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摘要 

  我們成功地利用溶膠-凝膠製造氧化鋅量子點，再利用改變溶液濃

度、加熱速率以及反應時間等方法去控制氧化鋅量子點的尺寸大小。 

室溫螢光及吸收光譜觀察到明顯的藍位移現象，並與 effective mass 

model 的弱侷限效應計算的結果相符合。室溫螢光與吸收光譜譜峰之

間距隨氧化鋅量子點的尺寸變小而變大的現象，也顯示氧化鋅量子點

存在量子侷限效應。最後，我們由 Raman 光譜發現隨著氧化鋅量子

點的尺寸變小而造成能量守恆的鬆弛及電子-聲子交互作用的能量變

小的現象。 
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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 very large exciton binding energy of 60 meV which 

results in efficient excitonic emission at room temperature.  It is known that ZnO 

nanocrystals or quantum dots (QDs) have superior optical properties to the bulk 

crystals owing to quantum confinement 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 
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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.  
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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 with metal 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-organic 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:  

                    ROHOHMOHORM +−→+− 2                        (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: 

                 XOHMOMMXOOHM +−−→−+− ,    (2-2) 
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The hydrolysis ratio (h = H2O/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): 

       MOHMMHOOHM −−→−+− 2)( ,       (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 removing one hydrogen (proton) from an alkane 

molecule to produce, for example, methyl (‧CH3) or ethyl (‧C2H5).  An alcohol is a 

molecule formed by adding a hydroxyl (OH) group to an alkyl (or other) molecule, as 

in methanol (CH3OH) or ethanol (C2H5OH). 

  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 
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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] 
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Variation between treatments generally originates from differences in expressions 

assigned to V0 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:  and              

strong confinement: . 

BaR ≥

BaR <

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 function )( he rr −φ  is hardly affected.  In 

the second case the Coulomb energy increases roughly with R-1, and the quantization 

energy with R-2, 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  

           Ψ=Ψ−++Ψ∇−− the
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ErrUV
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with , he mmM +=
he

he

mm
mm
+

=µ , and  as the total energy of the system.  If we 

take 

tE

)()( rR ϕφ=Ψ  and consider Coulomb interaction first, then we get  
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M

)()](
2

[ 2
2

φh , 

                     )()()()()](
2

[ 2
2

rErEErrU exctr ϕϕϕ
µ

=−=+∇−
h . 

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

the confinement potential  

exE

                     
aRRV

aRRV
>∞=
≤=

,)(
,0)(

. 

Thus, the energy is  
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and the absorption energy of a photon is 
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with  as the total mass of the electron and hole. he mmM +=

 

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  

             Ψ=Ψ+Ψ∇−− EV
mm ee

0
2

22

)
22

( hh . 

The potential is defined as  

              
arrV
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and the energy of a electron or hole is 
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The absorption energy of a photon is 
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with 
he

he

mm
mm
+

=µ  as the reduced mass of electron and hole. 

 

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 interval around an energy E.  If we denote the density of 

states by N(E), the number of states in an energy 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) 4πk2dk.  We had shown above that the k-space volume per electron 

state is 3(2π/L).  Therefore, the number of states of electron in the region between k 

and k+ dk are  

                VdkkVdkk
2

2

3

2

28
4

ππ
π

= . 

Denoting the energy and energy interval corresponding to k and dk as E and dE, we 
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see that the number of electron states between E and E+ dE per unit volume is 

                2

2

2
)(

π
dkkdEEN =  

and since 
m
kE

2

22h
= , then the equation becomes 
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   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  

                .2)( 32

2
1

2
3

hπ
EmEN =  

 

2.2.2.2 Density of states for lower-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  

                2)(
hπ
mEN = . 

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

                  
hπ

2
1

2
1

2)(
−

=
EmEN . 

   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 E1/2-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 
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(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 characterized by lattice parameters a0 and c0, the plane 

spacing equation for the hexagonal structure is:[28] 

                   2
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where  is the Mill’s index.  We know the Bragg’s lawlkh ,, )sin2( θλ d=  , λ is the 

wavelength of x-ray source.  So the equation becomes  
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     (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 θ as Figure 2-4, but with the diffracted ray leaving at 

an angle θ+ ∆θ, corresponding to the intensity I in the spectrum line an angular 
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distance ∆θ away from the peak.  The path difference between waves from 

successive planes is now [30] 

)sin(sin θθθ ∆++=+ ddCEBC  

                     θθθθθ ∆+∆+= sincoscossinsin ddd  

with BC and CE being the path differences between the successive incident beams, 

and d is the interplanar distance.  If ∆θ is small, we can write cos∆θ=1 and sin∆θ=∆θ, 

in which case  

             θθθ cossin2 ∆+=+ ddCEBC  

                     θθλ cos∆+= dn , 

where λ is the wavelength of the incident X-ray.  Therefore the phase δ per 

interplanar distance is  

             θθ
λ
πλ

λ
πδ cos22

∆+= dn  

               θθ
λ
ππ cos22 ∆+= dn . 

Since a phase difference of 2nπ produces the same effect as zero phase, we can write 

the effective phase difference as  

          θθ
λ
πδ cos2

∆= d . 

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

R from the grating is effectively  

            

2
sin

2
sin

2

2
2

δ

δ
φ

N

R
I ⎟

⎠
⎞

⎜
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⎛=  

and the maximum intensity is 

            2
2
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R

I ⎟
⎠
⎞

⎜
⎝
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φ , 

where φ  is the amplitude at unit distance from the grating, N is the total number of 
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grating apertures, and δ is the phase change per aperture; or  

              

2
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Since 
2
δN  will change much faster than

2
δ , the sine square function will reach its 

first minimum before 
2
δ  becomes very large.  If we replace 

2
sin δN  by

2
δ , we will 

get  
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The ratio 
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2
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The solution to the equation yields the required phase change corresponding to the 

half maximum.  It may be obtained 

             39.1cos2
2
1

=∆ θθ
λ
π dN  

or since D=Nd, we have 

             
θ
λθ

cos
89.02

D
=∆ . 

The β is taken as the width at half maximum from ∆θ to –∆θ, and  

              
θ
λθβ

cos
89.02

D
=∆= ,         (2-9) 

where λ is the wavelength of the x-ray source, and D is the size of the particles. 
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2.4 Photoluminescence 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. 

                     
M
K

n
RyEKnE

B
gB 2

),(
22* h

+−= ,      (2-10) 

where is the principal quantum number, ...3,2,1=Bn 2
0

* 136.1
ε

µ
m

eVRy = is the 

exciton binding energy, he mmM +=  and  he kkK += are the translational mass 

and wave vector of the exciton. 

The exciton state has an effective Rydberg energy  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

*Ry

+X), a neutral donor (D0X), and a neutral acceptor (A0X).  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 (A0X complex), the lower for a neutral donor (D0X) and the lower 
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still for an ionized donor (D+X).  The binding energy Eb of exciton to the complex 

usually increases according to  

                      . b
XA

b
XD

b
XD EEE 00 <<+

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 or absorption of phonons, the energy shifts 

of the photons are small, but can be measured 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, 

)(ksωωω hhh ±=′  

Gknqqn hhhh +±=′ , 

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. 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

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. 

 

 

 

 16



 

 

 

 

 

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.  

 

 
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) 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7 The picture of anti-Stokes and Stokes scattering processes.  
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Chapter 3 Experiment detail 

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: 

COOHxCHCOOCHOHZnOxHCOOCHZn xx 323223 )()()( +⎯→⎯+ −
−−∆ ,      (1) 

COOHCHxOHxZnOCOOCHOHZn xx 3223 )2()1()()( −+−+⎯→⎯∆
−

−− .       (2) 

Eq. (1) is the hydrolysis reaction for Zn(OAc)2 to form metal complexes.  We 

increased the temperature of reflux from RT to 160oC 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 110oC.  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℃ 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 
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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 (SiO2/Si (001) or SiO2) and 

dried at 150℃. 

 

3.2 Microstructure and optical properties 

3.2.1 X-ray diffraction 

The crystal structures of the as-grown powder were inspected by Bede D1 

diffractometer at Industrial Technology Research Institute using a CuK X-ray source 

(λ=1.5405Å).  We used small angle diffraction.  The ω was fixed at 5∘, the 

scanning step was 0.04∘, scanning rate was 4 degree/min and count time was 1.00 

second.  Figure 3-2 shown XRD ω-2θ 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 

lines.  The average diameter is obtained by
θ
λ

cos
89.0

B
D = , where D is the average 

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

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

 

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 SiO2 

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 µm, 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 (M5) 

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 

purity 

Source 

Zinc acetate dehydrate Zn(CH3COOH)2‧2H2O 99.5% Riedel-deHaen 

Diethylene glycol C4H10O3 99.5% EDTA 

 

 
Table 3.1. Shows that chemical reagent was used with sol-gel experiment. process. 
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Figure 3.1. Experiment equipment used for fabricating ZnO quantum dots (QDS). 
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Figure 3-2 XRD ω-2θ scans geometry for ZnO nanoparticles. 
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Figure 3-3 PL detection system. 
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Figure 3-4 Raman detection system. 
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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 SiO2 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=3.253Å and 

c=5.219Å 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 , θ= 47.56 and λ (wavelength of incident X∘ ∘ ∘ -ray) is 1.5406Å.  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 1h at 160  . ℃  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 eV) 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 

])(1[* 2
1 a

a
M

RyEE B
goS

πµ
−−= 

where  is the bulk band gap, Ry* is exciton binding energy, a is the particle 

radius, M is the total mass, and µ 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 =3.4 eV, 

m

0gE

bulk
gE

e*= 0.26, mh*= 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 cm-1 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-1 are not shifted in 

frequency.  We attributed these peaks (520 and 620 cm-1) to signal of substrate [49].  

On the other side, Raman peaks around 438 cm-1 (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 

phonon with the wave vector 
L

kk π2
±′=  to participate in the first-order Raman 

scattering, where  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.  

k ′

  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 an interband electronic 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]  

                     ∫= ,)()( dRRfR
nn ωσσ

                    ,
0
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2

0 0

4 ∑
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n inE
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where µ is the electronic dipole transition moment, E0 is the (size-dependent) energy 

of the electronic transition, ωh and LOωh  are the energies of the incident photon 

and the LO phonon, respectively, m denotes the intermediate vibrational level in the 

excited state, and is the homogeneous linewidth.  The overlap integral between 

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

Γ
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where  denotes a Laguerre polynomial and ∆ is the dimensionless displacement 

of the harmonic oscillator in the excited state.  ∆ is known to be related to the 

Huang-Rhys parameter S by the relation S=∆

mn
mL −

2.  Therefore, the ratio σ between 

two-phonon and one-phonon scattering cross sections is a very sensitive function of 

the electron-phonon coupling strength.  However, σ is strongly dependence of the 

excitation photon energy and E0 is the (size-dependent) energy of the electronic 

transition.  Nevertheless, we observed the lower intensity ratio (I2LO/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. 

 

 

 34



 

 

 

 

 

 

 

 

 

 

 

                       (a) 

 

2.5 3.0 3.5 4.0 4.5 5.0 5.5
0

10

20

30

40

50

60

70
 

 

Fe
qu

en
cy

(%
)

Particles radius(nm)

 

 

 

 

 

 

 

 

          (b) 

 

 

 

 
 

Fig. 4-1 HRTEM image (a) and size distribution (b) of the ZnO QDs fabricated using 
0.06M Zn(OAc)2. 
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Fig. 4-2 XRD profiles of the ZnO QDs prepared with various concentration 

of Zn(OAc)2. 
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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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Fig. 4-4 The dependence of the band gap enlargement (a) and exciton binding energy 

(b) versus the ZnO QDs diameter as calculated from the effective mass model and 

the corresponding experimental data. 
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Fig. 4-5 The dependence of the Stokes shift versus the ZnO QDs 
diameter. 
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Fig. 4-6 PL spectra of various aging time at 0.08M solution concentration. 
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Fig. 4-7 PL spectra of various heating rate at 0.1M solution concentration. 
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Wave number(cm-1) Symmetry Process 

331 A1 Acoust. Overton 

383 A1(TO) First process 

410 E1(TO) First process 

438 E2 First process 

540 A1(LO) First process 

584 E1(LO) First process 

660 A1 Acoust. Overton 

776 A1,E2 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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Fig. 4-9 Resonant 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.  Furthermore, we have measured Raman spectra of 

ZnO quantum dots with different diameters.  The shift, broadening, and the 

asymmetry of the optical phonons have been found for ZnO quantum dots compared 

with ZnO bulk.  The phonon confinement 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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