a typical
reaction, zinc acetate dihydrate (99.5% Zn(OAc)2, Riedel-deHaen) was added to
diethylene glycol (99.5% DEG, EDTA). The first thing we notice is that we can
control the quantum dots size with domination concentration of zinc acetate in the
solvent (DEG). This point will be examined later. Then the temperature of
reaction solution was increased to 160°C and maintained for different aging time.
White colloidal ZnO was formed in the solution that was employed as the primary
solution. Jezequel[34] et al., reported that this method produce monodisperse ZnO

powders of various sizes with changing the heat rate of the reaction solution. A
20



primary reaction was performed as described above, and the product was placed in a
centrifuge. The supernatant (DEG, dissolved reaction products, and unreacted ZnAc
and water) was decanted off and saved, and the polydisperse powder was discarded.
Finally, the supernatant was then dipped on substrates (Si0,/Si (001) or SiO;) and

dried at 150C.

3.2Microstructure and optical properties

3.2.1 X-ray diffraction

The crystal structures of the as-grown powder were inspected by Bede DI
diffractometer at Industrial Technelogy ResearchiInstitute using a CuK X-ray source
(A=1.5405A). We used small angle diffraction. -The o was fixed at 5° , the
scanning step was 0.04° , scanning irate-was.4.degree/min and count time was 1.00
second. Figure 3-2 shown XRD ®-20.scans-geometry. The dashed lines mean the
trajectory of the incident beam and the detector to be in motion.

The sizes of the nanocrystallites can be determined by X-ray diffraction using the

measurement of the full width at half maximum (FWHM) of the X-ray diffraction

0.894
Bcos

lines. The average diameter is obtained by D = , where D is the average

diameter of the nanocrystallite, A is the wavelength of the X-ray source, and B is the

FWHM of X-ray diffraction peak at the diffraction angle .

3.2.2 Optical absorption spectra

Optical transmission or absorption measurements are routinely used by chemists to
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determine the constituents of chemical compounds. They are also used in the
semiconductor industry, but only for certain specialized applications. We can
compute the band-gap of the semiconductors by the absorption spectra.

The excitation and emission spectra were measured using U-4001 Spectrometer
(Japan Spectroscopy) at Industrial Technology Research Institute with a lamp source
of 150 W xenon. Fist, we must find and take out background signal from
preparation sample. Measurements were performed using a glass having a path
length of 2 mm. The intensity of emitted light was detected at a right angle to the
incident light. Finally, we measured preparation sample (ZnO solution dip on SiO,
glass). Judging from the above, it can be concluded that background signal was
deleted as we measure preparation sample. The measurement was taken in the range

from 300 nm to 400 nm.

3.2.3 Photoluminescence system

Photoluminescence (PL) provides a non-destructive technique for the determination
of certain impurities in semiconductors. The shallow-level and the deep-level of
impurity states were detected by PL system. It was provided radiative recombination
events dominate nonradiative recombination.

In the PL measurements, the 325 nm line from a He—Cd laser was used as the
excitation light. Light emission from the samples was collected into the TRIAX 320
spectrometer and detected by a photomultiplier tube (PMT). As shown in Fig. 3-3,
the diagram of PL detection system includes mirror, focusing and collecting lens, the
sample holder and the cooling system. We utilized two single-grating
monochromators (TRIAX 320), one equipped with a CCD detector (CCD-3000), and

the other equipped with a photo-multiplier tube (PMT-HVPS) and connected to a
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photon counter for detection. The normal applied voltage of PMT is 800 KV.
Moreover, we used a standard fluorescent lamps to calibrate our spectral response of
spectrometer and detector. The PL signals are exposed about 0.1 sec at the step of
0.1 nm. The data are transmitted through a GPIB card and recorded by a computer.
The monochromator (TRAIX 320) has a focal length of 32 cm with an optional side
exit slit and has three selective 600, 1200 and 1800 grooves/mm gratings. When the
entrance and exit slits are both opened to about 50 um, the resolution is about 0.1 nm
for the monochromator with PMT. The low-temperature PL measurements were

carried out using a closed cycle cryogenic system.

3.2.4 Raman.system

Raman scattering is a very powerful probe for-investigating the vibration properties of
materials. It is also influential-in understanding problems as diverse as the structure
of amorphous insulators, and the conduction-mechanisms in ionic conductors. The
experimental setup of Raman spectroscopy consists mainly of three components: a
laser system serves as a powerful, monochromatic light source and a computer
controlled spectrometer for wavelength analysis of the inelastically scattered light.
Figure 3-4 show the experimental setup schematically. The Raman scattering was
measured with an Ar-ion laser (Coherent INNOVA 90) as an excitation source
emitting at a wavelength of 488 nm. The scattered light was collected by a camera
lens and imaged onto the entrance slit of the Spex 1877C. Light passes through the
entrance (S1) to be collimated by M1 onto G1 where it is dispersed onto M2.  After
passing through S2, which acts as the filter stage to determine the pass band, the light
strikes the spatial-filter mirror (M3) and passes though a fixed slit, which eliminates

much of the stray light. Again the light is collimated (M4), dispersed (G2), in an
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opposing direction to cancel the effects of the initial dispersion, then focused (MS5)
onto the exit slit of the filter stage (S3) which controls the resolution of the next
spectrograph stage. In this final stage, the light is again collimated (M6) and
dispersed on whichever of the turreted gratings (G3, G4 and G5 as gratings of 600,
1200 and 1800 grooves/nm, respectively) is selected by the user. The camera mirror

(M7) projects a flat image onto the focal plane where it is seen by CCD.

Chemical reagent Molecular formula Degree of | Source

purity

Zinc acetate dehydrate Zn(CH3COOH), * 2H,O | 99.5% Riedel-deHaen

Diethylene glycol C4H 003 99.5% EDTA

Table 3.1. Shows that chemical reagent was used with sol-gel experiment. process.

Figure 3.1. Experiment equipment used for fabricating ZnO quantum dots (QDS).
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Zn(CH3COOH); * 2H,0

varying solution concentration

Diethylene-glycol (DEG)

A

y __varying heating rate

Counter flow apparatus

heating up to 160°C & difference aging time

White colloidal formed

Centrifuge

separating solution

Clear so

lution

dip or spin

Si0,/Si(00

coating on

1)

Table 3.2. A flow chart of fabricate ZnO quantum dots (QDS) by sol-gel

method.
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Figure 3-2 XRD »-20 scans geometry for ZnO nanoparticles.
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Chapter 4 Results and discussion

4.1 HRTEM and X-ray diffraction

measurement

Shown in Fig. 4-1(a) is a typical high-resolution transmission electron microscope
(HRTEM) image of the ZnO nanoparticles. Nanoparticles aged at 160 °C for 1 h and
solution concentration of 0.06M was selected for particle size determination by
HRTEM. The particles shape are predominantly spherical, many also exhibit surface
facetting, as shown in the inset of Figure 4-1(a) where a step of one atomic layer can
be seen. The nanoparticles are*clearly well.separated and essentially have some
aggregation. Figure 4-1(b) show the size distribution of particles after aging at
160°C for 1 h (0.06M), obtained from analysis of‘more than 35 particles per sample.
The average diameter of the number-weighted particles obtained from a colloid aged
at 160°C for 1 h (0.06M) was determined to be 4.36+ 0.3 nm.

The XRD patterns of the prepared sample (ZnO solution dip on SiO, glass) by
the sol-gel process are shown in Figure 4-2. The diffraction lines are the powder
X-ray diffraction pattern of the ZnO nanoparticles prepared in a different solution
concentration. The diffraction pattern and interplane spacings can be well matched
to the standard diffraction pattern of wurtzite ZnO, demonstrating the formation of
wurtzite ZnO nanocrystals. All of the samples present similar XRD peaks that can
be indexed as the wurtzite ZnO crystal structure with lattice constants a=3.253A and
c=5.219A by Eq. 2-8, which are consistent with the value in the standard card (JCPDS

36-1451). No diffraction peaks of other species could be detected that indicates all
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the precursors have been completely decomposed and no other crystal products were
formed. It should be noted here that the full width at half maximum (FWHM) of the
diffraction peaks increase with decreasing the concentration of zinc precursor duo to
the size effect. The mean diameter of the ZnO nanocrystallites is evaluated from the
FWHM of the (110) peak from 3.5nm to 12nm by Eq. 2-9 with the range of B from
0.75° to 2.45° ,0=47.56° and A (wavelength of incident X-ray) is 1.5406A. This
value corresponds to the tail of the particle size distribution determined from HRTEM
micrographs (Figure 4-2 (b)) and is close to the value of 4.2 nm obtained from the

absorption data (see next section).

4.2 Absorption and:Photoluminescence

Spectra

Fig. 4-3 illustrates the room temperature optical absorption (dotted lines) and PL
(solid line) spectra of different ZnO quantum dots with reacting solution
concentration from 0.04M to 0.32M with aging lh at 160 C .  The
photoluminescence (PL) spectra of the six samples, which were excited with the laser
of wavelength 325nm, are shown in Fig. 4-3 (solid line). An ultraviolet-blue (UV
blue) emission occurs above the band gap energy of bulk ZnO (3.3 e¢V) and shifts to
higher energies (3.3-3.435 eV) as the QD size decreases (12-3.5 nm). Since the
Bohr diameter of the exciton in bulk ZnO is on the order of 2.34 nm, we must
consider the electron hole Coulomb interaction in our samples and the particles are in
the moderate to weak confinement regime.

The absorption spectra are significantly blue-shifted compared to the bulk single

crystal indicating that the particles are in the quantum regime. It can be clearly seen
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that the growth of the particles depends on solution concentration. In addition, it can
be seen that the spectral shift is retarded toward the end with decreasing solution
concentration. These factors suggest that the solution concentration strongly affects
the particle size and hence the optical properties. The absorption peaks for the six
samples were then obtained as 3.437 eV [ Fig. 4-3(f)], 3.463 eV [Fig. 4-3(¢e)], 3.475
eV [Fig. 4-3(d)], 3.516 eV [Fig. 4-3(c)], 3.584 eV [Fig. 4-3(b)]and 3.67 eV [Fig.
4-3(a)], respectively. These values are all much larger than the absorption edge of
the bulk ZnO (3.3 eV). The average particle size as a function of solution
concentration was determined from the absorption spectra using the effective mass
model derived by Brus [35-40]. In the weak-confinement regime, the confinement
energy of the first excited electronic state can be approximated by Eq. 2-10
s = By Ry [ - KoM )
where E, is the bulk band gap;-Ry* is exciton binding energy, a is the particle

radius, M is the total mass, and J is the reduce mass. Figure 4-4 shows the bandgap

versus particle diameter obtained from ‘Eq. 2-10. The particle size was obtained

from the band gap inferred from the optical absorption spectra taking Eg”'k =34 eV,

m.*= 0.26, mp*= 0.59[41,42]. We also observed a size-dependent redshift of the PL
maximum relative to the absorption maximum. This redshift increases as the
particle size decreases and has been observed in other II-VI nanocrystalline systems
(e.g., CdSe, CdS). Our results suggest that size dependent phonon processes may be
partly responsible. In this case, it gives an empirical relationship between the
electron-phonon interaction and particle size. The electron-phonon interaction
energy will be examined in the Raman spectra. Ultimately, however, the origin of
the size-dependent redshifted emission remains unclear at present [43-47].

In additional, the PL spectra of different aging time (same solution concentration
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0.08M) are illustrated in Figure 4-6. Similar blue-shifted behaviors are also found as
decreasing aging time. As decreasing the aging time, the UV emission peak
undergoes a blue-shift from 3.336 eV to 3.37 eV with decreasing relative intensity.
We attributed the phenomenon of blue-shift to quantum confinement effect. The PL
spectra of different heating rate appear in Fig. 4-7. The same phenomenon of
quantum confinement effect applies to different heating rate. We can safely say that
the ZnO particles size can be controlled by reaction solution by varying concentration,

aging time and heating rate.

4.3 Raman spectra analysis

Raman spectrum of the fine ZnO powder was shown in Table 4-1 [48], where the
peaks at 331, 383, 438, 549, 584,.and 660 em’. were clearly observed in the low
wave-number region. The results of‘Raman-spectra for ZnO quantum dots (QDs)
with diameters of 4.4, 4.8, 5.9 and'6.4 nm are 'shown in Fig.4-8. Compared with its
powder counterpart, several obvious changes could be observed. First, from the
figure we can see that the Raman peaks around 520 and 620 cm™ are not shifted in
frequency. We attributed these peaks (520 and 620 cm™) to signal of substrate [49].
On the other side, Raman peaks around 438 cm™ (E2 mode) shifts toward lower
frequency and their linewidths become larger with decreasing ZnO QDs diameter in
the low wave-number region. Ultimately, the peak of longitudinal (LO) phonon was
not observed. From the phenomenon was observed above, we will further examine
it later on.

It is well known that the phonon eigenstates in an ideal crystal are plane waves
due to the infinite correlation length; therefore the k=0 momentum selection rule of

the first order Raman spectrum can be satisfied. When the crystalline is reduced to
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the nanometer scale, the momentum selection rule will be relaxed. This allows the
) g 2T .. .
phonon with the wave vector |k| = |k |iT to participate in the first-order Raman

scattering, where k' is the wave vector of the incident light and L is the size of the
crystal. The phonon scattering will not be limited to the center of the Brillouin zone,
and the phonon dispersion near the zone center must also be considered. As a result,
the shift, broadening, and the asymmetry of the first order optical phonon can be
observed.

The modes originating from the photon scattering by first-, second-, and third-order
LO phonons are clearly observed in the spectrum under resonant excitation by the 325
nm laser line (see Fig.4-9). The energy of this line is about 440 meV higher than the
band gap of ZnO. It means that there. is a case of incoming resonance, where the
laser line is in resonance with dn interband-@lecttonic transition. As one can see
from Fig. 4-9, the intensity of the resonant Raman line were sharply and the intensity
ratio (2LO/1LO) becomes weak-by sizes-of decreasing ZnO QOs. Considering the
particle size dispersion and assuming” for R“a Gaussian distribution f(R), the total

Raman cross section for an n-phonon process can be written as[50, 51]

o, = jaf () f (R)dR,

iyl im0 |

S E, +Nho, —ho+iil|
where L is the electronic dipole transition moment, E is the (size-dependent) energy
of the electronic transition, Zwand hw , are the energies of the incident photon
and the LO phonon, respectively, m denotes the intermediate vibrational level in the
excited state, and I'is the homogeneous linewidth. The overlap integral between

the ground and excited states wave functions can be written as [50, 51]
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1

5 2
(nfm) = (%',j exp(%)ﬁ"‘m) Lo " (A,

where LT ™ denotes a Laguerre polynomial and A is the dimensionless displacement

of the harmonic oscillator in the excited state. A is known to be related to the
Huang-Rhys parameter S by the relation S=A>. Therefore, the ratio ¢ between
two-phonon and one-phonon scattering cross sections is a very sensitive function of
the electron-phonon coupling strength. However, ¢ is strongly dependence of the
excitation photon energy and E, is the (size-dependent) energy of the electronic
transition. Nevertheless, we observed the lower intensity ratio (I2ZLO/I1LO) as
decreasing the size of ZnO QDs.

Let us move to the origin of electron-phonon coupling in ZnO QDs. It is
generally accepted that the electron phonon coupling is governed by two mechanisms:
the deformation potential and-the Frohlich potential. Following Loudon[52] and
Kaminow and Johnston[53], the TO “Raman scattering cross section is mainly
determined by the deformation potential that involves the short-range interaction
between the lattice displacement and the electrons. On the other hand, the LO
Raman scattering cross section includes contributions from both the Frohlich potential
that involves the long-range interaction generated by the macroscopic electric field
associated with the LO phonons and the deformation potential. We found that the
intensity of TO phonon in ZnO QDS is almost insensitive to the incident laser
wavelength, while that of E1 (LO) phonon is greatly enhanced under the resonant
conditions. Therefore we believe that the electron-LO interaction at decreasing the

nanocrystal size is mainly associated with the Frohlich interaction.
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Fig. 4-1 HRTEM image (a) and size distribution (b) of the ZnO QDs fabricated using

0.06M Zn(OAc).
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Fig. 4-3 PL (solid line) and absorption (dashed line) spectra near the band edge of

various ZnO QD size.
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4 Difference aging time at solution concentration 0.8M
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Fig. 4-6 PL spectra of various aging time at 0.08M solution concentration.

variation heating rate: (d)
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Phonton energy(eV)

Fig. 4-7 PL spectra of various heating rate at 0.1M solution concentration.
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Wave number(cm™)
331
383
410
438
540
584
660

776

Symmetry
Al
AI(TO)
E1(TO)
E2
A1(LO)
E1(LO)
Al

Al,E2

Process

Acoust. Overton
First process
First process
First process
First process
First process
Acoust. Overton

Acoust. Opt. comb.

Table 4-1 The Raman spectral peaks of the fine ZnO powder.
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Fig. 4-8 Raman spectra of various ZnO QD.
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Chapter 5 Conclusion and perspectives

5.1 Conclusion

Stable ZnO nanoparticles with 3.5-12 nm in diameter were made by a rapid and
continuous process of sol-gel method. The ZnO nanoparticles show a wurzite
structure with variation of diameter of ZnO nanoparticles from 3.5 nm to 12 nm by
x-ray diffraction. These particles exhibit quantum size effect (blue-shift of the
absorption and PL spectrum with decreasing crystallite size) and nicely followed a
correlation between particle size and optical energy gap from the effective mass
model of ZnO quantum dots. Furthetmore, we have measured Raman spectra of
ZnO quantum dots with diffefent diametets. The shift, broadening, and the
asymmetry of the optical phonons have been found for ZnO quantum dots compared
with ZnO bulk. The phonon ¢onfinement-effect could account for these observed
results. Moreover, we have extracted the electron-phonon-coupling parameter from
Raman spectra, and unambiguously demonstrate that electron-phonon-coupling

increase with increasing nanocrystal size mainly due to the Frohlich interaction.

5.2 Perspectives

In the process of fabricating the ZnO quantum dots by sol-gel, the smaller size and
uniform distribution nanoparticles are our major targets. To achieve better
homogeneity of sample, we should upgrade the centrifugal technique and the method
of chemical synthesis. For optical properties, the emission characteristic of ZnO

quantum dot is going to measure by low temperature photoluminescence spectra.
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The most important characteristic of the ZnO QDs is the exciton lifetime, and we will

use the pump-probe experiment to analyze it.
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