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Effect of grain size and Mg content of Mg,Zn,_,O on the

exciton-longitudinal optical phonon interaction

Student: Wei-Tse Hsu Advisor: Prof. Wen-Fen Hsieh

Institute of Electro-optical Engineering

National Chaio Tung University

Abstract

The coupling between exciton and-lengitudinal'optical (LO) phonon was investigated by
using of the temperature-dependent photeluminescence from various sizes of ZnO grain and
Mg.Zn, ,O powders in the range of 0 < x < 0.05 prepared by sol-gel synthesis. The
unapparent LO-phonon replicas of free exciton emission in ZnO quantum dots (QDs) system
and the smaller free exciton energy difference between 13 K and 300 K reveal decreasing
weighting of exciton—LO phonon coupling strength. From ZnO QDs system and Mg,Zn;.xO
powders, the increase of the exciton binding energy resulting from the decrease of the exciton
Bohr radius makes the exciton less polar that is responsible for reducing the coupling strength

of exciton-LO phonon as shrinking ZnO QDs size and increasing Mg content.
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Chapter 1 Introduction

1.1 Basic property of ZnO and significance of ZnO related photonic

devices

During the last decade, zinc oxide (ZnO) has received much attention because of
its wide band gap and large binding energy (E,~ 60 meV) [1]. Optical and physical
properties of semiconductor quantum dots (QDs) have also attracted considerable
interests due to their potential applications to light-emitting diodes [2], optically

pumped lasers [3] and other electronic devices [4].
1.2 Problem description and Motivation

Although large number of researches on II-VI QDs and III-V QDs have been
published [5,6], the properties of ZnO QDs have not been studied as completely as
other materials.

To fully utilize ZnO-based ‘technologies; .band gap engineering and p-type
doping are still the remaining issues in modern optoelectronics. Jingbo et al. [7]
proposed that, using the first-principles band-structure calculations, the p-type
dopability of ZnO can be improved by lowering the ionization energy of acceptors in
ZnO by codoping acceptors with donor or isovalent atoms (e.g., Mg or Be).
(Mg,Zn)O alloys have been proved feasible to realize the band gap modulation of
ZnO. Additionally, MgZnO can be used as energy barrier layers of ZnO
light-emitting devices and ZnO/Mgj,Zn,sO coaxial nanorod single quantum well
structures for carrier confinement [8,9]. They are also very promising materials for
use as active layers in double heterostructures, e.g., Shibata et al. [10] reported

Zn; Mg, O alloys are very brilliant light emitters, even more brilliant than ZnO,



particularly in the high-temperature region.  Therefore, it requires a full
understanding of material characteristic of MgZnO systems.

The interaction between exciton and longitudinal-optical (LO) phonon has a
great influence on the optical properties of polar semiconductors. Ramvall, et al. [11]
reported a diminishing temperature-dependent shift of the photoluminescence (PL)
energy with decreasing GaN QD size caused by a reduction of the LO-phonon
coupling. In our previous work [12], the resonant Raman scattering (RRS) of
various ZnO QDs sizes reveals that decrease of I o/l1Lo With decreasing particle sizes
gives an evidence for the reduction of exciton-LO phonon interaction with decreasing
QDs size. Chang, et al. [13] reported that the exciton LO-phonon interaction energy
|Ecx-pn| theoretically evaluated as functions of electric field strength and the size of the
quantum dots. The field enhanced by reducing the separation between electron and
hole would increase |Ecxph|; Whereas, the decrease of dot size leads to delocalize the
wave functions of both electron and:holein-tuin decreases |Ecxpn|. Sun ef al., [14]
who grew ZnO/ZnMgO multiquantum..wells by laser-molecular-beam epitaxy,
investigated Agx.Lo by the temperature dependence of the linewidth of the fundamental
excitonic peak from optical absorption spectra. However, the size dependence and
Mg concentration of MgyZn; O powders of exciton-LO-phonon coupling is a

complicated problem to be investigated.
1.3 Organization of thesis

In this work, we qualitatively compared the PL spectra of various ZnO particle
sizes and Mg-doped ZnO powders with increasing Mg substitution, and quantitatively
deduced the weighting of exciton-LO-phonon coupling strength. We finally
obtained the reduction of exciton-LO phonon interaction with decreasing ZnO particle

sizes and raising Mg substitution in Mg,Zn; O powders.



Chapter 2 Theoretical background

2.1 Sol-gel method

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. A sol is a colloidal suspension of solid particles in a liquid,
in which the dispersed phase is so small (~1-1000 nm) that gravitational force is negligible
and interactions are dominated by the short-range forces, such as Van der Waals attraction and
surface charge. All of these types of colloids can be made by sol-gel synthesis and used to
generate polymers or particles from which'ceramic materials can be made. Sol-gel synthesis
has two ways to prepare solution: -~ One way, 1s 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 metal salts than metal alkoxides, but their reactions are
more difficult to control. The inorganic route is a step of polymerization reactions through
hydrolysis and condensation of metal alkoxides M(OR)*, 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. The
chemical reactions occur in the inorganic-route sol-gel synthesis including the following steps:

First, hydroxylation upon the hydrolysis of alkoxy groups:

M —~OR+H,0—M—OH+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 in the second step:

3



Oxolation: formation of oxygen bridges involving
M-OH+XO0-M ->M-0-M + XOH , (2.2)
where the hydrolysis ratio (h = H,O/M) decides 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) involving
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 [15]. The precursors (starting compounds) for preparation of a colloid consist of

a metal or metalloid element surrounded by various ligands.
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Figure 2-1 Schematic of the routes that one could follow within the scope of sol-gel processing.



2.2 Quantum confinement effect [16]

Recently, it is possible to achieve the low-dimensional structures of materials. Because
of reducing dimensional structures, the quantum confinement effects (QCE) become
predominant and give rise to a lot of interesting electronic and optical properties. The
electron energy will be quantized and varies with dot sizes that cause the variation of band

gap energy, binding energy, and Bohr radius.

Two regimes of quantization are usually distinguished in which the crystallite radius R is

compared with the exciton Bohr radius or related quantities:

(1) Weak confinement regime for R = ag;.and

(2) Strong confinement regime fot R—<-as.

In the weak confinement regime, the motion of center of exciton mass is quantized while
the relative motion of electron and hole given by the envelope function @(r, —13,) is hardly
affected. In the strong confinement regime, however, the Coulomb energy increases roughly
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 Weak confinement [17]

Coulomb-related correlation between the charged particles handled through the use of a



vary approach involving higher-order wave function of the confined particles, thus, we cannot

neglect the electron hole Coulomb potential. The Schrodinger equation may be written as

h2 h2
(- T E) V2Y + [V, + U(r, — )] ¥ = E¥. (2.4)
Taking r =1, —1, and R = %, then the equation becomes
elllh
—h—ZVZ—h—2V2+V(R)+U(r)]‘P=E‘P 2.5)
om 'R 20 r t .
memp

with M =m,+my, u= , and FE; as the total energy of the system. If we take

me+mp

¥ = ¢(R)p(r) and consider Coulomb interaction first, then we get
K2 o
[ VR#EVR| g (R) = E¥, 2.6)
h2
|- 52 V2 + U] 9() = B=Eo (") = Eerp(r) . 27)

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

confinement potential
V(R) =0,R < ag
V(R) = o,R > ag
Thus, the eigenenergy is

h2m2n?
Ecp = 2
2Mag

n=1,23, ... (2.8)

and the energy of an absorbed resonant photon is



h2m?

howo = E; = B, — Epy = Ey + ———5 — Eoy

2Ma}

h2m? 1.8e2
hwo = Ey + 5 —

2Ma%  4megR

where E; is band gap energy.

2.2.2 Strong confinement

(2.9)

The size quantization band states of the electron and hole is dominated by the kinetic

energies of electron and hole which are larger than the electron-hole Coulomb potential,

therefore, the effect of the Coulomb attraction between the electron and hole can be treated as

a perturbation. The Schrédinger equation can_be written as

(G ) V2 VoW = W

2me 2mp

Again, the confinement potential is defined as
V(r)=0,r <ag,
V(r) =oo,r > ag,

and the energy of electron or hole is

h2m2n2
E,=—n=1273, ...

Zme’haB
The energy of an absorbed resonant photon is

h2m? 1 1
2 —+)= Eg +
2ag "me mp

h(l)o = Eg +

2

h2m?

2uag

(2.10)

(2.11)

(2.12)



Me™h 4 the reduced mass of electron and hole.

with u =

Mme+mp

2.3 Frohlich interaction [18]

One of the most important carrier-phonon scattering mechanisms in semiconductors
occurs when charge carriers interact with the electric polarization, P(r), produced by the
relative displacement of positive and negative ions. In low-defect polar semiconductors such
as GaAs, InP, and GaN, carrier scattering in polar semiconductors at RT is dominated by this
polar-optical-phonon (POP) scattering mechanism. The POP-carrier interaction is referred
to as the Frohlich interaction. Here, the potential energy associated with the Frohlich
interaction will be denoted by ¢(r). The polarization P associated with polar-optical

phonons and the potential energy associated with the Frohlich interaction, ¢@r(r), are related

by
V24, (r)=4zeV P(r). (2.13)

In terms of the phonon creation.and annihilation operators, the operators act on states
each having a given number of phonons. The creation operator acting on a state of n,
phonons of wavevector g increases the number of phonons to n, + 1 and the phonon
annihilation operator acting on a state of n, phonons of wavevector g decreases the number of
phonons to n, — 1. P(r) may be written as

d3 iq.r + —iq.r *
P=¢ Y | —(2733 (a, e, +ale ™™, ), (2.14)
=123

where eq; represents the polarization vector associated with P(r) and q is the phonon

wavevector; then, it follows that



4nv P(r)=4mig Y | d’q

——(a,e""q-e  —ajeq-e ). 2.15
j=123 (27T)3( o A€, q-e,,) (2.15)

Consider the case of a polar crystal with two atoms per unit cell, such as GaAs. The
dominant contribution to P(r) results from the phonon modes in which the normal distance
between the planes of positive and negative charge varies. Such modes are obviously the
longitudinal optical (LO) modes since in the case of LO modes eq;is parallel to q. However,
transverse optical (TO) phonons produce displacements of the planes of charge such that they
remain at fixed distances from each other; that is, the charge planes slide by each other but the
normal distance between planes of opposite charge does not change. So, TO modes make
negligible contributions to P(r). For TO phonons, eq;;q =0. Accordingly,

d’q
27y’

4V - P(r) = Aqil; j (a,6""g—aje ™ q), (2.16)

and the potential energy associated with the Frohlich mteraction, ¢r(r), is given by

3
(;Z ‘;3 l(cz(]e""'r — a;e_iq'r) , (2.17)
T) g

Hy, = ¢, (r) ==4mic¢ |

where @g(r), has been denoted by Hp,, the Frohlich interaction Hamiltonian since @g(r) is the
only term contribution to it. The dependence of ¢r(r) on ¢ is familiar from the Coulomb

interaction; the coupling constant { remains to be determined.

In polar semiconductors, the masses m and M carry opposite charges, e, as a result of the
redistribution of the charge associated with polar bonding. The electric polarization P(r)

may be written as



(2.18)

where the division by &() accounts for screening, the normal-mode phonon displacement has

been used for u(r), g is summed over all wavevectors in the Brillouin zone, and N is the

number of unit cells in the sample. By noticing that

d’q

1
PR— H _
NG ; J Q)
and by comparing expressions (2.14) and (2.18), it follows that

*

- Newt11 h
g(oo)\/ﬁ\/z( mM
m+M

)W,

However, from the dielectric—constant; "due to the electronic

4 21
( 2 4 2 ) ]\Ee )(_+M) evaluated for @ = wy, it follows that
Wi — @) £(0) m

e(w)=¢g(0)+

Ne™ 1. 0l — 05
(@) m M~ 4ze(wo)
_wfo 1 1 o,

Y £(©) - &() o},

o 11

4rx £() - £(0)

])

so that
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(2.19)

(2.20)

response

(2.21)



*

C:Nel h _ ha)fo[l_l]
g(0) N 2 mM Yo 20,, 47 &(©) &(0)’
m+M~

(2.22)
and
dq 1, y
H. =4¢. (r)=—4nie —(a eV —a‘e "
Fr ¢Fr( ) gJ. (27[)3 q( q q )
2
=—i\/ 2”6; Bro| L 10 ]Zl(aqe""'r —a,e™").

5 o0 5q 02

Besides, the lattice distortion created by a phonon resulting in a local change in the

crystal’s energy band; the energy associated with the change is known as the deformation

potential and it represents one .of the miajor scattering mechanisms in non-polar

semiconductors. Indeed, the deformation-petential: interaction is a dominant source of

electron energy loss in silicon-based electronic-devices. The piezoelectric interaction occurs

in all polar crystals lacking inversion symmetry. In the general case, the application of an

external strain to a piezoelectric crystal will produce a macroscopic polarization as a result of

the displacements of ions. Thus an acoustic phonon mode will drive a macroscopic

polarization in a piezoelectric crystal.

11



2.4 Photoluminescence characterization [19]

2.4.1 General concepts

The ground state of the electronic system of a perfect semiconductor is a completely
filled valance band and a completely empty conduction band. We can define this state as the
“zero” energy or “vacuum” state. If we start from the ground state and excite one electron to
the conduction band, we simultaneously create a hole in the valance band. In this sense an
optical excitation is a two-particle transition. The same is true for the recombination process.
An electron in the conduction band can return radiatively or nonradiatively into the valance
band only if there is a free space, i.e., a hole. Two quasi-particles are annihilated in the
recombination process. What 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. Here we will
consider the so-called Wannier excitons-mere-specifically. In Wannier excitons, the Bohr
radius (i.e. the mean distance between electron-and hole) is larger compared to the lattice
constant. This situation is well realized in narrow-gap semiconductors which have large ¢

(>> 1) and small u (<<my).

Using the effective mass approximation, the Coulomb interaction between electron and

2
hole leads to a hydrogen-like problem with a Coulomb potential term m ¢
TE,E

Te =1

Indeed excitons in semiconductors form, to a good approximation, a hydrogen or
positronium like series of states below the gap. For a simple parabolic band in a 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 exciton as shown in Fig. 2-2

12



E, (ng, K)=E,-Ry (2.24)

. 1 WK
—+
Po2M

where ng= 1, 2, 3... is the principal quantum number, Ry’ :13.6eVmié is the exciton
0
binding energy, M = m.+ mp,and K = k. + k; are the translational mass and wave vector of
the exciton, respectively. The series of exciton states in (2.24) 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. The radius of the exciton equals the Bohr radius
of the H atom again modified by ¢ and x. Using the material parameters for typical
semiconductors one finds that the orbits of electron and hole around their common center of

mass average over many unit cells and this m turn justifies the effective mass approximation

in a self-consistent way. Theses excitons-are-called'Wannier excitons.

Rek+h
Fig. 2-2 A pair excitation in the scheme of valence and conduction band in the exciton picture for a direct gap

semiconductor. [16]

13



2.4.2 Exciton-related emission [20]

Exciton photoluminescence (PL) is very sensitive to the quality of crystal structures and

to the presence of defects. Therefore, the regularities of the change in exciton spectra as a

function of composition and structural peculiarities enable one to use them to control the

quality of the crystal optically. Impurities and their associations, main lattice defects and

their impurity associations, and exciton and exciton impurity complexes all play an important

role in the luminescence, which significantly complicates the observation of free-exciton PL.

Generally, PL spectrum of single crystal ZnO consists mainly of two bands. The one in UV

region corresponds to near-band-edge (NBE) emission is attributed to exciton states; the other

one in visible region is due to structural defects and impurities.

2.4.3.1 Free excitons and polaritons

The optical properties of a semiconductor are connected with both intrinsic and extrinsic
effects. For a start, the intrinsic excitonic features in the 3.376-3.450 eV range are discussed.
The wurtzite ZnO conduction band is mainly constructed from the s-like state having (')
symmetry, whereas the valence band is a p-like state, which is split into three bands due to the
influence of crystal field and spin-orbit interactions. The ordering of the crystal-field and
spin-orbit coupling split states of the valence-band maximum in wurtzite ZnO was calculated
by our group using tight-binding theory. The obtained electronic band structure of wurtzite

ZnO is shown in Fig. 2-3. The valence-band symmetry ordering (A-I'y, B-I',, and C-T",) in

ZnO is the same as that observed in low temperature PL and magneto-luminescence

14



measurements by other researchers.
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Fig. 2-3 The electronic band structure of wurtzite ZnO. [unpublished]

Group theoretical arguments and-the direct product of the group representations of the

band symmetries (I', for the conduction band, I'y for the A valence band, upper I', for

the B valence band, and lower I', for the C valence band) will result in the following

intrinsic exciton ground state symmetries:

I,xT, >T+,, T,xI, > +T,+T,

The T'; and I'j exciton ground states are both doubly degenerate, whereas I', and
I', are both singly degenerate. I'; and I', are allowed transitions with E_L ¢ and E"c,

respectively, but the I', and I', are not allowed.

15
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Fig. 2-4 Free excitonic fine structure region of the 10 K PL spectrum for the ZnO single crystal.

Figure 2-4 displays the PLr spectrum in the range of fundamental excitonic region
measured at 10 K in the E | ¢ polarization geometry for a high quality ZnO crystal. A-free
exciton and its first excited state emission;are.observed at FX'~' = 3.3771 eV (3.3757 eV for
[,) and FX'7= 34220 eV for I'; (3.4202 eV for T',) band symmetry, respectively.
Although, at k=0, I', exciton is forbidden in the current measurement mode of polarization,
it is still observed, due to the fact that the photon has finite momentum. Geometrical effects
such as not having the sample orientation exactly perpendicular to the electric field can also
be a reason for the observed I'( transition. Using the energy separation of ground state and
excited state, the exciton binding energy and band gap energy can be evaluated. The energy

difference of about 45 meV gives A-free exciton binding energy of 60 meV and a
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corresponding band gap energy of 3.4371 eV at 10 K. Based on the reported energy
separation of the A- and B-free excitons (in the range of 9—15 meV), we assigned the weak
emission centered at 3.3898 eV, which is about 12.7 meV apart from the A exciton to the B

exciton transition.

Additional fine structure of exciton lines was also observed in low temperature PL

spectra. In strongly polar materials like ZnO transverse I’y excitons couple with photons to
form polaritons. Therefore, as indicated in Fig. 2-4, the FX'" (T5) exciton line has two
components. The higher energy component at 3.3810 eV, which is 3.6 meV apart from the
A exciton, can be assigned to’ the so-called. longitudinal exciton (upper polariton
branch—UPB,). The lower enérgy component at 3.3742 eV, which is about 2.9 meV apart
from the A exciton, corresponds to:the recombination from the “bottleneck” region, in which
the photon and free-exciton dispersion curves cross (lower polariton branch—LPB,). As a
result, their dispersion curves are illustrated in Figure 2-5. We will explain the energy
diagram of a system consisting of a crystal and radiation below. Since I', excitons do not
have transverse character, they do not interact with light to form polaritons, and thus have

only normal free-exciton dispersion curves as seen in the PL spectra.

The incident radiation in the exciton band region is converted to the exciton polariton

inside the crystal and it has two modes, the upper and lower branches. The energy of the
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polariton is shown in Fig. 2-5 as a function of wave vector k. The broken line represents the
relation between the energy and wave vector of the photon in vacuum. The absorption of a
photon creates an upper-branch polariton at a, which is then scattered to state b of the
lower-branch polariton. The polariton thus formed is thermalized from b to ¢ through
phonon and point-defect scattering. The thermalized polariton can be annihilated as a
photon at d (direct radiative annihilation) or move in the crystal to be ionized or annihilated
nonradiatively at imperfections, since the thermalized state has a longer lifetime. If the

incident radiation energy is below the bottom of the upper-branch polariton, it generates the

lower polariton directly.

Energy (eV)

Fig. 2-5 Dispersion curves of exciton and exciton polaritons.
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Here two assumptions are necessary. First, most inelastic scattering is caused by the
LO phonon. Second, the probability for a thermalized exciton to be ionized or annihilated at
imperfections is larger than that for it to be annihilated as a photon at d after being scattered
from b to ¢c. Under these assumptions if the energy difference between the upper polariton
state a and the lower polariton state d is an integral multiple of the LO phonon energy, the
cascade scattering of the polariton into state d occurs very efficiently and it is annihilated as a
photon. If this energy difference is not an integral multiple of the phonon energy, the
polariton is scattered and thermalized in the state near ¢ in the lower-branch polariton and
then it is ionized or trapped at imperfections before reaching state d. Thus the LO phonon

structure is expected in the excitation spectrum’of the free-exciton emission.

2.4.3.2 LO-phonon replicas

As indicated in Fig. 2-6, the bump at the higher energy side of the spectrum labeled as
1LO (FX,) has a peak around 3.306 eV, which is the expected value for the 1LO-phonon

replica of the free exciton peak (about 71 meV apart from the FX'™ free-exciton peak).

Although weak, the second and the third order LO phonon replicas labeled as 2LO (FXy)
and 3LO (FX,) are also observed in the PL spectrum. It should be noted that LO-phonon

replicas occur with a separation of 71-73 meV, which corresponds to the LO-phonon energy
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in ZnO. The peak at 3.2898 eV is the first LO-phonon replica of both 3.3618 and 3.3605 eV
lines, whereas the first LO-phonon replica of 3.3650 eV line is seen as a shoulder on the

high-energy side of this intense peak.
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Fig. 2-6 10 K PL spectrum irrthe region where LO-Phonon replicas are expected to appear.

2.4.3 The information obtained from PL spectrum

The temperature dependence of the PL spectrum, intensity and energy of free exciton in
particular have been used to obtain information about electronic gap levels in various

semiconductors. Below we will discuss two methods to obtain the binding energy and the

relation of exciton-phonon coupling.
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2.4.3.1 Binding energy [21]

It 1s recognized that a host of different processes contribute to the reduction of the PL
intensity as temperature increases. In CdTe, thermal release of trapped carriers, followed by
capture in a nonradiative recombination center, is proposed as the principal mechanism of
thermal quenching. In some cases the thermal quench is pictured as being essentially due to
a transition from the excited state directly to the ground state via the so-called internal

mechanism.

Irrespective of the specific quenching mechanism, the temperature dependence of the
integrated intensity /(7) of PL bands is most:often described by the expression

Io

I(T) = (2.25)

1+aexp (—i—;’,

with the process rate parameter o and ‘activation energy E,. If the expression treats for

higher temperature region (T > 60 K), and then the E, is the binding energy of free exciton.

2.4.3.2 Band gap energy variation with temperature [22]

Both mechanisms have the contributions to the variation of band gap energy E(7):
exciton-phonon interaction and the thermal lattice expansion. The contributions of the

individual lattice oscillators with energies € = hw are proportional to the average phonon
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occupation number, i = [exp(e/kgT) — 1]71. Therefore, £(T) can be represented as

ew(e)

a
E(T) =E(0) — Ef de o(e/kpT)1 "

(2.26)

Here a = —dE(T)/dT|r_ is the slope of the linear 7" dependence in the high temperature

limit, and w(e) = 0 is the normalized weighting function of the phonon oscillators,

[deew(e) =1.

A convenient analytical treatment of £(7) is obtained: we reduced the integration term

to a summation term

E(T)=E@Q)—-Y;,—2% (2.27)

exp(e;/kgT)-1"
each term represents a phonon mode to the particular material. a,; represents the weighting
of certain phonon mode. Therefore, we can obtain the contribution of certain phonon mode

by deducing the weighting ;.
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Chapter 3 Experimental procedures

3.1 Sample preparation
3.1.1 ZnO quantum dots synthesized by varying concentration of zinc precursor

Zn0O quantum dots were synthesized by the sol-gel synthesis as the following procedure.
Stoichiometric zinc acetate dihydrate [99.5% Zn(OAc), 2H,0, Riedel-deHaen] was dissolved
into diethylene glycol [99.5% DEG, ethylenediamine-tetra-acetic acid (EDTA)] to make 0.1
M, 0.05 M, 0.01 M solutions. The resultant solutions were put separately in a centrifuge
operating at 3000 rpm for 30 minutes, and transparent solutions were obtained containing
dispersed single crystalline ZnO nanocrystals. Next, the solutions were dropped onto Si

(100) substrates and dried at 150°C for further characterization.

3.1.2 Mg.Zn;..O powders synthesized by varying molar ratio of Mg/Zn

Mg, Zn;,O powders were synthesized using the aqueous sol prepared by stoichiometric
zinc acetate dihydrate [99.5% Zn(OAc),'2H,0, Riedel-deHaen] and magnesium acetate
tetrahydrate [99.5% Mg(OAc),"4H,0, Riedel-deHaen] (Mg/Zn = 0, 3, and 5% in molar ratio)
dissolved into methanol. The sol was dried in a furnace at 900°C under air atmosphere for 1

hour, and then slowly cooled to room temperature.
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3.2 Photoluminescence system

For photoluminescence (PL) measurement, we used a He—Cd laser (A = 325nm) as the
excitation source. The schematic of the PL system is shown in Fig 3-1. The excitation
laser beam was directed normally and focused onto the sample surface with power being
varied with a variable optical attenuator. The spot size on the sample is about 100 pm.
Spontaneous and stimulated emissions were collected by a fiber bundle and coupled into a
0.32 cm focal-length monochromator (TRIAX 320) with a 1200 lines/mm grating, then
detected by either an electrically cooled CCD (CCD-3000) or a photomultiplier tube
(PMT-HVPS) detector. The temperature-dependent PL measurements were carried out using
a closed cycle cryogenic system.” Arclosed cycle refrigerator was used to set the temperature

anywhere between 15 K and 300 K.

He-Cd laser (325 nm)

Ml

Triax 320 M3 (Focus lens)

‘ M4 (Focus lens) ’ S le hold
ample holder

M2

Figure 3-1 PL detection system.
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Chapter 4 Results and discussion

4.1 ZnO quantum dots system

4.1.1 Photoluminescence spectra of different sizes of ZnO particles

Figure 4-1 shows the PL spectra of different ZnO sizes at 13 K. The spectra of ZnO

powders consists of the free exaction emission (FX") and the donor-bound exciton (D’X)

emission peaks along with three obvious LO-phonon replicas [23]. The FX’" emission of

ZnO powders is 3.377eV which behaves as ZnO bulk. The energy shift (dash line) from
3.377 eV to 3.475 eV due to quantum confinement effect (QCE) can be observed. The full
width at half maximum which increases as the dot size decreases may be caused by the
contribution of surface-optical phonon [24], surface-bound acceptor exciton complexes [25],
and size distribution. Accordinglyy we obsetved- that LO-phonon replicas are obvious in
ZnO powders but are unapparentin other QD=samples. Duke ef al. interpreted the intensities
of LO-phonon replicas depend strongly-oen-their exciton-phonon coupling strengths [26].
This result reveals reducing exciton-phonon coupling as decreasing the particle sizes that is

consistent with our previous report [12].

DX
LO phonon
replicas _
PICas \ X
S
s
< -
2 112 nm
9
£
17.4 nm
ign_n;/\_
30 32 34 36

Photon Energy (eV)

Figure 4-1 PL spectra of different ZnO particle sizes at 13K.
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4.1.2 Temperature-dependent PL of different sizes of ZnO particles

Figure 4-2 displays the temperature-dependent PL of different sizes of ZnO, it reveals
only single one band for T = 13 ~ 260 K in QDs system. Due to small binding energy of
DX, it will be ionized as T > 100 K, so we can easily attribute the single band to the FX}=!
emission. We also find that the peak energy difference of FX}~! in QDs system between
13 K and 260 K are ~ 44, 18 and 15 meV that are smaller than 65 meV of ZnO powders. It
is known that the main contribution to the energy shift is the Frohlich interaction [27], a result

of Coulomb interaction. We will do further analysis on this matter in the following section.

(a) D'X Powders

)
P-1LONS ; g&
P-2LO / Y, 50K
P-3LO | fggK
\ 140K
180K
220K

FX3™
\

Log Intensity (a.u.)
Intensity (a.u.)

30 32 34 3.6 30 32 34 36

Intensity (a.u.)
Intensity (a.u.)

v v v v - L) v L) v L) v L)
3.0 3.2 34 3.6 3.0 3.2 34 3.6
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Figure 4-2 Temperature-dependence PL spectra of (a) Powders, (b) 12nm, (c) 7.4 nm, (d) 5.3 nm.
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4.1.3 The weighting of exciton-LO phonon coupling strength (ay)

In order to quantitatively investigate the relation between the quantum confinement size
and the exciton-LO phonon interaction, we adopted the formula (2.27). As our previous
RRS[12] and PL results, the most promising LO-phonon involvement in RRS and PL is the
one having energy of 71 to 72 meV corresponding to the A1(LO) phonon. We therefore take
only a single one of the summation terms of Eq. (2.27) with Zw = 72 meV into account to
discuss the exciton-LO phonon coupling and «prepresents the weighting of exciton-A1(LO)
phonon coupling. Although the LO-phonon energy depends on the size of QD, from our
fitting result even for 5.3 nm QD, the phonon energy shift is less than 1 meV, it is insufficient
(< 4%) to change ). We plotted the fitting results oy = 0.59, 0.40, 0.21, and 0.19  for
powders, 12 nm, 7.4 nm, and 5.3 nm QDs, respectively in Fig. 4-3. These results are
consistent with the observations of PL spectra; weakening coupling strength of exciton-LO

phonon as decreasing the particle sizes.

3.48- gUWWV—V—V 7 4
344
S 4
©3.40+ ( 5 5 o
p © } ]
: Tl
‘83'36- o Powders; o,=0.59
i332 o 12nm ;o =0.40

a 7.4nm ;o =0.21
3.28. v 5.3 nm ; a,= 0.19
v T v T v T v ey e ———
0.0 0.2 0.4 0.6 0.8
1/KT (meV)”

Figure 4-3 Experimental and calculated (solid line) exciton energies plotted against inverse temperature for

different ZnO particle sizes.
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4.1.4 Binding energy

From the temperature-dependence PL, we can obtain the exciton binding energy (Ej)
from the relation (2.25). The fitting results are shown in Fig. 4-4, E}, of the ZnO powder is
60 meV, which is close to that of ZnO Bulk. We obtained £, = 67, 87 and 132 meV,
respectively, for 12, 7.4, and 5.3 nm QDs. The decreasing particle size would raise the
electron-hole interaction as a result of the compressing boundary to cause increasing Coulomb

energy. Therefore, the binding energy increases as the particle size decreases.
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Figure 4-4 The FX}~! integral intensity as a function of the inverse temperature from 13 to 300K for (a)
Powders, (b) 12nm, (¢) 7.4 nm, (d) 5.3 nm. Squares represent experiment data, while solid lines are the

theoretical fitting.

4.1.5 Bohr radius (ag)

The increasing E), gives an indication for reduction of exciton-LO phonon interaction.
The enhancement of E, or Coulomb potential indicates a reduction of ag. It makes the
exciton less polar capable for efficiently interacting with LO-phonon through the Frohlich

interaction. To find out the relation between ap and oy, we calculated ag from our PL
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spectra including the FX}=! emission energy and E, for different dot sizes based on the

weak confinement model, Eq. (2.9), and ag’ = hz/(2,u*Eb) [28], where hw, is the measured
FX}=! emission energy plus E,, E; = 3.43 eV is the band gap energy of bulk ZnO, e is the
charge of electron, 7 is Planck’s constant divided by 2z, R is the particle radius, 4" is the
reduced mass of exciton, ¢ = 3.7 is the relative permittivity [29], and &y is the permittivity of
free space. The calculated exciton Bohr radii az.gp for 5.3 nm, 7.4 nm and 12 nm QDs are
0.977 nm, 1.038 nm and 1.328 nm. The ratios of apgp to the exciton Bohr radius for bulk
ZnO of agpyx = 2.34 nm are 0.42, 0.46 and 0.57, respectively, which agree well with 0.42,

0.49 and 0.59 obtained by Senger, et al. [30]

4.1.6 Correlation of ayand ap

Figure 4-5 shows similar trends of &y@n/@o péwders and ap gp/as vu against the dot size.
It represents that the exciton formation is attained by Coulomb interaction, as the particle
sizes decrease, the quantum confinement effect causes increase of £, and decrease of ag.
The electric dipole, which is proportional to the distance of electron-hole pair, is then reduced.
The exciton formation thus becomes less polar so that reducing the coupling strength with the
polar lattice via the Frohlich interaction. Consequently, we demonstrated the reduction of

exciton-LO phonon interaction occurs in ZnO-QD system.
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Figure 4-5 The relation of o qn/ & powders and ag gp/dg powders With different dot sizes.
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4.1.7 Summary

The temperature-dependent PL of different sizes of ZnO particles showed above
unobvious LO-phonon replicas of FX}~! in ZnO QDs. The decreasing FX;=! emission
energy difference of 13-300 K and the increasing exciton binding energy FE;, with the
decreasing quantum dot size can be obtained from temperature-dependent PL. The deduced
oy revealed the reduction of exciton-LO phonon interaction. The reduced az with particle
size obtained from E; confirms that the exciton becomes less polar in turn reducing the
Frohlich interaction and the exciton-LO phonon interaction is reduced with decreasing ZnO

QDs.

4.2 Mg,Zn,_ 0O alloy system

We have successfully deduced the-relation of exciton-LO phonon interaction with
shrinking ZnO QDs above. Next, we used the same process to examine the exciton-LO

phonon interaction in the Mg,Zn, ;O syStem

4.2.1 Morphology and temperature-dependent photoluminescence

The average crystallite sizes of Mg,Zn,;,O and ZnO powders were estimated from the
scanning electron microscopy images in Fig. 4-6 and its inset, respectively, to be 1 £ 0.5 pm
that does not reveal quantum size effect (Bohr radius of exciton in ZnO is ~2.34 nm [30, 31]).
Accordingly, the exciton behavior was affected mainly by the incorporation of Mg. The near
band edge (NBE) emissions of the ZnO and Mg ¢sZng9sO samples measured at various
temperatures are shown in Fig. 4-2(a) and 4-7, respectively. First, we discuss the PL spectra

of the undoped sample in order to comparatively assign the PL peaks of the Mg 0sZn.950

powders. At T = 13 K (Fig. 4-2(a)), the A-free exciton emission (denoted by FX') is
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observed at 3.373 eV. Besides the broad line at the lower energy shoulder around 3.308 eV
labeled as "P", we also found several LO-phonon replicas separated by a constant interval of

71-73 meV. The P line can be resolved into two-electron satellite [32], donor-to-acceptor

pair [33, 34], exciton-exciton scattering [35], and 1LO-phonon replica of FX’” and D°X,

respectively. ~ With increasing temperature, the relative intensity of FX’' increases
whereas that of D°X decreases and becomes not detectable for T > 80 K. This is due to the
thermal dissociation of bound exciton into free exciton at higher temperature. As further
increasing temperature, the A exciton, and P line finally merge into a broad peak. At RT, the

exciton peak position at ~ 3.309 eV.

Fig. 4-6 The SEM image of the 5% Mg sample. The inset shows the pure ZnO powders.

The NBE emission of the Mg 0sZng¢s0O sample was shown in Fig. 4-7; it would evolve

from that of the ZnO sample. According to the opposite temperature dependence of the
relative emission intensity, the peaks at 3.422 eV is reasonably assigned to the FX'~

transitions. The NBE peak position at RT exhibits a maximum blueshift of ~ 74 meV as 5

at.% Mg was introduced into the ZnO powders. Based on the formula: E(Mg,Zn; ,O) =
E(ZnO) + 1.64 * x (eV), the Mg content in the Mg,Zn; ,O thin films has been determined for

0 <x <0.2, grown by PLD [36]. Here, E(Mg,Zn;_,O) and E (ZnO) are the NBE emission
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peak positions of Mg,Zn; ,O and ZnO, respectively. The calculated Mg contents of our
Mg.Zn,_,O alloys were shown in Table 4-1, e.g., the molar ratio of Mg/Zn = 5% was

estimated to be ~ 4.51%. Therefore, the blueshift of the UV emission demonstrated that the

Mg ions had incorporated into the ZnO host lattice.
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Fig. 4-7 Temperature dependence of PL spectra in Mgy ¢sZngosO powders. The dashed line marked the peak

energies of 13 and 260K

4.2.2  Binding energy

Figures 4-4(a) and 4-8 show the peak intensity of the FX"~ emission as a function of

reciprocal temperature for the undoped and Mg-doped samples, respectively. The data can
be described by Eq. (2.25). The curve fitting gives rise to two binding energies (£5) of about

60 meV for ZnO powders (Fig. 4-3(a)) and about 73 meV for Mgy ¢sZng9sO powders (Fig.

4-8). Table 4-1 clearly shows that the binding energy of FX'|" increases markedly in
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samples of higher x. Therefore, it implies that the exciton localization takes place and that
the degree of localization increases with increasing x. The essential origin of the localization
is thought to be the spatial fluctuation of the local composition of Mg in the alloys, which

results in the spatial fluctuation of the potential energy for the excitons.
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Fig. 4-8 Normalized integrated intensity of ZnOssample as a function of temperature.

4.2.3 The weighting of exciton-LO phonon coupling strength (o))

It 1s well known the increase ‘of Ep-may result from the decrease of ap or effective
reduced mass. Due to the electron is more delocalized than the hole in the bulk exciton, the
polar lattice experience a net negative charge in the outer regions of the exciton, while it
experiences a net positive one in the inner regions. This charge inhomogeneity couples to
the polar lattice via the Frohlich mechanism that leads to reduce ag and to reduce the
exciton-LO-phonon coupling. Thus, we further deduced the coupling strength of free
exciton A with LO phonon from temperature-dependent energy shift of FX’~ as increasing
Mg concentration according to the expression (2.27). Here E(0) represents the emission
energy of free exciton A at 7= 0 K, %Z®,,= 72 meV is the LO phonon energy, and oy is a
proportional weighting which reflects a change in the exciton-LO-phonon interaction.
Figure 4-9 depicts the PL-peak energy shift as a function of the temperature with different Mg
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concentrations. Notice that we had set the PL-peak energy position to zero for Mgy ¢sZng.9s0
powders at 13 K. By fitting the experimental data for all the Mg,Zn; ,O and ZnO powders
from T = 13 to 260 K with Eq. (2.27), the exciton-LO-phonon coupling of each Mg,Zn;_,O
sample are compared with ZnO powder by taking the average ratios, Qomgxzni-x0/Q0zn0,
which are listed in Table 4-1 clearly show decreasing as more Mg incorporation. Even
though azand «pare not directly proportional, there is a relation: If azreduces apwill also
reduce. Assuming that the Mg-doped ZnO powders have almost the same effective electron

and hole masses as the undoped ZnO powders due to a small amount of Mg®" substitution for

Zn2+, we calculated ap from Ej,.
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Fig. 4-9 Dependence of PL peak energy positions on temperature for the Mg,Zn,_,O alloys (x = 5%, 3%, and

Zero).

4.2.4 Correlation of apand ap

The correlation between @y and aznormalized to ZnO powders are shown in Fig. 4-10
with open triangles and squares, respectively. Besides, the solid dots are obtained by the
modified effective masses, which were corrected from MgZnO electronic band structure using
semi-empirical tight-binding approach sp’ model [37, 38] and virtual-crystal approximation
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method [39] done by Mr. Kuo-Feng Lin in our laboratory. Therefore, a contraction of az will
make it less polar thereby reducing the coupling to LO phonons. The results show that
relaxation by means of LO phonon becomes less important as the more Mg incorporation.
Consequently, we attribute this reducing coupling effect to increase in E, with raising Mg

mole fraction up to 5% of Mg,Zn; ,O powders. The reduction of ayrx.Lo has to taken into

account for the MgZnO-based excitonic device performance in which carrier relaxation to the

exciton ground state is a crucial parameter.
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Fig. 4-10 The coupling strength of the exciton-LO-phonon given as the average ratio 0l ratio = Ol Mgxzn1-x0/ 0 Zn0-

For comparison, the diminution of a;, for experiment and correction is also given as @y ratio = @b Mexzn1-x0/ @b zno-

Samples : Mg,Zn;.,O x=0 x=3% x=5%
Calculated Mg content (%) 0 29 4.5
Exciton binding energy (eV) 60 £ 4.7 70 £6.7 73 £ 8.4

Exciton-LO phonon coupling strength

(OCO ngan—xO/ Qo ZnO) 1 0.95 0.91

Table 4-1 Summary of the results of the temperature-dependent PL characterization.

42,5  Summary
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The temperature-dependent NBE PL spectra of Mg,Zn,; ,O powders within the range 0 <

x < 0.05 were measured from 13 K to RT. We deduced experimentally exciton binding
energy showing elevation in powders up to 5% Mg substitution. It is suggests that the
localization of excitons, because of the compositional fluctuation, takes place in Mg,Zn;_,O
alloys and that the degree of the localization increases with increasing x. The reduction of
exciton-LO phonon interaction may originate from a diminution in az making the exciton less

polar, which could be explained by the dopant-induced increase of exciton binding energy.
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Chapter 5 Conclusion and perspectives

5.1 Conclusion

We presented temperature-dependent PL of different sizes of ZnO particles and different

Mg substitution in Mg,Zn; O within the range 0 < x < 0.05. The unobvious LO-phonon

replicas of the exciton A emission, FX;" were observed when the ZnO particle sizes were

under 12 nm in diameter. The FX’~ emission energy difference of 13-260 K decreases as
the particle size decreases and Mg substitution raises. The increasing exciton binding energy
with the decreasing quantum dot size and the increasing Mg content can be obtained from
temperature-dependent PL. From the, temperature-dependent change of FX’~ emission
energy, the exciton-LO phonon coupling strength reduces as the particle size decreases and
Mg substitution increases. The former is consistent with reducing LO-phonon replica in PL
spectra and our previous RRS résults {12].” The reduced exciton radius with particle size
obtained from exciton binding energy and PL spectra confirms that the exciton becomes less
polar in turn reducing the Frohlich interaction and the exciton-LO phonon interaction is

reduced with decreasing ZnO QDs and raising Mg content in Mg,Zn; ,O.

5.2 Perspectives

In order to combine the advantages of QDs and Mg-doped ZnO, ZnO-MgO core-shell
structure is the most interesting topic for our work. That can overcome the effect of surface
defects in ZnO, especially in QDs system which has large surface-volume ratio. Because the
band gap energy of MgO is much larger than that of ZnO, the ZnO-MgO core shell QDs

should have better emission efficiency than ZnO QDs.
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We will also suggest to use simple sol-gel method to add Mg(OAc),-4H,0 in ZnO QDs

solution then stir at 40°C. When the prepared new solution drops on Si then is annealed for
300°C to 700°C. The primary results of the low temperature PL spectra of samples

annealed at various temperatures are shown in Fig. 5-1. We can observe that a broaden
emission from MgZnO alloy and two sharp emission from ZnO. We also found that the

defect emission has been diminished from sample 300°C to 700°C. To further investigate

more characteristic of ZnO-MgO core-shell QDs, the temperature dependent PL and

time-resolved PL should proceed.
3.383 eV
3.368 eV
3.615 eV
300C' 3 33318y /\\
3.311eV

400C
500C

3.4 36

Intensity (a.u.)

700C

30 32 .
Photon Energy (eV)

Figure 5-1 PL spectra of different anneal temperatures for ZnO-MgO at 13K.
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