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CHAPTER I

INTRODUCTION

1.1 Historical Background

In present day, semiconductor technology has been rapidly developed and

resulted in many applications owing to tunable electronic properties of

semiconductors and several novel device concepts, especially in electronic and

optoelectronic fields. With a semiconductor material (e.g. silicon (Si), gallium

arsenide (GaAs)), elaborate processing yields a number of useful electronic devices.

The foundation for a multi-electronics industry has been provided. Si is currently and

will remain the material of choice for the foreseeable future due to the low cost,

readily availability and established device technology and infrastructure. If a device

can be made with Si, it will.

Recent development advances have allowed Si semiconductor technology to

approach the theoretical limits of the Si material, however, power device requirements

for many utility applications of power electronics are at a point that the present Si-

based power devices cannot handle because of its limitation with respect to

temperature, frequency operation and voltage blocking capabilities. Higher blocking

voltages, switching frequencies, efficiency and reliability are really necessary for the

requirement. To overcome this limitation, new semiconductor materials for power

device applications are needed. Wide band gap semiconductors like silicon carbide

(SiC), gallium nitride (GaN) and aluminum nitride (AlN) with superior electrical

properties are likely candidates to replace Si in the near future for these high power

requirements. Also, they hold promise for continuing revolutionary improvements in

the size, cost, weight and performance of a broad range for military, and commercial

microelectronic and optoelectronic applications. The inherent material properties of

SiC, GaN and AlN make them ideal candidates for high-power, high-temperature

electronics, power amplifiers, switches and short-wavelength light sources and

detectors. Among these, SiC is the forerunner as the only wide band gap

semiconductor with several commercially available power devices. GaN based on
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semiconductor technology has provided the fundamental basis for a new class of

optoelectronics. New electronic device structures based on SiC and/or GaN have

demonstrated remarkable performance and are being considered for next generation

military radar and commercial wireless applications. Additionally, SiC devices have

been demonstrated that exhibit superior high-efficiency power switching capability,

potentially leading to new capabilities in power distribution as well as electric vehicle

technology.

On the other hand, another wide band gap semiconductor, wurtzitic zinc oxide

(ZnO) with direct band gap of 3.37 eV at room temperature has not received the same

attention. This is probably because this material has been perceived as being useful

only in its polycrystalline form. Indeed, polycrystalline ZnO has found numerous

applications in such device areas as facial powders, piezoelectric transducers,

varistors, phosphors and optical transparency in the visible range-conducting films.

Recently, however, large-area bulk growth has been achieved. Furthermore, several

epitaxial methods have produced excellent material. Also, quantum wells have been

successfully grown, by alloying with magnesium (Mg) or cadmium (Cd). Thus, ZnO

is now being proposed for the same applications as those for GaN and SiC. In fact,

ZnO has several fundamental advantages over its chief competitors, as the following:

(1) Its free exciton is bound with 60 meV, much higher than that of GaN (21-

25 meV)

(2) It has a native substrate.

(3) Wet chemical processing is possible.

(4) It is more resistant to radiation damage compared to Si and GaAs.

The new interest in ZnO has recently culminated in the First International

Workshop on ZnO, held in Dayton, Ohio, on 7-8 October, 1999. Recent success in

producing large-area single crystals have opened up the possibility of producing blue

and (ultraviolet) UV light emitters and high-temperature, high-power transistors. The

main advantages of ZnO as a light emitter are its large exciton binding energy and the

existence of well-developed bulk and epitaxial growth process; for electronic

applications, its attractiveness lies in having high breakdown strength and high

thermal saturation velocity. Optical UV lazing, at both low and high temperatures, has

already been demonstrated, although efficient electrical lazing must await the further

development of good, p-type material.
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Although ZnO-based photonic and electronic devices show great promise for

the future, still there are some severe problems which must be overcome before the

most attractive devices can be produced. One problem is that schottky barrier is not

easy to fabricate, although some groups have been successful. Another, more serious

problem, is that usable, reproducible p-type ZnO has not yet been reported, even

though several laboratories have measured weak p-type conduction in acceptor-doped

materials. Indeed, diode-like behavior and light emission have been measured, but the

mechanism is not clear. One device, which does not require p-type material, is a

photoconductive detector. Liu et al. have fabricated a ZnO metal semiconductor metal

(MSM) detector with a low-frequency response of 400 A/W at 5 V bias and a

response time of about 1 µs. The cutoff frequency is quite sharp, at 373 nm, although

a small tail does exist, probably due to gap states. These characteristics are better than

those of GaN detectors, so that ZnO stands a good chance of being a material of

choice for UV detectors in the future. However, other devices, such as blue and UV

light emitting diodes (LED) and lasers, will require much more development. Also,

lattice-matched substrate is very necessary to grow epitaxial ZnO layer due to the

high cost of its own substrate. Then, the method, for example molecular beam epitaxy

(MBE), pulse laser deposition (PLD) and metal organic chemical vapor deposition

(MOCVD), to grow high optical and electrical properties of ZnO on different types of

material substrate, such as Si, GaN, sapphire (Al2O3) and glass, is needed to find out.

Although some might argue that ZnO stands where GaN did ten years ago, the

learning curve will be much faster, primarily because of what we have learned in the

GaN area.

1.2 Objective

The objective of this work is to study the characteristic of ZnO films grown on

different substrates, namely Si, Al2O3 and especially glass, owing to their

characteristics as a promising material for optoelectronic applications in the blue and

ultraviolet ranges. Also, the growth condition has been studied to improve the quality

of ZnO film grown on glass substrate. Furthermore, a serious problem due to ZnO

film directly grown on glass substrate, a high density of surface cracks, should be
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solved. Then, we focus on the growth conditions, especially ZnO film growth with

various MgO buffer layer thicknesses, and on the characteristics of the ZnO film after

their growth.

1.3 Overview

This thesis presents a detailed study of the growth of ZnO film on quartz glass

substrate by plasma-assisted MBE.  The main purpose is to explore the properties of

the growth film, to solve the surface-crack problem and to improve the quality of

these ZnO films. 

The thesis is organized as follows: The basic of ZnO crystal structure will be

reviewed in chapter 2.  This also includes the theories of strain of epilayers. Chapter 3

gives the experimental details including the plasma-assisted MBE technique. In

chapter 4, results from experiments on the ZnO growth on single-crystal silicon and

sapphire substrates are presented. These data will lead to the main experiments of the

ZnO growth on amorphous quartz glass substrate shown in chapter 5. However, a

serious problem, a high density of surface cracks, occurs when ZnO film grown

directly on glass substrate. One way to solve this problem and also may make a p-type

ZnO, which is really essential for the optoelectronic application, is nitrogen doping

(N-doped). The study of N-doped ZnO will be also presented in chapter 5. However,

the properties of the ZnO films cannot be improved by this doping method, even

though the crack problem disappear. Then, a new method of MgO buffer layer

application to both solve the crack problem and improve the film’s quality, will be

presented in chapter 6. The effects of MgO buffer layer on the structural and optical

properties of polycrystalline ZnO film grown on amorphous glass substrate including

other results will be also presented in this chapter. Furthermore, after we can

determine and set the optimum MgO buffer layer thickness to the next step, other

parameters including Zn flux, O2 quantity and ZnO growth temperature have been

adjusted to improve the quality of ZnO film. The studies are based on optical

microscopy, field-emission scanning electron microscopy (FE-SEM), x-ray

diffraction (XRD) of both 2θ-ω scan and pole figure, atomic force microscopy (AFM),

photoluminescence (PL) and Hall measurement with van der Pauw method results.

Finally, chapter 7 concludes this work.



CHAPTER II

ZnO CRYSTAL STRUCTURE AND STRAIN OF

EPILAYERS

The basic concepts of crystal structure including ZnO structure are reviewed

in this chapter.  Also, the theory of strain and energies of the epilayers are reviewed

because of their importance for the description of ZnO growth condition. In another

part of this chapter, the strain relaxation in epilayers is presented based on variation of

the layer thickness.

2.1 ZnO Crystal Structure

A crystal or crystalline solid is distinguished from any other form of solid or

condensed matter by two important facts: (1) the periodic arrangement of the atoms

and (2) the binding forces that hold the atoms together. In a crystalline solid, the

periodic arrangements of the atoms, usually in three dimensions, are repeated over the

entire crystal. A unique feature of such a crystal is the translational symmetry of the

atoms. In other words, the crystal appears identical at several equivalent regions

defined by a basic periodicity. Such solids are termed single crystals. In contrast,

solids that exhibit crystalline behavior over a small region and are divided by

boundaries from other regions exhibiting a different periodicity and arrangement of

atoms are called polycrystalline. Solids that have no periodic structure at all are called

amorphous. The three types of solids are illustrated in Figure 2.1. While single crystal

materials have long-range order, polycrystalline and amorphous materials have short-

range order. The periodic array of points, generally in three dimensions, representing

the positions occupied by the atoms of the crystal is called a lattice. Normally, the

growth layer on the single crystal substrate with proper condition is also single crystal

such as ZnO growth on silicon and sapphire substrates. In other improper growth

condition the quality of the crystal may be poor and the growth layer becomes

polycrystalline or amorphous. Also, the growth layer on amorphous substrate with

proper growth condition is polycrystalline layer such as ZnO grown on quartz glass
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substrate. To grow single crystal layer on poor amorphous substrate, we have to find

out the best growth condition which may be impossible.

A unit cell is a region of a crystal defined by vectors a, b, c and angles α, β,

and γ, which when translated by integral multiples of those vectors, reproduce a

similar region of the crystal. This is the translational property mentioned above and is

expressed by

lckbhar ++= (2.1)

where h, k, and l are integers. The set of linearly independent vectors a, b, c, which

can be used to define a unit cell are called basis vectors. The vector r is sometimes

called the translational vector. a, b and c can be interatomic distances, in which case

they are called the lattice constant. They usually have slightly different values because

of microscopic differences in the binding forces. Figure 2.2 (a) illustrates a two-

dimensional arrangement of atoms in which the atoms, basis vectors and the

translational property are illustrated. The unit cell in this case is defined as the

smallest unit cell in volume that can be independent vectors that define a primitive

unit cell.

(a) (b) (c)

Figure 2.1 Schematic representation of atomic arrangement in different solids:

(a) monocrystalline, (b) polycrystalline, and (c) amorphous. The first

two are characterized by complete or partial ordering whereas

amorphous materials have no periodicity at all.
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The vectors a, b, c and angles α, β, and γ define , in general, the parallelepiped

shown in Figure 2.2 (b). Different combinations of a, b, c and α, β, γ give 14 different

three-dimensional space lattices, called Bravais lattices. These are 1 triclinic, 2

monoclinic, 4 rohmbic, 2 tetragonal, 1 hexagonal, 1 trigonal and 3 cubic. ZnO, which

is a II-VI compound, crystallizes in the hexagonal or wurtzite form as shown in

Figure 2.3. The unit cell of ZnO contains two Zn cations and two oxygen (O) anions.

The ZnO crystal thus can be view as a sequence of O-Zn double layers stacked along

the c-axis or (0001) direction as shown in Figure 2.3. The lattice parameters are the

second nearest neighbor distance a = 3.253 A
o

and the ratio c/a = 1.602. This

structure is well known to show piezoelectric properties with a large

electromechanical coupling factor and a low dielectric constant. The crystal structure

is strongly dependent on the deposition parameters (Pallab, 1997).

α

β
γ

(a) (b)

Figure 2.2 Representation of lattice atoms and unit-cells in crystalline materials:

(a) two-dimensional arrangement of atoms in which the basis vectors and

translational property are illustrated and (b) parallelepiped indicating the

basis vectors a, b, c and angles α, β, and γ.
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Figure 2.3 Schematic representation of hexagonal close-packed structure ZnO.

polar Zn surface
[0001]

polar O surface
[0001]

3.253 A
o

5.211 A
o
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2.2 Strain and Energies of Epilayers

One of the constraints in heterojunction technology for optoelectronics is the

lack of suitable lattice-matched substrates. Even careful growth of an epitaxial layer

whose lattice constant is close, but not equal to the lattice constant of the substrate can

result in a coherent strain, as opposed to polycrystalline or amorphous incoherent

growth. Furthermore, a strain caused by the different thermal expansion coefficients is

also very important.

2.2.1 Misfit Strain

Consider an epilayer of a semiconductor with lattice constant a1 grown on a

thick substrate with lattice constant asub (illustrated in Figure 2.4). The lattice

mismatch is measured by the misfit parameter fm defined below.

sub

sub
m a

aa
f

−
= 1 (2.2)

If both misfit parameter fm and thickness h of the epilayer are small, the layer

remains pseudomorphic. For the thermal expansion, we can expect the misfit

parameter equal to the difference of the expansion coefficient between both materials.

Misfit between two semiconductors is accumulated by the tetragonal strain in the

epilayer as shown in Figure 2.4 (a). The strain is homogeneous and is known as the

misfit strain. The in-plane homogeneous strain in the pseudomorphic layer is given by

equation (2.3).

mf−=∈// (2.3)

If the thickness h of the epilayer exceeds a certain thickness, known as critical

thickness hc, misfit dislocations are created. Now the strain is partly accommodated

by the misfit dislocations as shown in Figure 2.4 (b). The value of hc decreases as fm

increases. If the epilayer contains dislocations with average inter-dislocation space p,
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each dislocation relaxes the strain by an amount b1. b1 is equal to the active

component of the Burgers vector b. Expression for the strain becomes









+−=∈

p
bfm

1
// (2.4)

where b1 = -b sinα sinβ and b is the Burgers vector. The value of b is 3.84 A
o

for

silicon and ~ 4.0 A
o

for compound semiconductors. For 60o dislocations,

3
,

2
1arct πβα == an (2.5)

Figure 2.4 Structure of an epilayer. The layer is under biaxial compression:

(a) The layer is pseudomorphic layer and (b) the layer is relaxed by

creation of misfit dislocations.

Some authors have used (fm – b1/p) instead of (fm + b1/p) in equation (2.4). The

+ve or the –ve sign depends on the sign convention used for the Burgers vector.

Numerically the value of b1/p is always subtracted from fm in this equation. If the

lattice constant of the layer is smaller than that of the substrate, fm is negative, the

strain is tensile and //∈ is positive. According to convention, tensile strain and stress

are positive and compressive strain and stress are negative.

The normal stress σ0 in a pseudomorphic layer grown on a (100) surface is

given by
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∈
−

=
−
+

−=
υυ

υµσ
11

120
Efm (2.6)

where E and µ are the Young’s and shear moduli of elasticity and ν is Poisson’s ratio.

2.2.2 Dislocation and Strain Energies: Periodic Arrays of Dislocations

The energy of a single isolated dislocation is given by

[ ]
q

hbE c
D

ρ
βυ

υπ
µ lncos1(

)1(4
2

2

−
−

=∞ (2.7)

The parameter ρc is introduced to account for the non-elastic part of the core

energy of the dislocations and q is the core radius of the dislocation line, usually taken

to be equal to b.

Two perpendicular arrays of interacting dislocations with a periodic

distribution are then considered. Their strain field consists of an average

homogeneous part and a fluctuating part with average equal to 0. The energy of the

arrays contained in a unit area of the layer is given by

DS
array
D E

pp
bBhE 2

2
1 +







= (2.8)

where

υ
υµ

−
+

=
1
12B (2.9)

The first term in equation (2.8) is the energy associated with the average

homogeneous strain and the second term is the energy due to the fluctuating part of

the strain of dislocations in the arrays. EDS is the energy per unit length of a

dislocation due to the fluctuating strain. A part of the energy due to average strain
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caused by the dislocation network is included as Bh(b1/p)2 in equation (2.8). Therefore

EDS < ∞
DE , the difference DSD EE −∞ is large for small values of p.

The homogeneous strain energy consists of 2
mBhf due to misfit strain, the

energy Bh(b1/p)2 due to the average strain of the dislocation arrays and the product of

these two terms due to interaction between the two strains. The expression for the

total homogeneous strain energy EH is,

2
1








+=

p
bfBhE mH (2.10)

Total energy ET of a partially relaxed layer is the sum of the energy EH and DSE
p
2 ,

DSHT E
p

EE 2
+= (2.11)

For large p, ∞≈ DDS EE and ET can be written as

∞+= DH
m
T E

p
EE 2 (2.12)

If the layer under consideration has a thick cap-layer on the top, the above

expressions for energies are not valid. If the cap is sufficiently thick, dislocation

dipoles instead of dislocations are formed. A dipole consists of a pair of dislocations,

one at the upper interface and the other one at lower interface. Figure 2.5 shows a

schematic representation of a 60o array of dislocations in an uncapped layer and

dipoles in a capped layer. Both dislocations of the dipole are 60o type and α is the

same as for the uncapped layers. The dislocations at the lower interface have a

Burgers vector b and at the upper interface, a Burgers vector –b. The dipole spacing p

is the spacing both in the upper and the lower array of dislocations as shown in Figure

2.5. The angle θ is the angle between the line joining the two dislocations of a dipole

and the line perpendicular to the interface.
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Figure 2.5 Schematic representation of (a) 60o dislocations in an uncapped layer

and (b) 60o dipoles in a capped layer.

For obtaining the total energy pcap
DE of the arrays in a capped layer, EDS in

equation (2.11) is replaced by cap
DSE ,

cap
DS

pcap
D E

pp
bBhE 2

2

2
1 += (2.13)

The total energy of the capped layer is given by,

cap
DSm

cap
T E

pp
bfBhE 2

2
1 +







+= (2.14)

The energy of an array of dipoles in a capped layer is considerably larger than

the energy of the array of dislocations in an uncapped layer. If interactions between

the dipoles or between dislocations are neglected, the energy of a dipole in the capped

layer is approximately twice as large as the energy of a dislocation in an uncapped

layer.
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2.2.3 Non-Periodic Arrays of Dislocations

The energy of an array of dislocations is lowest if the distribution is periodic.

However, dislocations generally nucleate at heterogeneous sources (defects,

impurities, ledges, etc.) and then they are clustered. Therefore, the energy of the

arrays with irregular distribution of dislocations is considered. The energy of

interaction EI(h, p) (per unit length of the dislocation lines) of a pair of dislocations is

given by,

[ ])1)(1)/(4ln(

)1)/(4(
)1)/(12()/(4)1)/(4ln(

)1)/(4(
)3)/(4()/(4)1)/(4ln(),(

22
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Let the number of dislocations be N+1 with pi as the inter-dislocation spacing

between the ith and (i+1)th dislocations. The total interaction energy of the array is

given by,
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To obtain the energy of the two perpendicular arrays per unit area of the layer,

the interaction energy given above (1) the self-energy ∞
DEp)/2( ( p is the average

inter-dislocation distance in the array) of the dislocations and (2) the energy of

interaction p
IE ⊥ between the two perpendicular arrays must be added. The energy of

interaction p
IE ⊥ is given by,
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
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hE p

I υ
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It has been assumed in writing the above equation that this energy depends

only on the average spacing p and not on the details of the distribution of spacing, pi.
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2.3 Critical Thickness

The principle of energy minimization states that in thermal equilibrium the

total energy of the epilayer is minimum with respect to the concentration of

dislocations. By equating to zero the first derivative of the total energy ET with

respect to 1/p (1/p is equal to the concentration of dislocations per unit length) and

letting ∞→p in equation (2.12), the following expression for hc can be obtained by,

q
h

bf
bh cc

m
c

ρ
υπ

βυ ln
)1(8

)cos1(

1

22

+
−

= (2.18)

If the layer is covered with a thick cap layer of the same material as the

substrate, the energy cap
DE for a dislocation in the capped layer should be used. The

critical thickness of the capped epilayer increases by a factor of about 2 for fm < 0.8.

Cohen-Solal et al. have proposed a new model for calculating the critical

thickness. They supposed that the critical thickness is the thickness at which the

homogeneous strain energy and the energy of the totally relaxed layer are equal. The

energies were calculated using Keating’s valence force field approximation. They

found that the critical layer thickness can be written as

2/3* −= mc fAh (2.19)

where A* is an adjustable parameter. At h = hc, there is a considerable strain in the

layer and the arguments leading to this equation are not correct. However by adjusting

the parameter A*, fit of equation (2.19) (with A* = 0.45 A
o

) with experiments on II-VI

semiconductor epilayers is reasonable.

Pinardi et al. have compiled experimental values of hc of II-VI semiconductor

and alloy epilayers as shown in Table 2.1. The experimental data from Table 2.1 are

plotted in Figure 2.6. hcc for capped layers of Figure 2.5 (b) is calculated. The results

of these calculations are shown by the solid curve. If the correct theory is used (i.e., if

interactions between the dislocations are taken into account), the values of hc come

out to be smaller. As mentioned earlier, the difference between the values of hc
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calculated using the correct and the approximate theorries is small, the maximum

difference being 0.3% at low mismatch. Figure 2.6 shows that the experimental values

of hc are larger than the calculated values. The discrepancy is very large for small

values of fm, e.g., for the ZnSe layers. The difference between the calculated and the

observed critical thickness is explained by assuming that there is an energy barrier for

the creation of the misfit dislocations.

Sample, fm (%) Method hc (nm) T(oC)

___________________________________________________________________________________

1 ZnSe/GaAs, 0.272 x 150 -

2 ZnSe/GaAs, 0.27 x, T 150
3 ZnSe/ZnS, 5 x 5a -
4 ZnTe/GaAs, 7.5 R 1.2 250
5 CdSe/ZnSe (symmetrical SLS), 6.8 x, PL 0.91 (3mL)
6 ZnSe/CdSe (symmetrical SLS), -6.3 x, PL 0.28 (1mL)
7 CdTe/Cd0.97Zn0.03Te, 0.18 Ch 390 -
8 CdTe/ZnTe, 6 RO, PL, T 1.6 (5 mL) 250, 320
9 CdTe/Cd0.96Zn0.04Te, 0.23 x 513a

10 CdTe/InSb, 0.04 x 2950ª
11 CdTe/Cd1-xZnxTe see Figure 2.6
12 ZnTe/CdTe, -5.8 R 2.1 (7 mL)b 260

Table 2.1 Observed values of critical thickness. The –ve sign indicates that fm is

negative, the lattice constants of the epilayer is smaller and the in-plane

strain //∈ is positive, see equation (2.2) and (2.3). The abbreviation

used in the table are, x: x-ray diffraction, Ch: Channeling, R: RHEED,

RO: RHEED Oscillations and T: TEM.
aValues in (111) orientation were somewhat smaller.
bRelaxed buffer.

The value of hc of ZnSe/GaAs has been determined by many workers.

Yologawa et al. measured the lattice constants of ZnSe layers grown on GaAs

substrates by metal organic vapor phase epitaxy (MOVPE). The calculated critical

thickness is 21 nm as compared to the observed value of 150 nm. Other authors have

also observed hc = 150 nm for ZnSe layers grown on GaAs. On the other extreme, the

measured critical thickness of ZnSe on ZnS (mismatch 5%) buffer is 5 nm. The
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experimental values of hc of II-VI layers, particularly for low mismatch are quite

reproducible.

Figure 2.6 Critical thickness of II-VI semiconductor lattice mismatched layers.

Dashed and solid lines give the calculated values of hc for the layers

with free surface and for the capped layers, respectively. The

description of the samples for symbols 1 to 11 is given in Table 2.1 by

the items 1 to 12.

Considering that the experimental values of hc in Table 2.1 are for many

different II-VI semiconductor and alloy layers and that the experiments have been

done in different laboratories using different techniques of measurements, the scatter

in the experiment values is small. The scatter in the values of hc for InGaAs/GaAs and

GeSi/Si is very large. The main reason for the different behavior of II-VI

semiconductors is the fact that the II-VI semiconductors have weak bond strength.

The dislocation energy in these semiconductors is much smaller than that in GeSi or

III-V semiconductors. Dislocations are more easily produced in these semiconductors

(Suresh, 2000).
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2.4 Variation of Strain with Thickness

Lu et al. have grown ZnSe layer on InGaP buffers deposited on GaAs

substrates by gas source MBE. By varying the composition of the buffer layer, its

lattice constant can be changed from that of GaP to that of InP. The buffer layers

containing 50% to 55% indium were pseudomorphic with GaAs if their thickness was

less than 1 µm. Thicker layers showed partial relaxation of strain. The layers were not

completely relaxed even when their thickness was increased to more than 4 µm. If the

growth temperature was below 350 oC, the ZnSe layers grew in the 2D mode. X-ray

diffraction studies of 1.9 µm ZnSe layer grown on 1.15 µm In0.5Ga0.5P showed that

the buffer layer was pseudomorphic. Due to the lattice mismatch of 0.27% between

ZnSe and the pseudomorphic buffer layer, ZnSe layer was nearly fully relaxed.

Fortaine et al. have studied the strain relaxation in thick uncapped CdTe

epilayers grown on (111) Cd0.96Zn0.04Te substrates. Lattice mismatch for this system

is 0.23%. Experimental values of stress as a function of thickness h are shown in

Figure 2.7. Pinari et al. have calculated relaxation of strain in thick layers using the

equilibrium theory. According to the equilibrium theory, the number of dislocations

introduced and the amount of strain relaxed in a layer of thickness h is such that the

total energy ET of the layer as a function of dislocation concentration is minimum.

They have made plots of ET vs 1/p (p is the average interdislocation spacing) using

equation (2.11) and (2.12) for several values of h. The value of 1/p at the minimum in

ET gives the equilibrium dislocation concentration for each thickness h. Strain

relaxation b1/p is then calculated, converted into stress and plotted in Figure 2.7.

Curve 1 uses the old theory based on equation (2.12). Curve 2 is obtained using

equation (2.11) which takes into account the interactions properly for the total energy

of the layer. The discrepancy between the theoretical curves and the experimental data

is large.

Petruzzello et al. have investigated the structure of ZnSe layers grown on

(100) GaAs (mismatch 0.27%) substrate by MBE. High resolution transmission

electron microscopy (HRTEM) studies showed that there was complete registry of the

lattice across the interface. The surface was wavy with amplitude of about 5 nm. In

thin layers (h = 50 and 87 nm), stacking faults were observed but there were no misfit

dislocations. As the layer thickness increased beyond its experimental value of 150
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nm, strain relaxation by the introduction of misfit dislocations began. The measured

residual strain in the epilayers of different thicknesses is shown in Figure 2.8. The

theoretical curves are also shown. The calculated curves have been moved down by

0.4×10-3 to take into account the thermal strain due to difference in the thermal

coefficients of ZnSe and GaAs. They have been moved to the right by 0.11 µm to take

into account the difference between the calculated critical thickness (40 nm) and the

observed thickness (150 nm). The agreement between the theory and experiment is

quite reasonable in this case.

Figure 2.7 Plots of in-plane stress σ vs layers thickness h are shown for CdTe

layers grown on a (111) Cd0.96Zn0.04Te substrate.

Yao et al. have measured lattice constant of ZnSe grown on (100) GaAs

substrate. As the thickness of the epilayer increased, the layers relaxed by the creation

of misfit dislocations at the growth temperature. At the same time on cooling, the in-

plane lattice constant increased and lattice constant in the growth direction decreased

due to tensile strain caused by the thermal mismatch. The strain has been determined

by using the observed values of lattice constants and plotted by open circles in Figure

2.8. For this case, also agreement between theory and experiments is quite good. It is

noted that ZnSe/GaAs (100) is the only known case where a reasonable agreement

between theory and experiments exists. The discrepancy between the measured and

calculated strain relaxation in the thick GeSi/Si and InGaAs/GaAs epilayers is very

large (Pinardi, 1998).
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Figure 2.8 Plots of in-plane strain //∈ in ZnSe layers grown on GaAs. Curve 1 is

drawn through the experimental points shown by symbols as an aid to

eye; Curve 2 is calculated using equation (2.11) and curve 3 is

calculated using equation (2.12) for the total energy.



CHAPTER III

EXPERIMENTAL DETAILS

ZnO growth details in this work by plasma-assisted molecular beam epitaxy

(MBE) including the characterization techniques are explained in this chapter.  The

rough segregation of the crystal quality is inspected by in situ reflection high-electron

energy diffraction (RHEED) observation, while the surface morphology of all

samples are characterized by ex situ optical microscopy, field emission-scanning

electron microscope (FE-SEM) and atomic force microscopy (AFM). The structural,

optical and electrical properties are observed by x-ray diffraction (XRD) 2θ-ω scan

and pole figure, photoluminescence (PL) spectroscopy and Hall measurement with

van der Pauw method, respectively.

3.1 Molecular Beam Epitaxy

In this work, all samples are grown by a modified solid and gas source MBE

machine. The MBE system consists of three chambers, which are composed of

introduction chamber, transfer chamber, and growth chamber.  A schematic drawing

of the modified MBE growth chamber is shown in Figure 3.1.

The group II elements (Zn and Mg) and group III or V element for impurity

implement (Ga or InP) are contained in PBN crucibles installed in separated effusion

cells. All cells are heated by heaters and the temperatures are controlled by feedback

from standard thermocouples through a controller. The special radio frequency (RF)

cell is installed for plasma generation with VI gas source (O2). The flow rate of the

gas is controlled by a mass flow controller (MFC) (STEC INC SEC-4400SP-MO-UC).

The beam flux is turned on and turned off by controlling of the tantalum shutter

position in front of each cell.

The equipments for RHEED experiment are a 15 kV electron gun, a

fluorescent screen, and a CCD camera.
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Figure 3.1 Schematic drawing of the growth chamber of the modified MBE

system modified with in situ RF plasma-assisted system. The growth

chamber is cooled by a closed circuit liquid Ethylene Glycol. It is

pumped by a rotary pump, a turbo-molecular pump, and an ion pump. 

The base pressure is around 1×10-9 mbar.
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3.2 RHEED Pattern Observation

RHEED is an important tool of surface science. It is highly surface-sensitive

and is compatible with a wide range of other instruments and processes. The

equipment is simple and robust, and it instantly provides information about a crystal

surface. Diffraction techniques generally provide good measures of average long-

range order.

A beam of energetic electrons strikes a crystal surface at a grazing incidence to

produce a diffraction pattern on a phosphor screen. This process is shown

schematically in Figure 3.2 (a). The electrons are nearly monoenergetic with a mean

energy typically tens of kiloelectron-volts (15 KeV in this work.). Both the incident

and diffracted beams travel nearly parallel to the surface (θ ~ 1-2°). These electrons

are scattered by the periodic potential of the crystal surface, which function as a

grating, giving rise to the diffraction pattern. Because the RHEED pattern depends on

the surface atomic configuration and can be performed in situ, this observation is

crucial for MBE growth.

RHEED diffraction patterns are produced when the momentum of the incident

beam and that of the diffracted beam differ by a reciprocal lattice vector of the

surface. This is often represented by the Ewald sphere construction as shown in

Figure 3.2 (b). The condition for imaging on the phosphor screen is called the Laue

diffraction condition (Kittel, 1996):

k’ – k0 = G (3.1)

where k0 and k’ are the wavevectors of the incident and diffracted electrons,

respectively, and G is the reciprocal lattice vector. This condition corresponds to

Bragg's law in the simple diffraction theory.  The pattern position can be graphically

determined by the Laue method - intersection of Ewald sphere in reciprocal lattice

space (see Figure 3.2(b)). Because the electron beam is restricted to the topmost

atomic layers, diffracted electrons at the flat surface are images onto the screen. 

Therefore, the surface layer is represented by reciprocal lattice space rods, which are

normal to the real surface.  If the surface has roughness in the order of an atomic scale,

the surface layer in the reciprocal space will be represented by a three-dimensional
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point array.  Therefore, the RHEED pattern can be simplified as the reciprocal lattice

representation of the sample surface, which reflects the surface morphology on the

atomic scale. In this work, we use RHEED to observe the development of the surface

structure since the beginning of the MgO buffer layer growth. The transition of the

reconstruction pattern shows the improvement of the crystal quality during the growth.

Figure 3.2 (a) Schematic representation of the RHEED observation system

(Mohammed Samir Hegazy, 2002) and (b) Ewald sphere construction

for a reconstructed surface in [-1 1 0] azimuth (Herman and Sitter,

1989).



26

3.3 Optical Microscopy

The optical microscope remains the fundamental tool for phase identification.

The optical microscope magnifies an image by sending a beam of light through the

object as seen in the schematic diagram of Figure 3.3. The condenser lens focuses the

light on the sample and the objective lenses (10X, 20X,…, 1000X) magnifies the

beam, which contains the image, to the projector lens so the image can be viewed by

the observer. In this work, the optical microscope (OLYMPUS AX70) is used to

roughly observe the surface of samples with/without MgO buffer layer after growth.

Figure 3.3 Schematic diagram of the optical microscope
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3.4 Field Emission-Scanning Electron Microscope

Both MgO buffer layer and ZnO layer thickness is measured by FE-SEM

(JEOL Technology JSM 6500F), which is a high-resolution imaging technique

providing topographical and structural information in plan view or in cross-section.

The surface morphology of all samples is also investigated. For the sample

preparation, because the FE-SEM is a state-of-the-art instrument that is capable of

analytical microscopy at very high spatial resolution, it can only do this if the samples

and holders are kept clean. The contamination rate increases approximately

exponentially as the spot size decreases, so this effect is more important on these new

SEMs than it was on the old ones. Before samples can be inserted into the microscope

they must be mounted onto one of the available SEM stages. According to the non-

conductive samples, a thin layer of metal or carbon before they are imaged in the

microscope is normally needed. This prevents charge build-up on the surface of the

sample. In this work, gold is applied to get through this problem as mentioned above.
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3.5 X-ray Diffraction

Basically, diffraction occurs as waves interact with a regular structure whose

repeat distance is about the same as the wavelength. X-rays have wavelengths on the

order of a few angstroms, which are the same as typical interatomic distances in

crystalline solids. That means X-rays can be diffracted from minerals, which, by

definition, are crystalline and have regularly repeating atomic structures. When

certain geometric requirements are met, X-rays scattered from a crystalline solid can

constructively interfere, producing a diffracted beam. In 1912, W. L. Bragg

recognized a predictable relationship among several factors, which are a distance

between similar atomic planes in a mineral (the interatomic spacing) called the d-

spacing and measure in angstroms, an angle of diffraction called the theta angle (θ)

and measure in degrees (For practical reasons the diffractometer measures an angle

twice that of the theta angle.) and a wavelength of the incident X-radiation,

symbolized by the Greek letter lambda and, in this case, equal to 1.54 angstroms.

These factors are combined in Bragg’s Law:

2d sinθ = nλ (3.2)

where d (d-spacing) and θ are interatomic spacing in angstroms and diffraction angle

in degrees, respectively. Besides, n and λ are integer 1,2,3,…,etc and wavelength in

angstroms (1.54
o
Α for copper), respectively. The details are as shown in Figure 3.4. 

 

(a) (b)

Figure 3.4 (a) Bragg’s Law factors and (b) Schematic representation of the X-Ray

Diffraction 2θ-ω measurement system
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Moreover, texture measurements are used to determine the orientation

distribution of crystalline grains in a polycrystalline sample. A material is termed

textured if the grains are aligned in a preferred orientation along certain lattice planes.

One can view the textured state of a material (typically in the form of thin films) as an

intermediate state in between a completely randomly oriented polycrystalline powder

and a completely oriented single crystal. The texture is usually introduced in the

fabrication process (e.g. rolling of thin sheet metal, deposition, etc.) and affects the

material properties by introducing structural anisotropy. A texture measurement is

also referred to as a pole figure as it is often plotted in polar coordinates consisting of

the tilt and rotation angles with respect to a given crystallographic orientation. A pole

figure is measured at a fixed scattering angle (constant d spacing) and consists of a

series of f -scans (in- plane rotation around the center of the sample) at different tilt or

Y -(azimuth) angles, as shown in Figure 3.5.

Figure 3.5 Representation of the X-Ray diffraction pole figure system

The structural property of all samples is characterized by X-ray diffraction 2θ-

ω scan and pole figure (Philips X’pert MRD). Due to ZnO lattice constant, the 2θ

value is around 34.42 degrees, whereas the common orientation of the grown ZnO

layer is c-plane.
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3.6 Atomic Force Microscopy

Atomic force microscope (AFM) provides pictures of atoms on or in surfaces.

The AFM works by scanning a fine ceramic or semiconductor tip over a surface much

the same way as a phonograph needle scans a record. The tip is positioned at the end

of a cantilever beam shaped much like a diving board. As the tip is repelled by or

attracted to the surface, the cantilever beam deflects. The magnitude of the deflection

is captured by a laser that reflects at an oblique angle from the very end of the

cantilever. A plot of the laser deflection versus tip position on the sample surface

provides the resolution of the hills and valleys that constitute the topography of the

surface. The AFM can work with the tip touching the sample (contact mode), or the

tip can tap across the surface (tapping mode) much like the cane of a blind person.

Figure 3.6 shows the schematic representation of AFM system.

Figure 3.6 Schematic representation of AFM system

All samples are measured by AFM (JEOL Technology JSPM 4210) including

computer program analyzation to investigate the surface morphology. The AFM is

operated in the tapping mode. The scan rate is ~ 3 Hz and the scan size is usually 5×5

µm2. The number of data points per scan line is 512.
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3.7 Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is a contactless, nondestructive method

of probing the electronic structure of materials. Specifically, light is directed onto a

sample, where it is absorbed and imparts excess energy into the material in a process

called photo-excitation. One way this excess energy can be dissipated by the sample is

through the emission of light, or luminescence. In the case of photo-excitation, this

luminescence is called photoluminescence. The intensity and spectral content of this

photoluminescence is a direct measure of various important material properties. More

specifically, photo-excitation causes electrons within the material to move into

permissible excited states. When these electrons return to their equilibrium states, the

excess energy is released and may include the emission of light (a radiative process)

or may not (a nonradiative process). The energy of the emitted light

photoluminescence related to the difference in energy levels between the two electron

states involved in the transition between the excited state and the equilibrium state.

The quantity of the emitted light is related to the relative contribution of the radiative

process.

The applications through PL measurement are composed of band gap

determination, impurity levels and defect detection, recombination mechanisms and

material quality. The most common radiative transition in semiconductors is between

states in the conduction and valence bands, with the energy difference being known as

the band gap. However, The PL energy associated with localized defect levels, which

the radiative transitions in semiconductors also involve, can be used to specific

defects, and the amount of PL can be used to determine their concentration. As

mentioned above, the recombination involves both radiative and nonradiative

processes. The amount of PL and its dependence on the level of photo-excitation and

temperature are directly related to the dominant recombination process. Also, analysis

of these results helps to understand the recombination mechanism. Generally,

nonradiative processes are associated with localized defect levels, whose presence is

detrimental to material quality and subsequent device performance. Thus, material

quality can be measured by qualifying the amount of radiative recombination.

To investigate the optical property of all samples, photoluminescence (PL)

spectroscopy is applied. A schematic of the PL experimental setup is shown in

Figure 3.7. The 325-nm line of a He-Cd laser (KIMMON) excites the samples. The
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integrated laser power is 1 mW. The laser beam is chopped and focused to the sample

by a 10-cm focal length lens. An 30-cm focal length and a 40-cm focal length lens are

used to collect the PL signal. The light signal is resolved by a 1-m photomultiplier

(SPEX 500M). Typically, the entrance and exit slit widths are 2 mm. A high-pass

filter is used to filter noise and the reflected laser beam signal. The resolved light

signal is detected by a detector system (Hamamatsu C2761 No.300089). A chopper

and the lock-in amplifier (NF Electronic Instruments Inc. 5610B Two-phase) are used

to enhance the signal by the standard lock-in technique. The temperature of samples

during measurement is cooled down to 10 K by Temperature controller (Scientific

Instruments Inc. 9600-1 Silicon Diode).

In this work, the PL data lead to the information about the structural quality of

the sample and excitonic levels. According to the wide direct bandgap as well as the

high exciton binding energy of ZnO, the remarkable excitonic properties are clearly

shown. The obvious result is the intensity of excitonic emissions due to the strain-

induced structure and energy band bending. The misfit dislocations in the epitaxial

film also create a high concentration of centers of nonradiative recombination and

significantly reduce the integrated intensity of the PL spectrum. Therefore, the

structural quality of the sample can be roughly estimated and the defect density can be

compared among various samples by the PL intensity. Also, for the PL line width, the

inhomogeneously broaden distribution of the emission centers make the line width

wider.

Figure 3.7 Schematic of the PL experimental setup.
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3.8 Absorption Spectroscopy

Due to the strain-induced influence resulted by the balancing the compressive-

tensile strain, energy band gap of the samples are estimated by absorption

spectroscopy method at room temperature. The absorption spectrophotometer consists

of a light source (hallow cathode lamp), a sample compartment for both sample and

glass substrate reference, and a detector (photomultiplier).

Generally, molecules absorb ultraviolet or visible light. The absorbance of a

sample increases as attenuation of the beam increases. Absorbance is directly

proportional to the path length, b, and the concentration, c, of the absorbing species.

Beer's Law states that

A = ebc (3.3)

where e is a constant of proportionality, called the absorbtivity. Different molecules

absorb radiation of different wavelengths. An absorption spectrum will show a

number of absorption bands corresponding to structural groups within the molecule.

The spectral analysis depends on this law through the equation (3.4) and a

diagram in Figure 3.8. The diagram shows a beam of monochromatic radiation of

radiant power P0, directed at a sample solution. Absorption takes place and the beam

of radiation leaving the sample has radiant power P.

T (Transmittance) = P / P0

A (Absorbance)     = log10 P0 / P

= 2 – log10 %T (3.4)

Figure 3.8 The absorption basic diagram
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According to this technique, it is based on the measurement of the transmitted

light through the sample, preferably under normal incidence. As the wavelength of the

photons decreases, there will be a value for which the transmitted light will be

abruptly reduced in the case of direct semiconductors. The onset of absorption is

directly related to the band gap energy. However, large errors can be made by simple

inspection of the absorption edge of the transmittance spectrum. Errors can be

magnified if the sample is not thin enough, causing absorbance saturation or zero

transmittance around the band gap, or in the case of presence of interference effects.

A reliable analysis requires the determination of the absorption coefficient (α) as a

function of photon energy and this is not a straightforward process. The reduction in

the intensity of the transmitted beam is due to reflection at the sample interfaces,

roughness scattering and other losses. Knowing α as a function of energy around the

absorption edge, the direct band gap is determined by equation (3.5).

( ) 2/1)( gEh
h
Ah −= ν
ν

να (3.5)

where A is a prefactor which  can be considered constant around the band gap region,

h is the Planck constant and ν is the frequency of the photons in vacuum. The typical

procedure is to plot [α(hν)hν]2 vs. hν and the intercept with the photon energy axis

(for α = 0) defines the energy gap. (Optoelectronic Properties of Semiconductors and

Superlattices, M.O. Manasreh) A schematic of the absorption experimental setup is

shown in Figure 3.9.

Figure 3.9 Absorption spectroscopy system
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3.9 Hall Measurement

The basic physical principle underlying the Hall effect is the Lorentz force.

When an electron moves along a direction perpendicular to an applied magnetic field,

it experiences a force acting normal to both directions and moves in response to this

force and the force results in the internal electric field. For an n-type, bar-shaped

semiconductor shown in Figure 3.10, the carriers are predominately electrons of bulk

density n. A constant current I is assumed to flow along the x-axis from left to right in

the presence of a z-directed magnetic field. Electrons subject to the Lorentz force

initially drift away from the current line toward the negative y-axis, resulting in an

excess surface electrical charge on the side of the sample. This charge results in the

Hall voltage, a potential drop across the two sides of the sample. Note that the force

on holes is toward the same side because of their opposite velocity and positive

charge. This transverse voltage is the Hall voltage VH and its magnitude is equal to

IB/qnd, where I is the current, B is the magnetic field, d is the sample thickness, and q

(1.602 x 10-19 C) is the elementary charge. In some cases, it is convenient to use layer

or sheet density (ns = nd) instead of bulk density. One then obtains the equation (3.6).

Figure 3.10 Hall measurement principle

HVq
IB

=n s (3.6)

Thus, by measuring the Hall voltage VH and from the known values of I, B,

and q, one can determine the sheet density ns of charge carriers in semiconductors.
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In order to determine both the mobility µ and the sheet density ns, a

combination of a resistivity measurement and a Hall measurement is needed. Van der

Pauw technique is widely used in the semiconductor industry to determine the

resistivity of uniform samples due to its convenience. A schematic of a rectangular

van der Pauw configuration is shown in Figure 3.11.

Figure 3.11 Schematic of a rectangular van der Pauw

The objective of the Hall measurement in the van der Pauw technique is to

determine the sheet carrier density ns by measuring the Hall voltage VH. The Hall

voltage measurement consists of a series of voltage measurements with a constant

current I and a constant magnetic field B applied perpendicular to the plane of the

sample. Conveniently, the same sample, shown again in Figure 3.12, can also be used

for the Hall measurement. To measure the Hall voltage VH, a current I is forced

through the opposing pair of contacts 1 and 3 and the Hall voltage VH (= V24) is

measured across the remaining pair of contacts 2 and 4. Once the Hall voltage VH is

acquired, the sheet carrier density ns can be calculated via equation (3.6) from the

known values of I, B, and q.
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Figure 3.12 Representation of Hall measurement system with van der Pauw

method of this work

To inspect the electrical property, all samples except the samples with cracks

can be measured by Hall measurement with van der Pauw method. The preparation of

the sample before characterization is necessary. The 4-contact with the symmetry

shape of the sample is needed to avoid the current leakage during measurement due to

an insulating glass substrate. Thus, the preparation process is as the following

procedure.

1. Cut a sample with square size of 0.5×0.5 cm2 due to a little smaller

mask size of 0.4×0.4 cm2.

2. To clean attaching In at the backside, the ZnO surface is waxed and

In is etched by HCl. Then, the sample is drained by De-ion (DI)

water. Next, remove the wax by heated Ethanol and DI water.

3. Cut 2-cm Au wire and clean by Acetone with ultrasonic for 10 min.

Then, clean in DI water with 10-min ultrasonic. Dry by nitrogen gas.

4. Evaporate Au to make the 4 contacts to the sample.

In this work, we mainly use the RHEED pattern, and XRD 2θ-ω scan and pole

figure to investigate the crystal orientation and structural property. Also, optical

microscope, FE-SEM and AFM are applied to observe the surface morphology and

layer thickness. PL measurement and absorption coefficient are applied to measure

the optical property including the ZnO energy band gap. For the electrical property,
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all samples are measured by Hall measurement with van der Pauw method.

Furthermore, some measurements such as X-ray Photoemission Spectroscopy (XPS)

and Transmission Electron Microscopy (TEM) are partly used to investigate the

impurity concentration and crystal quality, respectively.



CHAPTER IV

ZnO FILM ON SILICON AND SAPPHIRE SUBSTRATES

According to the application device in blue and ultraviolet regions, the interest

in ZnO, one of the promising materials, recently increases because of its wide energy

gap, 3.37 eV at room temperature, and outstanding properties, especially excitonic

properties. Then, the ZnO growth condition including relating application has been

studied. One of the serious problems is the dislocation around the boundary of ZnO

and the substrate due to the lattice mismatch. To grow high-quality ZnO layer, ZnO

substrate is certainly the best choice, however, the price of the ZnO substrate is very

expensive. Therefore, other cheaper substrates such as Si and sapphire with

acceptable lattice mismatch are necessary.

4.1 ZnO film on silicon substrate

There have been many reports on the growth of ZnO by MBE, and highly

luminescent ZnO crystals have been grown on sapphire substrates. However,

electrically insulating substrates such as sapphire make the device fabrication

processes more complex, when the grown crystal is applied to injection light-emitting

devices. In addition, the crystal quality of the Si substrate is expected to be

remarkably higher than that of the sapphire substrate. Anyway, the growth of epitaxial

ZnO films on Si is known to be very difficult because the Si substrate surface is easily

oxidized and covered with a resulting amorphous SiOx layer when it is expected to

reactive oxygen sources. This amorphous SiOx layer degrades the crystal quality of

ZnO grown on the Si substrate. Recently, a few works of ZnO grown on Si substrates

have been reported. For example, Iwata et al. reported ZnO growth on Si (111)

substrate, applying NH3 plasma nitridation of the Si surface prior to the growth. They

found that the nitridation process was effective in preventing surface oxidation, and

obtained (0001)-oriented ZnO layers. However, the grown layers suffered from

rotational domains which make the lateral orientation random. Also, the growth of

ZnO on Si and SiO2 has been investigated by Choi et al. using pulse laser deposition.
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Although the grown surface grains were preferentially oriented in the (0001) direction

(normal to the surface), lateral orientation was found to be random. This is probably

caused by the SiO2 film, formed on the Si surface. Therefore, the prevention method

from the oxidation of Si substrate surface in the initial stage of ZnO growth is the

most important issue for the ZnO grown on Si. The studies of ZnO grown on Si

substrates have been investigated by some members in our group. The detail is as the

following.

4.1.1 Initial Zn layer with ozone source

To hinder the oxidation of the Si substrate surface as the important problem

mentioned above, Miki et al. proposes the introduction of an initial Zn layer followed

by its oxidation before the ZnO growth. The growth procedure and experimental

result are shown, respectively.

4.1.1.1 Growth procedure

The detailed steps for sample preparation are as following. First, a substrate

surface is clean by chemical solution. The substrate is degreased in Isopropyl alcohol

(IPA) with ultrasonic for 10 min. Then, the substrate is soaked in DI water. The

substrate is next etched in 5% HF solution and a solution of HCl:H2O2:H2O (3:3:5).

Finally, it is soaked in DI water again and dried by nitrogen gas. Then, the substrate is

then mounted onto a molybdenum block by Titanium lock. The substrate is inserted

into the MBE chamber. Before growth, the sample is heated to decontaminate the

substrate surface from water (H2O) at 800°C until the streaky (7×7) RHEED pattern

appeared. After the desorption at 800°C, the substrate is cooled down to 100°C. Then,

the initial Zn layer is deposited at a Zn Beam Equivalent Pressure (BEP) of 1×10-7 

Torr for 2 min. After the Zn deposition, ozone is supplied to oxidize the initial Zn

layer. The background pressure during oxidation is approximately 1×10-4 Torr. At the

same time, the substrate temperature is increased. The increase of the substrate

temperature under ozone supply is continued until the substrate temperature reaches

200°C. The temperature is then held at this value for the subsequent ZnO growth. A

250-nm-thick ZnO film is grown using Zn BEP of 1×10-6 Torr. The ozone flow rate is 
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lowered so as to produce the background of 1×10-5 Torr. After growth, the sample is

annealed at 1,100°C for 1 min in nitrogen atmosphere.

4.1.1.2 Experimental result

RHEED patterns obtained using electron beam incident azimuths along Si

[ 011 ] and Si [ 211 ] directions in different stages of ZnO growth are shown in Figure

4.1. A clear (7×7) pattern appears at 800oC as shown in Figure 4.1(a), which indicates

the appearance of an atomically clean Si (111) surface. While the initial Zn layer is

deposited, the (7×7) Si pattern gradually disappears and a streaky pattern emerges as

shown in Figure 4.1(b). However, the streaky pattern easily changes to a ring pattern

when the deposition time is increased. When the initial Zn layer showing the ring

pattern is oxidized and subsequent ZnO growth is performed, polycrystalline ZnO

film with non-orientation is grown. This film shows very poor PL characteristic.

When the initial Zn layer shows streaky pattern, however, c-axis-oriented ZnO film is

obtained. These results suggest that the crystal quality of ZnO epitaxial film depends

strongly on the quality of the initial Zn layer. Without the initial Zn layer, no ZnO

growth takes place, probably due to the surface oxidation of the Si substrate. Then,

the initial Zn layer is useful for protecting the Si substrate surface from oxidation.

Also, the initial Zn layer with a streaky RHEED pattern provides a good template for

further ZnO growth. Thus, the initial Zn layer with the streaky RHEED pattern is

chosen to provide the improvement of the ZnO film. The thickness of the initial Zn

layer is estimated to be approximately 0.5 nm by AFM measurement.

The streaky RHEED pattern of the initial Zn layer is ascribed to Zn (1×1)

because the spacing between the diffraction spots coincides well with the hexagonal

Zn lattice arrangement. The observed RHEED pattern also shows that the initial Zn

layer is rotated by 30o with respect to the Si substrate, as shown in Figure 4.2. Also,

the [1000] direction of Zn is parallel to the [ 211 ] direction of the Si surface and the

[ 211 0] direction of Zn is parallel to the [ 011 ] direction of the Si surface. The ratio of

the diffraction spot spacing of the Si substrate to that of the deposited Zn layer is

10:25 when the electron beam azimuth is [ 011 ] of the Si surface, while it is 17:14

when the azimuth is [ 211 ] direction. These results with the sixfold-symmetry streaky

pattern indicate that the initial Zn layer is rotated by 30o with respect to the Si

substrate surface. When ozone supply is started, the RHEED pattern changes from the
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Zn (1×1) to the ZnO (1×1) streaky pattern, indicating the formation of fairly flat ZnO

surface, illustrated in Figure 4.1(c) However, near the end of the oxidation process of

the initial Zn layer, a spotty RHEED pattern appears as shown in Figure 4.1(d). This

spotty pattern is essentially unchanged during the subsequent growth of ZnO films as

shown in Figure 4.1(e). It should be noted that the lateral crystal orientation is kept

unchanged during the oxidation process of the initial Zn layer and the subsequent

ZnO layer deposition process, illustrated in Figure 4.2.

Both the initial Zn layer and the ZnO epitaxial layer grown on it have

crystallographic orientation rotated by 30o with respect to the Si substrate. The

mechanism, which controls the observed 30o rotation of the initial Zn layer, is not

clearly understood, however, the observed 30o rotation could relieve the strain caused

by lattice mismatch between the Si (111) substrate and the initial Zn layer. The

schematic lattice arrangements between the Si (111) substrate and the initial Zn layer

with and without 30o rotation are shown in Figure 4.3. When the hexagonal Zn layer

is deposited on the Si (111) surface without rotation, the lattice mismatch should be

30.6%. However, when the Zn layer is rotated by 30o on the Si (111) surface, the

corresponding lattice mismatch is reduced to 20.2%, which may alleviate the strain

caused by lattice mismatched between these materials.

Figure 4.1 RHEED patterns along Si [ 211 ] direction and Si [ 011 ] direction in

different stages of ZnO growth: (a) before growth, (b) the initial Zn

layer is deposited, (c) oxidation is started, (d) the oxidation is

continued, and (e) the growth of ZnO film is performed.
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Figure 4.2 Relationship of the crystal orientation among Si, Zn and ZnO. The

initial Zn layer and ZnO film are rotated by 30o with respect to the Si

substrate orientation. The [1000] direction of Zn and ZnO are parallel

to the [ 211 ] direction of Si.

Figure 4.3 Effect of 30o rotation on lattice mismatch between Si (111) and initial

Zn layer: (a) orientation-matched case, and (b) 30o rotation.

Figure 4.4 shows the AFM images of the Zn-deposited surface with the

surface after oxidation. The observed AFM images show that the grain size and the

surface roughness increase with oxidation.
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Figure 4.4 AFM images of the grown surfaces: (a) before oxidation of the initial

Zn layer, and (b) after oxidation of the initial Zn layer. The grain size

and the surface roughness increase with oxidation.

The results of the XRD 2θ-ω scan measurement of the as-grown and the

annealed sample are shown in Figure 4.5. The as-grown ZnO film is found to be

strongly c-oriented. Although a weak diffraction signal, which is probably due to the

ZnO ( 1110 ) planes, appears in a higher diffraction angle region, it completely

disappears after annealing at 1100 oC. No change is observed for the ZnO (0002)

diffraction peak width after annealing. Figure 4.6 shows a { 1110 } x-ray pole figure of

the annealed sample. It clearly shows the sixfold symmetry about the surface normal,

indicating that no rotational domain of ZnO (0001) exists in this ZnO film. This is one

of the major advantages of this method compared to other methods.

Figure 4.5 XRD 2θ-ω scan measurement of the as-grown and the annealed sample.

The ZnO ( 1110 ) diffraction peak disappears upon annealing.
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Figure 4.6 { 1110 } XRD pole figure of the annealed sample. The sixfold symmetry

about the surface normal is indicated. No rotational domain of ZnO

(0001) exists in ZnO film.

Figure 4.7 shows the PL spectra of the as-grown and the annealed samples

measured at 10 K. The as-grown sample shows a weak bound exciton emission at

3.360 eV and a very weak deep level emission at around 2.8 eV. The emission at 3.31

eV and its LO-phonon replica at 3.24 eV are peculiar to ZnO film grown on the Si

(111) substrate. These emissions are probably due to an excitonic transition bound to

the Si impurity and its LO-phonon replica. After annealing, PL characteristics are

improved considerably. The bound exciton emission becomes dominant, and its peak

intensity increases by a factor of ten. The full-width at half maximum (FWHM) of the

bound exciton peak is lowered from 20 meV to 11 meV.
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Figure 4.7 PL spectra of the as-grown and the annealed samples. The bound

exciton emission becomes dominant after annealing. Its peak intensity

increases by a factor of 10 upon annealing. The FWHM of the exciton

peak changes from 20 meV to 11 meV after annealing.

4.1.2 Initial Zn layer with oxygen plasma and LT-ZnO buffer layer

Even though an introduction of an initial Zn layer deposition followed by its

oxidation is effective in hindering the oxidation of the Si substrate surface prior to the

growth of ZnO by MBE using ozone as an oxygen source, there still remain some

problems. Because of the low ozone concentration (2-3%), the growth rate is as low

as 0.13 µm/h. In addition, the ZnO layer is grown only at low substrate temperatures

(~200°C), which causes poor XRD characteristics. Then, the oxygen source is 

changed to oxygen plasma, which is more reactive than ozone. Therefore, the growth

rate is expected to be higher, and the growth could be performed at high substrate

temperature. The surface roughness of the initial layer, however, becomes more

notable at high substrate temperature. To suppress this effect, Noriaki et al. proposes a

low temperature (LT)-grown ZnO buffer layer applied before the growth of thick ZnO

layers. The details is as the following
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4.1.2.1 Growth procedure

The preparation of the substrate prior to the insertion into the MBE chamber is

the same as mentioned above of 4.1.1.1. After setting the substrate into the chamber,

the temperature is increased to anneal at 750°C. After this surface cleaning process,

the RHEED pattern showed a well-defined (7×7) reconstruction. Then, the substrate

temperature is decreased to RT. An initial Zn layer is deposited at a Zn BEP of 1×10-7 

Torr for 1 min. After the Zn deposition, oxygen is supplied to oxidize the initial Zn

layer. At the same time, the substrate temperature is increased under oxygen supply.

A 50 nm-thick LT ZnO buffer layer is grown at 350°C. The growth rate is 0.2 µm/h

with a Zn BEP of 1×10-6 Torr and an oxygen flow rate of 0.9 sccm. A 1 µm-thick

ZnO layer is then grown at 575°C. The growth rate is 0.5 µm/h with a Zn BEP of 

3×10-6 Torr and oxygen flow rate of 0.9 sccm.

4.1.2.2 Experimental result

Since no ZnO growth occurs on the oxidized Si surface in the case of using

ozone as an oxygen source, oxygen plasma is interesting because stable

polycrystalline ZnO can be grown even on that oxidized one. Also, the

crystallographic relationships among Si, Zn and ZnO grown using oxygen plasma are

similar to those grown using ozone. Furthermore, the RHEED patterns during growth

using oxygen plasma are similar to those using ozone. These indicate the favorable

reactivity of oxygen plasma. In addition, oxygen plasma not only improves the growth

rate of ZnO, but also makes the growth at high temperature possible.

The XRD result of a φ scan for the ( 0110 ) planes of the ZnO film grown using

the initial Zn layer is shown in Figure 4.8. It clearly shows the sixfold symmetry

about surface normal, indicating that no rotational domain of c-oriented ZnO exists.

This sixfold symmetry is observed in samples with and without the LT ZnO buffer. A

template may be formed by the oxidation of the initial Zn layer, which is useful in

growing the epitaxial ZnO layer on Si substrates and suppresses the formation of

rotational domains.
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Figure 4.8 XRD result of a φ scan of the ( 0110 ) planes of the ZnO film with the

initial Zn layer

The surface roughness of the oxidized initial Zn layer surface is shown in

Figure 4.9. The RMS values estimated by AFM measurements are plotted as a fuction

of growth temperature. While the substrate temperature increases, the RMS value of

the oxidized initial Zn layer surface gradually increases owing to the larger grain size.

However, at 575oC the surface roughness becomes very large. When an LT ZnO

buffer is introduced, the surface roughness is considerably reduced and the grain size

of ZnO decreases from 300 nm to 90 nm.

Figure 4.10 shows the rocking curves of the ZnO layers with and without the

LT-ZnO buffer layer. The FWHM of the diffraction peak of ZnO (0002) is reduced

from 0.94o to0.23o by applying the LT-ZnO buffer layer. It may imply that the LT-

ZnO layer reduces the mosaic structure of the epitaxial layers. Figure 4.11 shows the

microscopic images of the films with and without the LT-ZnO layer. The straight

cracks along the principal axes of the Si (111) surface, i.e., { 011 } directions, can be

observed in the samples both with and without the LT-ZnO buffer layer, probably

caused by the difference in thermal expansion coefficient between ZnO (475×10-8 K-1)

and Si (256×10-8 K-1). The crack densities of the samples with and without LT-ZnO

buffer layer are 1.6×102 cm-1 and 2.9×102 cm-1, respectively. The ZnO films grown

without the LT-ZnO buffer layer, however, tend to peel off along the cracks as shown

in Figure 4.11(a). Furthermore, no crack is observed in polycrystalline ZnO films

grown without initial Zn layers on Si substrates.
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Figure 4.9 Surface roughness of oxidized initial Zn layer surface. The RMS

values are plotted as a function of growth temperature.

Figure 4.10 XRD rocking curves of the ZnO epitaxial layers with and without the

LT-ZnO buffer layer.
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(a) ZnO film without LT-ZnO buffer layer   (b) ZnO film with LT-ZnO buffer layer

Figure 4.11 Microscopic images of the films with and without the LT-ZnO layer.

Straight cracks along the principal axes of Si (111) surface can be

clearly observed.

LT buffer layers have been generally applied for the highly mismatched

heteroepitaxial layer growth to alleviate lattice strain and also act as a template for

high temperature growth. In addition, the LT buffer layer is found to improve not only

the crystal quality of subsequent ZnO layer, but also the surface morphology of the

template. It also improves the adhesion of the ZnO epitaxial layer to the Si substrate,

preventing the ZnO epitaxial layer from peeling off from the Si substrate.

Figure 4.12 shows the PL spectra of the ZnO films with and without the LT-

ZnO buffer layer measured at 10 K. The film without the LT-ZnO buffer layer shows

emissions at 3.317 eV and 3.28 eV, which are peculiar to ZnO films grown on the Si

(111) substrate related to an exitonic transition bound to the Si impurity and its LO-

phonon replica. A weak deep-level emission around 2.3 eV is also observed. The

better PL characteristics can be observed in the samples with the LT-ZnO buffer

layers. The neutral-donor-bound exciton emission at 3.365 eV becomes dominant and

the PL peak intensity increases by a factor of 10. The FWHM is 6 meV. The weak

deep-level emission almost disappears.
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Figure 4.12 PL spectra of the ZnO film with and without the LT-ZnO buffer layer

measured at 10 K.

4.1.3 MgO buffer layer

According to the useful initial Zn layer application both to protect the Si

surface from being oxidized and to improve the crystal quality of a ZnO layer grown

on it, the grown ZnO films suffer from high density of microcracks along the

principal axes on the Si (111) surface probably caused by the difference in thermal

expansion coefficients between ZnO and Si. Then, the effect of a thin MgO buffer

layer deposited prior to the growth has been studied. This buffer layer is expected to

alleviate the tensile strain imposed on the ZnO films. The improvement compared to

the applied initial Zn layer method is obtained.

4.1.3.1 Growth procedure

The preparation of the substrate prior to the insertion into the MBE chamber is

the same as mentioned above of 4.1.1.1. After setting the substrate into the chamber,

the temperature is increased to anneal at 750°C. After this surface cleaning process,

the RHEED pattern showed a well-defined (7×7) reconstruction. Then, the substrate

temperature is decreased to 350°C. The Si substrate is exposed to a Mg flux with a

BEP of 5×10-7 Torr. After 2 min, oxygen gas supply is started at a flow rate of 0.9

sccm. This growth is continued until the grown MgO buffer layer thickness reaches

approximately 20 nm. Then, 1-µm-thick ZnO is grown at 575°C using Zn BEP of

2×10-6 Torr and an oxygen flow rate of 0.9 sccm. The growth rate of ZnO is
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approximately 90 nm/min. The substrate temperature is reduced to RT at the rate of

6°C/min after growth, the same as the growth using the initial Zn layer.

4.1.3.2 Experimental result

The RHEED patterns in the different stages of ZnO growth by using a thin

MgO buffer layer are shown in Figure 4.13. After the surface cleaning process, a clear

(7×7) pattern appears at 750°C as shown in Figure 4.13(a). While Mg is deposited on

the Si (111) substrate, the RHEED pattern changes to a Si (1×6) pattern as shown in

Figure 4.13(b). When MgO buffer layer growth start with supplying oxygen gas, a

spotty pattern corresponding to MgO (1×1) with sixfold symmetry appears as shown

in Figure 4.13(c). It implies that the grown MgO is (111)-oriented. The spotty pattern

still remains during a whole ZnO growth. That means a ZnO (1×1) spotty pattern with

sixfold symmetry as shown Figure 4.13(d).

Figure 4.13 RHEED patterns along Si [ 211 ] and Si [ 011 ] direction in different

stages of ZnO growth by using a MgO buffer layer: (a) before growth,

(b) a Mg evaporated surface, (c) a MgO buffer layer, and (d) a ZnO

layer.

The RHEED patterns also show that both MgO and ZnO lattices are not

rotated by 30o with respect to the Si surface, much improved compared to the applied

initial Zn layer case. In other words, the [ 0211 ] direction of ZnO and the [ 211 ]

direction of MgO are parallel to the [ 211 ] direction of the Si surface, and the [1000]
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direction of ZnO and [ 011 ] direction of MgO is parallel to the [ 011 ] direction of the Si

surface.

Figure 4.14 show the microscopic images of the ZnO films grown by using the

initial Zn layer and MgO buffer layer. For the initial Zn layer case, the straight cracks

along the principal axes of the Si (111) surface, due to the difference of the thermal

expansion coefficient between ZnO and Si as mentioned before, appear as shown in

Figure 4.14(a). On the contrary, no cracks can be observed on the layers with a MgO

buffer layer as shown in Figure 4.14(b). The thermal expansion coefficient of MgO is

1040×10-8 K-1 at RT, which is larger than both Si and ZnO. Then, the insertion of

MgO buffer layer may produce a compressive stress to the ZnO layer, alleviating the

tensile strain from the Si substrate and the cracks on the ZnO surface considerably

disappear.

Figure 4.14 Microscopic images of the ZnO films grown by using (a) initial a Zn

layer and (b) a MgO buffer layer.

The XRD 2θ-ω spectra of the ZnO (0002) peak with the initial Zn layer and

with the MgO buffer layer are shown in Figure 4.15. The FWHM of the diffraction

peak is improved when a MgO buffer layer is applied. The FWHM values of 2θ-ω

and ω scan, comparable to the ZnO films grown on sapphire substrates, are 0.038o and

0.26o, respectively. This indicates that the MgO buffer layer reduces the mosaic

structure of the epitaxial layers.
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Figure 4.15 Comparison of ZnO (0002) XRD spectra for the samples grown by

using an initial Zn layer and a MgO buffer layer (a) 2θ-ω scan spectra

and (b) ω scan spectra.

Figure 4.16 shows the PL spectra of the ZnO films grown with an initial Zn

layer and with a MgO buffer layer. The measurement is carried out at 10 K. All

samples show PL spectra due to bound excitons in the range of 3.35-3.37 eV and also

near 3.31 eV. However, the PL intensity is improved by appling MgO buffer layer.

Figure 4.16 PL spectra of ZnO films grown by using an initial Zn layer and a MgO

buffer layer.
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4.2 ZnO film on sapphire substrate

Recently, wide band gap semiconductors including ZnO have been studied

because of the applications in blue and UV optical device. Owing to the high exciton

binding energy of ZnO, roughly three times higher than that of ZnSe and GaN, it is

considered to be a promising material for novel exciton-related devices, such as low

threshold optical devices. Then, high-quality ZnO films with p- as well as n-type

conductivity are indispensable. However, there have been only a few reports on p-

type ZnO. As-grown undoped ZnO epitaxial films normally exhibit strong n-type

conductivity due to intrinsic defects such as interstitial Zn and oxygen vacancy. These

lead to the difficulty to succeed low-resistivity p-type ZnO. Then, Tomohiko et al.

proposes the method to reduce these defects in undoped ZnO films, which is the most

crucial issue toward device applications.

4.2.1 Growth procedure

Epitaxial ZnO films are grown on Al2O3 (0001) substrate by MBE with an

oxygen source supplied from a radio-frequency-activated plasma cell (RF-MBE). In

order to clean the substrate surface, the Al2O3 substrate is first degreased in organic

solution and etched in 3:1 of CH3OH:HF solution. Then, it is annealed at 800oC for 10

min in an ultrahigh-vacuum chamber, and exposed to an oxygen beam at 600oC for 10

min. After the cleaning surface, the substrate temperature is decreased to a growth

temperature in the range of 315-575oC. The oxygen flow rate is fixed at 1.0 sccm with

an RF power of 400 W. The Zn BEP is in the range of 1.7×10-6-6.0×10-6 Torr.

Thermal annealing after growth is performed in O2 or N2 atmosphere. The annealing

temperature is varied between 600oC and 1000oC.

4.2.2 Experimental result

Figure 4.17 shows the growth rate of ZnO films as a fuchtion of Zn BEP at

575oC. With increasing Zn BEP, the growth rate first increases in proportion of BEP,

called oxygen-enriched condition. Then, the growth rate deviates and finally
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decreases at very high BEP. The sample grown at the high BEP of 6×10-6 Torr shows

a rather rough surface.

Figure 4.17 Growth rate as a function of Zn BEP for the samples grown at 575oC.

The straight line indicates the linear relationship.

To investigate the purity of as-grown ZnO films, Auger electron spectroscopy

(AES) and secondary ion mass spectroscopy measurements (SIMS) are carried out on

the films grown at 575oC. The depth profiles of host and impurities measured by AES

are shown in Figure 4.18. The Al signal in the layer is caused by noise in the AES

spectrum. This result indicates that no impurity is present in high concentration. The

depth profile measured by SIMS indicates that there are small amounts of Mg and Al

as shown in Figure 4.19. Al contamination from the substrate is possible. However,

the measured level is at the background level. Thus, the Al impurity may be ignored.

On the other hand, Mg is also used to grow MgO and ZnMgO in the same MBE

chamber. Therefore, Mg contamination is unavoidable. Although Mg produces no

donors or acceptors in the lattice site, it may act as a donor in the interstitial site.

However, the vapor pressure of Mg is much lower than that of Zn at any given

temperature. It is tenable to assume that the Zn interstitial is more sensitive to

temperature than Mg interstitial. Then, the intrinsic defects, Zn interstitial and O

vacancy, are mainly considered.

The PL spectra of as-grown ZnO films vary according to the growth

conditions. However, the free excitonic spectra at 3.376 eV with up to second-excited
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states can be observed as shown in Figure 4.20. This implies the fairly good crystal-

quality of as-grown films.

Figure 4.18 Depth profiles of Zn, O, and other impurities measured by AES. Al

peak is caused by noise.

Figure 4.19 Depth profiles measured by SIMS. Both Al and Si in the layer are at

the background level.
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Figure 4.20 The typical PL spectrum of ZnO film measured at 10 K. The PL peaks

at 3.358 eV and 3.362 eV are caused by the donor-bound excitons.

Emissions due to free exciton and their second excited state are

observed at 3.376 and 3.42 eV, respectively.

For the electrical characteristics, as-grown ZnO films exhibit n-type

conductivity in the range of 6.5×1016-1.2×1019 cm-3. The electron concentration is

sensitive to postgrowth annealing under either N2 or O2 atmosphere. Figure 4.21

shows the variation of electron concentration as a function of the temperature in

annealing for 5 min in O2 at atmospheric pressure. The electron concentration first

decreases, but increases again when the annealing temperature exceeds 800oC.

However, annealing at 600oC in O2 atmosphere makes the electron concentration

lower. On the other hand, the opposite result is obtained when annealing is performed

in N2 atmosphere. When the sample with an electron concentration of 9.9×1017 cm-3 is

annealed in N2 atmosphere at 700oC for 5 min, the electron concentration increases to

6.0×1018 cm-3. This sample is further annealed under two different conditions: in N2

and O2 atmosphere at 600oC for 5 min. The electron concentration increases slightly

to 6.6×1018 cm-3 when annealed in N2 atmosphere, while it decreases to 5.3×1018 cm-3 

when annealed in O2 atmosphere. Also, the electron concentration increases with

annealing time when annealing is performed at 1000oC in O2 atmosphere.



59

Figure 4.21 Electron concentrations as a function of annealing temperature when

ZnO films are annealed in O2 atmosphere (1 atm) for 5 min. The

electron concentration is measured at room temperature.

Annealing is also performed in Ar atmosphere instead of N2 for as-grown

films. The results are similar to those obtained by annealing in N2 atmosphere, which

indicates that almost no reaction occurs between ZnO and N2 ambient during

annealing. Since the O vacancy acts as a donor, these results imply that thermal

annealing in N2 atmosphere increases O vacancy due to the evaporation of oxygen

from ZnO films, and that annealing at 600oC in O2 atmosphere decreases O vacancy.

Annealing in O2 atmosphere at 1000oC may also increase O vacancy, probably due to

the fact that the oxygen pressure during annealing is too low to maintain the

stoichiometric composition. In addition, no change is observed in the sample

thickness and the XRD spectrum, even with 1000oC annealing as long as the

annealing time is less than 10 min.

For the PL results, the typical near-band-edge spectra of as-grown samples

with Zn BEP of 1.7×10-6 Torr are shown in Figure 4.22. The sample grown at 575oC

shows an emission band peak at 3.358 eV, while the spectrum of the sample grown at

315oC is dominated by the emission at 3.362 and 3.323 eV including a weak shoulder

near 3.358 eV. Since the intensities of the PL peak at 3.358 and 3.362 eV depend

strongly on the growth temperature, the defects depending on these spectra are also

sensitive to the temperature.

Figure 4.23 shows the PL spectrum of the sample grown at 315oC and those

measured after thermal annealing in N2 atmosphere at 700oC for 10 and 20 min.
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Before annealing, the PL peak appears at 3.362 eV with a very weak intensity as

shown in Figure 4.23. When the sample is annealed, the PL intensity dramatically

increases, and the peak at 3.358 eV becomes more dominant than the original peak of

3.362 eV. This implies that thermal annealing in N2 atmosphere at 700oC increases

the defects related to the emission at 3.358 eV. In contrast, the sample annealed in O2

atmosphere at 600oC for 5 min exhibits no peak at 3.358 eV. Instead, the PL intensity

of 3.362 eV increases upon annealing as shown in Figure 4.24. Owing to the decrease

of the electron density with O2 annealing at 600oC, it indicates that the emission at

3.358 eV may relate to the O vacancy.

Figure 4.22 The typical PL spectra measured at 10 K for the samples grown at

315oC and 575oC.

Figure 4.23 The PL spectra of the sample grown at 315oC and those measured after

thermal annealing in N2 atmosphere at 700oC for 10 min and 20 min.
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Figure 4.24 The PL spectra of the sample grown at 315oC, and that measured after

thermal annealing in O2 atmosphere at 600oC for 5 min.

The near-band-edge emission spectra of the ZnO film grown at 575oC and that

annealed in O2 atmosphere at 1000oC for 10 min are shown in Figure 4.25. The

intensity of the peak at 3.358 eV increases dramatically upon annealing in O2

atmosphere at 1000oC for 10 min.

Figure 4.25 The PL spectra around band edge for as-grown and annealed samples.

The annealing is performed in O2 at 1000oC for 10 min.

The green-yellow emission band appears at around 2.3 eV in all the grown

ZnO films. The intensity depends on the growth temperature. It increases when the

growth temperature is lowered. The PL spectrum grown at 575oC is shown in
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Figure 4.26. The intensity of this emission band drastically drops after annealing at

1000oC for 10 min. While the intensity of the emission peak at 3.358 eV increases

with this annealing process as shown in Figure 4.25, the concentration of nonradiative

recombination center probably decreases. On the other hand, the electron

concentration increases with annealing time at 1000oC. Therefore, it can be referred

that the 10 min of annealing at 1000oC in O2 atmosphere reduces the defect centers

due to the emission band around 2.3 eV, as well as nonradiative recombination center.

Also, it makes the O vacancy increase. Furthermore, the defect centers related to the

2.3 eV emission cannot be caused by the O vacancy.

Figure 4.26 The PL spectra at around 2.3 eV for as-grown and annealed samples.

The annealing is performed in O2 at 1000oC for 10 min.

The ZnO films grown at 575oC are also annealed in N2 atmosphere at 700oC

for 5 min. The PL spectra at around 2.3 eV for as-grown and annealed samples are

shown in Figure 4.27. The peak at around 2.3 eV almost disappears after annealing.

The PL spectra at around 2.3 eV of ZnO films grown at 575oC under different Zn

fluxes are shown in Figure 4.28. The PL intensity increases when the Zn flux intensity

during growth increases. The sample with Zn BEP of 5.2×10-6 Torr may have more

excess Zn atoms on the growing surface, compared to the sample with Zn BEP of

1.7×10-6 Torr. The PL intensity of the peak around 2.3 eV increases with Zn flux, also

observed in the samples with the growth temperature of 435oC. This indicates that the

PL emission at around 2.3 eV is probably related to the interstitial Zn.
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Figure 4.27 The PL spectra at around 2.3 eV for as-grown and annealed samples.

The annealing is performed in N2 at 700oC for 5 min.

Figure 4.28 The PL spectra at around 2.3 eV for ZnO films grown at 575oC under

different Zn fluxes.

As mentioned in this chapter that Si and Al2O3 are good substrates for high

quality ZnO film. However, in order to apply the ZnO optical devices into wide -area

devices such as solar cells and TFTs, the previous mentioned substrates are not as

good as glass in terms of cost and size with the commercial availability. Then, the
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next chapter is provided the study of ZnO film deposited on amorphous glass

substrate. The ZnO films grown on glass, however, suffer from high density of cracks

because of the large mismatch in thermal expansion coefficients between ZnO and

quartz glass.



CHAPTER V

ZnO FILM ON GLASS SUBSTRATE

The experimental results on the ZnO growth on amorphous quartz glass

substrate are shown in this chapter. By using RHEED observation, we can in situ

monitor the crystal quality improvement of ZnO layer formation and by using optical

microscopy, Field Emission-Scanning Electron Microscope (FE-SEM) and atomic

force microscopy (AFM), the surface morphology after growth including the layer

thickness can be investigated. The structural property of the samples can be

characterized by X-ray diffraction measurement (XRD). The energy band gap can be

estimated by absorption spectroscopy. Finally, with photoluminescence (PL) and Hall

measurement, the optical and electrical properties of ZnO film can be investigated,

respectively.

5.1 Growth Parameter Optimization

According to the previous study, three main parameters during ZnO growth,

which are composed of growth temperature, Zn flux and oxygen flow rate, that effect

to the structural, optical and electrical properties of ZnO are optimized as the

following.

5.1.1 Growth Temperature

To reach the good crystal quality, ZnO layer has been grown by varying the

growth temperature in order to seek the suitable heating condition. By In-Situ RHEED

observation during growth, the sharp streaky pattern of ZnO grown on sapphire

around 500oC is shown in Figure 5.1 (b). This pattern is clearer compared to the

samples with higher and lower growth temperature as shown in Figure 5.1 (a) and (c).

With other results such as surface morphology, structural and optical properties

mentioned in the following sections, the growth temperature between 500 oC and   
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550 oC gives the better quality; however, there is no noticeable difference. Therefore,

the growth temperature used in this work is around 530oC.

(a) (b) (c)

Figure 5.1 RHEED pattern of ZnO grown on sapphire (a) at 450oC (b) at 500oC (c)

at 550oC.

5.1.2 Zn flux and Oxygen Quantity with Growth Rate

The big problems for the crystal quality of ZnO film are interstitial Zn and

oxygen vacancy, which play important roles in the electrical property. Then, undoped

and p-type ZnO are still a big problem to apply for the optoelectronic devices. The

parameter, which directly effect is certainly Zn quantity. To control the growth mode,

Zn-rich or O-rich mode, Zn Beam equivalent pressure (BEP) and oxygen volume are

the main factor. In this research, oxygen volume is fixed. Then, only Zn flux is varied.

In the case of Zn-rich condition, interstitial Zn easily happens whereas if oxygen

quantity is too high, it is possible to have Zn vacancy. The suitable condition is a

stoichiometric condition that the ratio of Zn and oxygen is nearly or equal to 1. The

relation between ZnO growth rate on glass substrate and Zn BEP to decide the growth

mode is shown in Figure 5.2. In the case of ZnO film grown on sapphire also show

the similar result. The suitable Zn flux condition is around 4.5×10-6 Torr. Furthermore,

the result of ZnO film on sapphire substrate with various Zn BEP due to some

measurements also shows the improvement of the characteristic of the ZnO film

around this region. The comparison of XRD and Hall measurement results, relating to

the structural and electrical properties of ZnO film, are as shown in Figure 5.3 and 5.4, 

respectively. With the data as shown in Figure 5.3 due to the ZnO structural property,

Zn BEP of 4×10-6 Torr offers the lowest FWHM compared to other positions,
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implying the better orientation of the crystal structure. Furthermore, the quantities of

Zn and oxygen impact directly to the electrical property of ZnO as mentioned above.

Then, Hall mobility and carrier concentration are important to express the electrical

property. As shown in Figure 5.4, Zn BEP of 4×10-6 Torr offers the highest Hall

mobility and the lowest carrier concentration of undoped ZnO, however, the film still

shows n-type conductivity. According to the results, the appropriate Zn BEP is around

4×10-6 Torr in a little O-rich growth mode. During the varying of Zn BEP, oxygen

volume is kept constant at 1.07 sccm. It is not necessary to adjust oxygen quantity due

to the match of Zn BEP at the fixed oxygen of 1.07 sccm. Therefore, Zn BEP and

oxygen quantity in this work are kept constant at 4×10-6 Torr and 1.07 sccm,

respectively.
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Figure 5.3 FWHM of ZnO film grown on sapphire substrate by XRD 2θ-ω scan

with various Zn BEP.
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5.2 Growth Procedure

The detailed steps for sample preparation are as follows. First, a 2×2-cm2-

glass substrate surface is clean by chemical solution. The substrate is soaked in de-ion

(DI) water, and then put in IPA and ethanol with ultrasonic for 10 min, respectively.

The substrate is next soaked in DI water again. Finally, Nitrogen gas is blown to dry

the substrate. The substrate is then mounted onto a molybdenum block by In

attachment. Then, the substrate is inserted into the MBE chamber. Before growth, the

sample is heated to decontaminate the substrate surface from water (H2O) at 790°C by

pyrometer for 30 min. The RHEED pattern shows hallo pattern due to amorphous

substrate. After the desorption at 790°C, the substrate is cooled down to anneal at

680°C for 10 min in oxygen ambient with oxygen flow rate of 0.89 sccm for the

oxygen polar before ramping down the substrate temperature to ZnO growth

temperature of 530°C. Then, the approximately 800-nm ZnO layer is grown with the

growth rate of 7 nm/min by applying oxygen plasma with oxygen flow rate of 1.07

sccm and Zn BEP of 4.0×10-6 Torr. The schematic of the sample structure grown in

this work is shown in Figure 5.5. 

Figure 5.5 Schematic diagram of the sample structure grown in this work. 

The growth conditions are given in the text.
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5.3 In Situ RHEED Observation

RHEED patterns during the ZnO growth on amorphous glass substrate are

shown in Figure 5.6(a), (b) and (c), respectively. Before ZnO growth, RHEED pattern

shows hallo pattern due to the amorphous substrate. Then, the hallo keeps remaining

around the very beginning of ZnO growth (around 10 nm), which implies the

amorphous structure of the beginning ZnO layer. However, RHEED pattern develops

to ring pattern and finally fixed spotty pattern. That means the crystal quality changes

from amorphous to polycrystalline. During the growth of ZnO layer, the intensity

signal gradually increases. Anyway, no significant difference of the intensity can be

observed.

(a) (b) (c)

Figure 5.6 (a) RHEED pattern before ZnO growth (hallo pattern),

(b) RHEED pattern after 10-nm ZnO growth (ring pattern),

(c) RHEED pattern after 800-nm ZnO growth (fixed-spotty pattern).
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5.4 Surface Morphology

After In Situ observation by RHEED during growth, surface morphology of

samples is observed by optical microscopy as shown in Figure 5.7. A high density of

cracks can be easily observed. Regardless of the substrate temperature as well as the

ramp rate of the substrate temperature after growth, surface cracks still appear. The

origin of surface crack problem is the difference in the thermal expansion coefficients

between ZnO (4.75×10-6 K-1) and quartz substrate (5.5×10-7 K-1). Tensile strain from

the substrate affects the ZnO layer while the substrate is cooled down to room

temperature after growth, which results in the formation of cracks as occur in the

same condition of Si substrate (2.56×10-6 K-1). Therefore, the buffer layer seems to be

one of the good method to alleviate this crack problem, which the details will be

mentioned in chapter 5.  

Furthermore, the surface of the sample and also the thickness are investigated

by FE-SEM. The messy surface cracks can also be clearly observed as shown in

Figure 5.8. Also, AFM is used to characterize the important data of the surface such

as the RMS as shown in Figure 5.9 (a) and (b). The RMS value of ZnO film is 15.905

nm. The smaller RMS value, the better film surface is. For ZnO on other crystalline

substrate such as sapphire (Al2O3) and silicon (Si), the RMS value is less than 10 nm.

However, because the interface ZnO layer is amorphous, the tendency of the poorer

surface quality of ZnO on glass substrate is higher than those of the crystalline

substrate. To improve the morphology, the growth mechanism have to be managed by,

as mentioned in the previous paragraph, the buffer layer.

Figure 5.7 Surface morphology of undoped ZnO film grown on glass substrate

without buffer layer.

1 mm
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Figure 5.8 Surface investigation by FE-SEM.

(a) (b)

Figure 5.9 5×5 µm2 AFM images of undoped ZnO surface. (a) Surface roughness

analysis (b) 3D image.
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5.5 Structural Property

The crystal orientation of the as-grown films can be investigated using 2θ-ω

scan and pole figure of XRD. The results are shown in Figure 5.10 (a) and (b). The

ZnO (0002) peak at 34.42 degree appears in Figure 5.10 (a) indicating the c-

orientation ZnO. Whereas Figure 5.10 (b) indicates the structure of the ZnO film with

the grains having the same crystallographic axis (0002) parallel to the substrate

surface normal, but having random rotational orientations about that axis.

27 29 31 33 35 37 39 41

(a)

(b)

Figure 5.10 (a) XRD spectral: 2θ-ω scan of ZnO film without buffer layer (b) XRD

spectral: pole figure of ZnO film without buffer layer.

2θ-ω scan

ZnO (0002)
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5.6 Optical Property

The interest of ZnO recently increases because of the outstanding optical

property. Then, this characteristic is very important for the optoelectronic application.

In this work, the optical property of ZnO film is measured by Absorption

spectrometry and typical near-band-edge PL measurement.

To investigate the band gap of ZnO film at room temperature, the

measurement method is as explained in the last chapter. The estimated band gap

energy at room temperature of undoped ZnO grown on glass substrate is 3.209 eV as

shown in Figure 5.11. This measurement is also necessary to observe the tensile-

compressive strain within the film due to the different structural property between

ZnO film and glass substrate. The details will be provided in the chapter 6.

Furthermore, the emission property is observed. The PL spectral response is

shown in Figure 5.12. The emission lines located around 3.358 eV and 3.368 eV

dominate the spectrum. The emission peaks at 3.358 eV and 3.368 eV are donor-

bound exciton related to the oxygen vacancy and ionized donor-bound exciton,

respectively. A shoulder peak at 3.375 eV is attributed to the free exciton emission

with A-valence band. The lattice mismatch-induced inhomogeneous strain distribution

results in a Stokes shift of < 5 meV. However, the PL intensity of ZnO film grown on

glass substrate is much lower than (0.01 time) that grown on sapphire and Si

substrates. This is probably caused by ZnO crystal quality. The crystal quality of ZnO

film grown on amorphous glass substrate is worse than those on single crystal

substrate. To improve this optical property, the crystal quality including the reduction

of the carrier trap should be decreased. To increase the thickness of the ZnO film may

be a good idea to improve the crystal quality due to the strain relaxation. In this work,

even though the ZnO film thickness is thicker (~ 1 µm), the PL intensity does not

obviously improve. The emission peak and other results are similar to the thinner ZnO

one. Then, to grow thicker ZnO film may be not a good idea to improve the film

quality.
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Figure 5.11 Energy band gap estimation measured at room temperature of undoped

ZnO film grown on glass substrate.
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Figure 5.12 PL spectral response measured at 10 K of undoped ZnO film grown on

glass substrate.
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5.7 Electrical Property

Due to a high density of cracks clearly observed as shown in Section 5.4, the

carrier concentration and Hall mobility cannot be observed because applied current

cannot flow between poles via van der Pauw method. To investigate the

characteristics including device application, this crack problem has to be solved.
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5.8 Nitrogen Doped Effect

According to a promising material for optoelectronic applications in the blue

and ultraviolet regions, both n-type and p-type ZnO are very important to achieve this

purpose. For ZnO, n-type conductivity is relatively easy to realize via excess Zn or

with Al, Ga or In doping. However, with respect to p-type doping, ZnO displays

significant resistance to the formation of shallow acceptor levels. Difficulty in

achieving bipolar (n- and p-type) doping in a wide band gap material is not unusual.

The most promising dopants for p-type ZnO are the group-V elements,

although theory suggests some difficulty in achieving shallow acceptor states. There

have been several reports suggesting acceptor doping levels with group-V substitution.

Most efforts on p-type doping of ZnO have focused on nitrogen doping. Therefore,

we have studied the nitrogen doped effect due to the reason mentioned above.

However, the investigated results with varying nitrogen gas show no sign of p-type

ZnO. The details will be shown later. Anyway, a high density of cracks disappears.

Then, we can solve the surface crack problem by this method. Also, the quality of

ZnO film had better be improved. However, only crack problem can be arranged. The

other properties show no significant difference as the following results.

5.8.1 Growth Procedure

All the growth parameters are kept the same as the case of undoped ZnO film

grown on glass substrate excluding nitrogen quantity. Nitrogen plasma is generated

and applied only during ZnO film growth. The quantity of nitrogen gas is also

controlled by MFC, as that of oxygen, and varied from 0.1 to 0.5 sccm. The ZnO

growth procedure, such as annealing process including cooling process, is also the

same as explained in 5.2. The only different process is ZnO layer growth process.

Before N-doped ZnO film growth, N2 and O2 gas are mixed and flow into the RF cell

to generate N-plasma and O-plasma.
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5.8.2 In Situ RHEED Observation

RHEED patterns during the N-doped ZnO growth with 0.1 sccm N2 on

amorphous glass substrate are shown in Figure 5.13 (a), (b) and (c), respectively.

Before ZnO growth, RHEED pattern shows certainly hallo pattern due to the

amorphous substrate. Then, the hallo keeps remaining around the very beginning of

ZnO growth, which implies the amorphous structure of the beginning ZnO layer.

However, RHEED pattern develops to ring pattern and finally fixed spotty pattern.

That means the crystal quality changes from amorphous to polycrystalline. When

nitrogen quantity increases, RHEED pattern changes. The samples with 0.1 and 0.3

sccm N2 show similar improvement by RHEED observation, but the sample with 0.5

sccm N2 shows a little difference around the end of the ZnO growth. RHEED pattern

of the sample with 0.1 sccm N2 changes from hallo to ring pattern around 10 nm of

ZnO thickness, whereas those of the sample with 0.3 and 0.5 sccm N2 change around

20 nm of ZnO thickness. Furthermore, the sample with 0.5 sccm N2 still shows poor

ring RHEED pattern at the end of 2-hour ZnO growth as shown in Figure 5.14 (a) and

(b).  Then, when N2 quantity is too high, the crystal quality of the sample gets poorer.

Even the sample with 0.5 sccm N2 was grown longer to let the chance of RHEED

development, the ring pattern still keeps a little improvement to ring-to spot pattern as

shown in Figure 5.14 (c).   

(a) (b) (c)

Figure 5.13  (a) RHEED pattern before ZnO with 0.1 sccm N2 growth (hallo

pattern),

(b) RHEED pattern after 10-nm ZnO growth (ring pattern),

(c) RHEED pattern after 600-nm ZnO growth (fixed-spotty pattern).
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Figure 5.14 (a) RHEED pattern after 20-nm ZnO with 0.5 sccm N2 growth (ring

pattern),

(b) RHEED pattern after 600-nm ZnO growth (ring pattern),

(c) RHEED pattern after 900-nm ZnO growth (ring-to-spot pattern).

5.8.3 Surface Morphology

After ZnO growth, surface morphology of samples is observed by optical

microscopy and FE-SEM. No cracks can be observed by both measurements. Surface

morphology of the samples with 0, 0.3 and 0.5 sccm N2 observed by FE-SEM is

shown in Figure 5.15 (a), (b) and (c), respectively. The grain size decreases when N2

quantity increases.

Figure 5.15  Surface morphology of ZnO film grown on glass substrate with N2

(a) 0 sccm (b) 0.3 sccm (c) 0.5 sccm.

Furthermore, the thickness of the sample is investigated by FE-SEM. Then,

the growth rate of ZnO is shown in Figure 5.16. Due to the growth rate graph, ZnO

growth rate reduces when N2 quantity increases. N2 might dilute the oxygen plasma

not to bind with Zn flux and hinder ZnO growth instead of doping as expected,
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however, we need some measurements to confirm that Nitrogen can be doped into

ZnO layer, which the detail will be shown later.

AFM is used to characterize the important data of the surface such as the RMS.

The RMS of the samples with N2 doping is between 20 to 30 nm, higher value than

ZnO without N2. There is no relation between N2 quantity and RMS. Consequently,

the surface morphology gets worse when N2 is applied.
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Figure 5.16 Growth rate of ZnO film grown on glass substrate with various N2

quantities.

5.8.4 Structural Property

The crystal orientation is investigated by 2θ-ω scan of XRD. The results of

ZnO films with 0, 0.1, 0.3 and 0.5 N2 are shown in Figure 5.17. The ZnO (0002) peak

at 34.42 degree appeares in all samples also indicating the c-orientation ZnO. The

highest intensity of (0002) peak was from the sample without nitrogen. The intensity

of ZnO (0002) peak of XRD 2θ-ω scan decreases when N2 quantity increases as

shown in Figure 5.18. The intensity of ZnO with 0.5 N2 is a little lower compared to

that of the sample with 0.3 sccm. Due to the result shown in Figure 5.18, when N2
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Figure 5.18 XRD 2θ-ω scan spectral response of ZnO film with N2 flow rate of 0,

0.1, 0.3 and 0.5 sccm.

5.8.5 Optical Property

The emission property is observed especially to investigate a shallow acceptor

level due to the p-type ZnO requirement. The PL spectral response is shown in  

Figure 5.19 (a) and (b). The emission lines located around 3.358 eV and 3.368 eV

dominate the spectrum, the same as ZnO without N2 doping, as shown in           

Figure 5.19 (a). The detail of both emission peaks at 3.358 eV and 3.368 eV are

mentioned above. Anyway, a shoulder peak at 3.375 eV, related to the free exciton

emission with A-valence band, cannot be observed. The PL spectral responses

including the PL intensity of all the samples are pretty the same. There is no

obviously change, implying no improvement of optical property of ZnO film even N2

is applied. Moreover, no new PL peak, expected to relate to the shallow acceptor level

of nitrogen, cannot be investigated as shown in Figure 5.19 (b). This may imply that

nitrogen might not be doped into ZnO film. To confirm about nitrogen impurity in

ZnO film, another measurement is needed.
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Figure 5.19 (a) PL spectral response around main peaks measured at 10 K of ZnO

film with 0.3 sccm N2 grown on glass substrate (b) PL spectral

response in wide range of the same sample measured at 10 K.

5.8.6 Impurity Measurement

According to p-type ZnO requirement, nitrogen is applied to be the shallow

acceptor level in ZnO film. X-ray Photoelectron Spectroscopy (XPS) is one of the

methods for impurity investigation. The samples with nitrogen doping are measured

and the results are shown in Figure 5.20. No sign of nitrogen peak appears which

means no nitrogen in ZnO film.

5.8.7 Electrical Property

Due to the samples without crack as mentioned above, the carrier

concentration and Hall mobility of all samples with nitrogen adding can be
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investigated via van der Pauw method. Due to XPS result, nitrogen cannot be doped

into ZnO film. The electrical characteristics of all grown ZnO films in this condition

exhibit n-type conductivity in the range of 1017 and 1018 cm-3. All these samples,

however, show pretty low electron mobility (5 cm2 /V-s). The observed resistivities

are in the range of 103-105 Ωcm.

(a)
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(b)

Figure 5.20 XPS result of ZnO film with 0.3 sccm applied nitrogen (a) all material

in the film (b) Zn, O, N and C components.

Then, the next chapter provides another method, buffer layer application, that

relieves the surface crack problem because of the ineffective method explained in this

chapter, nitrogen doping. MgO buffer layer is proposed to make the improvement of

the ZnO film grown on glass substrate.



CHAPTER VI

MgO BUFFER LAYER EFFECT

To handle the surface crack problem as mentioned in chapter 5, a method of

an applied MgO buffer layer is presented in this chapter. ZnO films grown directly on

glass substrates, however, result in a high density of cracks due to the thermal

expansion coefficient mismatch between ZnO film and the quartz glass substrate as

mentioned in Chapter 5. Therefore, a buffer layer between the ZnO layer and the glass

substrate may be a possible method of preventing cracks. To select the proper buffer

layer for this purpose, the buffer material should be from II-VI compounds to avoid

impurity problems. Furthermore, the correct thermal expansion coefficient of the

buffer layer is also necessary to solve this problem since it is the tensile strain from

the glass substrate affecting the ZnO films that results in many cracks. The

compressive stress of the ZnO film, a consequence of  the buffer-layer insertion, must

then balance this tensile strain in ZnO films. When the material selected for use as a

buffer layer has a thermal expansion coefficient smaller than those of both ZnO and

the glass, tensile strain, even though compressive stress is generated, will appear at

the interface between the buffer layer and ZnO and may lead to the appearance of

some cracks. With a buffer material with a thermal expansion coefficient lying

between those of ZnO and glass, only tensile strain will remain, but it will be lower

than that without a buffer layer. Thus, the required buffer layer should have a higher

thermal coefficient than both ZnO and the quartz glass substrate. MgO is one of the

best choices using these selection rules.

The MgO buffer layer is applied with varying its thickness before growing

ZnO film. Owing to MgO buffer layer, crack problem can be controlled. The

structural property including surface morphology shows noticeable difference. The

optical property shows significant improvement. Anyway, the electrical property still

keeps unchanged with n-type conductivity as the following results.
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6.1 Growth Procedure

The detailed steps for sample preparation are as follows. First, a 2×2-cm2-

glass substrate surface is clean by chemical solution, the same procedure as

mentioned in chapter 5. The substrate is then mounted onto a molybdenum block by

In attachment. Next, the substrate is inserted into the MBE chamber. Before growth,

the sample is heated to decontaminate the substrate surface from water (H2O) at

790°C by pyrometer for 30 min. The RHEED pattern shows hallo pattern due to

amorphous substrate. After the desorption at 790°C, the substrate is cooled down and

MgO buffer layer is grown at 450°C with applying oxygen plasma with oxygen flow

rate of 0.89 sccm and Mg BEP of 1.2×10-6 Torr to adjust the interface stress and

flatten the surface. The MgO growth rate is around 11 nm/min. The ring RHEED

pattern is continuously observed since the growth of this buffer layer started. The ring

pattern becomes clearer during the proceeding of the growth. After the buffer layer

growth, the substrate temperature is increased to anneal the buffer layer at 680°C for

10 min in oxygen ambient with oxygen flow rate of 0.89 sccm for the surface

improvement before ramping down the substrate temperature to ZnO growth

temperature of 530°C. Then, the approximately 800-nm ZnO layer is grown with the

growth rate of 7 nm/min by applying oxygen plasma with oxygen flow rate of 1.07

sccm and Zn BEP of 4.0×10-6 Torr. For all samples, the growth temperature is fixed at

530°C, other parameters also unchange. Only MgO buffer layer thickness is varied.

Schematic diagram of the sample structure grown in this work is shown in Figure 6.1.

The samples with varying MgO buffer layer thickness are composed of 0, 100, 120,

130, 145, 170, 240 and 300 nm by changing the MgO growth period, keeping other

parameters constant.



88

Figure 6.1 Schematic diagram of the sample structure grown in this work. 

The growth conditions are given in the text.

Furthermore, oxygen annealing after MgO buffer layer growth is studied. This

procedure is performed before the ZnO film growth with oxygen annealing to

improve the initial stage of ZnO film. Then, the sample without oxygen annealing and

the other with oxygen annealing are grown and investigated the result. Most of all

results including the RMS of AFM are not sufficiently different, however, the PL

intensity of the sample with oxygen annealing is higher than the other one without

oxygen annealing as shown in Figure 6.2. Consequently, the oxygen annealing

procedure should be applied before the ZnO film growth; however, the annealing

period is also important. We have observed the samples with short (10 min) and long

(40 min) oxygen annealing periods. The RHEED patterns are not obviously different.

However, the AFM and PL results become worse with the long annealing time. The

RMS value of the long oxygen annealed sample is 26.917 nm, 2 times higher than the

short annealed one (13.025 nm). Moreover, the dominant emission peaks at 3.358 eV

and 3.368 eV, owing to the donor-bound exciton and ionized donor-bound exciton,

disappear. Also, other donor-bound excitons around 3.3 eV disappear. The deep level

emission near 2.9 eV emerges in place, implying the poorer quality the film is. The

PL spectra of the samples with short and long period oxygen annealing are shown in

Figure 6.3. 

The surface morphology investigated by FE-SEM is also different. With 10-

min oxygen-annealed buffer layer, the dot-like surface is clearly observed, whereas

the sample with long period oxygen-annealed buffer layer shows totally different as

shown in Figure 6.4 (a) and (b), respectively. This may relate to the optical property,

which will be discussed later.
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20nm MgO with oxygen annealing 20nm MgO without oxygen annealing

Figure 6.2 Comparison of PL spectra of the ZnO films with oxygen annealing and

without oxygen annealing after 20-nm MgO buffer layer growth.
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145-nm MgO with 40-min oxygen annealing 145-nm MgO with 10-min oxygen annealing

Figure 6.3 Comparison of PL spectra of the ZnO films with 10-min and 40-min

oxygen annealing after 145-nm MgO buffer layer growth.

According to the above results, the oxygen annealing procedure after the MgO

buffer layer growth is necessary to improve the thin film property. However, long
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period anneal makes the property of the film poorer. Therefore, the 10-min oxygen

annealing process is essential for the better quality.

(a) (b)

Figure 6.4 Surface morphology by 100,000-time FE-SEM as a function of the

oxygen annealing period of 145-nm MgO buffer layer: (a) 10 min

(b) 40 min.
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6.2 In Situ RHEED Observation

The surface of all samples during the growth is in situ observed by RHEED.

The starting pattern before the growth of both MgO and ZnO layers is hallo pattern of

glass substrate as usual. Anyway, the ring pattern easily appears from the very

beginning of the MgO growth. Then, the ring pattern becomes clear during growth

and finally changes into ring-to-spot pattern. The fixed pattern emerges during the

growth for all samples. This may imply that very thin MgO layer is disorderly

amorphous, whereas the structure of most MgO buffer layer and a whole ZnO are

polycrystalline. RHEED patterns during growth of ZnO with 20-nm MgO buffer layer

grown on glass substrate are shown in Figure 6.5. Also, the different result due to

various MgO buffer layer thicknesses can be noticed. When MgO buffer layer

thickness changes, RHEED pattern development including the final pattern are also

different, which mean the structural development might be different. RHEED patterns

after ZnO growth of all samples are shown in Figure 6.6. Without MgO buffer layer,

RHEED pattern shows fixed spotty pattern as mentioned in chapter 5. The samples

with MgO buffer layer, however, shows the fixed ring-to-spot patterns. Among these

samples, the RHEED patterns of 130-nm, 145-nm and 170-nm MgO buffer layer

samples, as shown in Figure 6.6 (e)-(g), look nearly ring pattern indicating the higher

disorder of the crystal quality.

(a) (b) (c)

Figure 6.5 (a) RHEED pattern of MgO buffer layer growth start (ring pattern),

(b) RHEED pattern of 10-nm ZnO growth (ring pattern),

(c) RHEED pattern of 800-nm ZnO growth (fixed-spotty pattern).



92

6.3 Surface Morphology

Surface morphology of samples is observed by optical microscopy and FE-

SEM after growth. With the thin MgO buffer layer (< 170 nm), no cracks can be

observed by both measurements. Whereas the crack can be easily observed on the

surface of the samples with thick MgO buffer layer (≥170 nm), however, low density

of crack-compared to the sample without buffer layer. This means the samples with

MgO buffer layer may create some mechanism to alleviate the crack problem. The

ZnO surface images of the samples without MgO buffer layer, with a thin 145-nm

MgO and with a thick 170-nm MgO observed by optical microscope are shown in

Figure 6.7 (a), (b) and (c), respectively. The surface morphology of the samples

without MgO buffer layer, with a thin 145-nm MgO and with a thick 300-nm MgO

investigated by FE-SEM is shown in Figure 6.8 (a), (b) and (c), respectively. We can

notice that the grain size and surface feature of the samples also change when MgO

buffer layer thickness change.

Figure 6.6 RHEED patterns of the ZnO films as a function of the MgO buffer

layer thickness: (a) 0 nm (b) 20 nm (c) 100 nm (d) 120 nm (e) 130 nm             

(f) 145 nm (g) 170 nm (h) 240 nm and (i) 300 nm.

(f)(d)

(a) (b) (c)

(g) (h) (i)

(e)
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(a) (b) (c)

Figure 6.7 ZnO surface images by optical microscope: (a) without MgO buffer

layer (b) 145-nm MgO buffer layer (c) 170-nm MgO buffer layer.

(a) (b) (c)

Figure 6.8 Surface morphology by 100,000-time FE-SEM as a function of the

MgO buffer layer thickness: (a) 0 nm (b) 145 nm (c) 300 nm.

The surface morphology of the samples without MgO buffer layer and with

MgO buffer layer thinner than 130 nm looks similar as shown in Figure 6.8 (a). With  

130-nm, 145-nm and 170-nm buffer layers, the surface looks like dot combination as

shown in Figure 6.8 (b). The other samples with MgO layer thicker than 170 nm, as

shown in Figure 6.8 (c), show rough surface morphology without dot-like. This

phenomenon may relate to the compressive-tensile stress balance by applying the

various MgO buffer layer thicknesses. Without MgO buffer layer, only tensile strain

at the interface, caused by the mismatch of thermal expansion coefficients between

the ZnO film and the glass substrate as mentioned in chapter 5, affects the ZnO layer

and causes a high density of cracks. When MgO layer thinner than 130 nm is grown

on the substrate prior to the ZnO film growth, the compressive stress at the interface

of MgO and ZnO is equal to or a little higher than the tensile strain from the substrate.

Hence, no crack appears. In the condition of medium MgO buffer layer thickness

(130 nm ≤ MgO thickness ≤170 nm), the compressive stress is then comparatively

higher than the tensile strain, which effects to the morphology with dot-like surface to
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reduce some stress. However, when MgO buffer layer is very thick (> 170 nm), the

compressive stress is much less than the strain from the substrate, which causes the

appearance of few cracks. We may refer that the compressive stress related to

Stoney’s equation is reduced by the partly stress relaxation in the dislocation form.

Furthermore, the thickness of the sample was investigated by FE-SEM. The

ZnO growth rate after 2-hour growth is shown in Figure 6.9.We can notice that the

growth rate of the sample with dot-like surface show lower growth rate. There will be

some mechanism influence the sample during growth such as the crystal structure or

the polarity of the structure. To find out the root cause, some new measurements are

needed due to the amorphous substrate and polycrystal ZnO layer.
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Figure 6.9 Relation of ZnO growth rate and MgO buffer layer thickness grown on

glass substrate.

AFM is used to characterize the important data of the surface such as RMS.

The AFM result of the sample with 130-nm MgO buffer layer thickness showed small

dot combination as shown in Figure 6.10. Also, the relation between RMS of the

samples and the thickness of the MgO buffer layer is shown in Figure 6.11. The RMS

value increased with the thickness of MgO buffer layer. We can notice that the RMS

value of the samples with dot-like surface is pretty low compared to the trend of the

relation.
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Figure 6.10 5×5 µm2 AFM images of ZnO surface with 130-nm MgO buffer layer.

(a) Surface roughness analysis (b) 3D image.
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Figure 6.11 RMS value of surface roughness of the samples with various MgO

buffer layer thickness.
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6.4 Structural Property

Also, the crystal orientation of all samples is investigated by 2θ-ω scan and

pole figure of XRD. The results of ZnO films can be separated in 2 groups. The first

group is composed of the sample without buffer layer and the samples with MgO

buffer layer thinner than 130-nm, MgO < 130 nm, including the samples with MgO

buffer layer thicker than 170-nm, MgO > 170 nm, (normal surface group). The other

group is composed of the samples with MgO buffer layer from 130-nm to 170-nm,

130 nm ≤ MgO ≤ 170 nm, (dot-like surface group). The 2θ-ω scan XRD results of

both group are shown in Figure 6.12. The ZnO (0002) peak appears in all the samples

of the normal surface group indicating the c-orientation. On the other hand, all

samples with dot-like morphology (dot-like surface group) show no appearance of the

(0002) peak indicating no c-orientation with small grain size. The pole figures of c-

axis oriented ZnO films deposited on glass substrates with the 120-nm and 145-nm

MgO buffer layers are also shown in Figure 6.13 (a) and (b), respectively.

Figure 6.13(a) indicates the structure of the ZnO film with the grains having the same

crystallographic axis (0002) parallel to the substrate surface normal, but having

random rotational orientations about that axis. On the other hand, Figure 6.13 (b)

indicates the microstructure of the film without c-orientation, but only random

rotational-oriented grains.

Furthermore, the intensity of 2θ-ω scan XRD of ZnO in normal surface group

decreases when MgO buffer layer thickness increases as shown in Figure 6.14. The

highest intensity result comes from the ZnO film without MgO buffer layer. This may

imply that the sample surface in the normal surface group becomes worse when MgO

buffer layer is applied thicker which we can notice from the RMS result of AFM in

Figure 6.11 due to the compressive and tensile strain which accumulated more with

MgO buffer layer thickness.
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Figure 6.12 XRD 2θ-ω scan spectral response of ZnO film with 120-nm MgO

buffer layer (normal surface group) and with 145-nm MgO buffer layer

(dot-like surface group).

Figure 6.13 XRD pole figure spectral response of ZnO film with 120-nm MgO

buffer layer (normal surface group) and with 145-nm MgO buffer layer

(dot-like surface group).
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Figure 6.14 Intensity of 2θ-ω scan spectral response of ZnO film with various

MgO buffer layer thicknesses in normal surface group.
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6.5 Optical Property

All the ZnO thin films are observed by PL measurement to investigate the

optical property of the films influenced by MgO buffer layer. The PL spectra of the

annealed MgO buffer layer samples with various buffer layer thicknesses are shown

in Figure 6.15 (a). The inset of Figure 6.15 (a) also showes PL spectra of three

samples, which are the samples without the buffer layer, with a thin (20 nm) buffer

layer, and with a thick (300 nm) buffer layer. The typical near-band-edge PL

measurement indicates that the PL intensity of these three samples is pretty weak,

compared to the other samples. The minimum intensity of PL spectra is from the

sample without the MgO buffer layer. The emission lines located at 3.358 eV and

3.368 eV dominate the spectrum in all samples. The emission peaks at 3.358 eV and

3.368 eV are donor-bound exciton related to the oxygen vacancy and ionized donor-

bound exciton, respectively. A shoulder peak at 3.375 eV is attributed to the free

exciton emission with A-valence band. The lattice mismatch-induced inhomogeneous

strain distribution results in a Stokes shift of less than 5 meV. Figure 6.15 (b) shows

the relationship of the PL intensity of both dominant emission peaks with the different

MgO buffer layer thickness. The PL intensity of donor-bound exciton emissions

increases with the buffer layer thickness until it reaches the optimum value of

approximately 150 nm with the strongest PL intensity among all the samples. Then,

the PL intensity starts decreasing when the MgO thickness exceeds 170 nm including

few-crack appearance presumably caused by the relatively poor crystalline quality as

shown in Figure 6.7 and Figure 6.8. Therefore, the optimum buffer layer thickness

probably lies around 150 nm. It should be pointed out that the decrease of PL intensity

and the formation of surface cracks occurr at the same MgO buffer layer thickness.

However, the PL intensity of the samples with the dot-like surface is much higher

than those of the others implying this smaller grain size may cause the band bending

and partly carrier confinement with piezoelectric field effect, which likely leads to the

emission intensity stronger than that of c-oriented crystalline ZnO.

Figure 6.16 shows the comparison of the results of the RMS result by AFM

and PL intensity of both dominant peaks of all samples with MgO buffer layer

thickness. We can notice that the samples with the dot-like surface exhibited the

smoother surface and emission-property improvement.
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Figure 6.15 (a) PL spectra of the annealed MgO buffer layer samples with various

buffer layer thicknesses. (b) Relationship of the PL intensity of

emission peaks at 3.358 eV and 3.368 eV.

To investigate the influence of MgO buffer layer to the band gap of ZnO film,

the absorption coefficient of samples is measured at room temperature. The

measurement method is explained in chapter 3. The absorption coefficient spectral,

which used to estimate band gap energy at room temperature of undoped ZnO grown
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on glass substrate with various MgO buffer layer thicknesses, is shown in Figure 6.17. 

Also, Figure 6.18 shows the estimated energy band gap of ZnO thin films with several

MgO buffer layer thicknesses. This result can imply to the tensile-compressive strain

within the film due to the different structural property between ZnO film and glass

substrate.

With the estimated energy band gap of ZnO thin films in Figure 6.18, we can

easily separate the trend of the ZnO band gap into 3 groups. The first group of the

samples with MgO buffer layer thinner than 130 nm shows narrow energy gap of ZnO

with MgO buffer layer thickness, however, the estimated energy band gap increases

with the MgO buffer layer thickness. The second group is composed of the samples

with dot-like surface, 130 nm ≤ MgO ≤ 170 nm. We can observed that the estimated

energy band gap of ZnO with the dot-like surface show higher value, approximately

3.25 eV. The last group is composed of the samples with MgO buffer layer thicker

than 170 nm with low energy band gap. This might be the result of the strain in the

layer effected both the valence band and conduction bands of ZnO including

quantization effect. The strain, due to the lattice mismatch including the thermal

expansion coefficient mismatch, has relatively little effect on the conduction band of

direct-gap semiconductors but splits the degeneracy of the valences band maximum,

so significantly affecting its properties. Without MgO buffer layer, only tensile strain

due to the thermal expansion coefficient mismatch between the glass substrate and

ZnO thin film affects the thin film, the high density of cracks then appears to relieve

this force. When MgO is applied to be the buffer layer, the tensile strain of glass

substrate and MgO buffer layer is alleviated by the compressive strain between MgO

buffer layer and ZnO thin film. Then, the cracks disappear even though MgO buffer

layer is very thin. When the MgO buffer layer is thicker, the compressive strain is

higher. This effects to the mean band gap increase and the valence band split, which

make the highest band, is that of heavy hole along strain axis. Therefore, the trend of

the energy band gap of the samples in the first group with thin MgO buffer layer

increases with MgO buffer layer thickness. The next group with dot-like surface

shows a little change of ZnO energy gap. In this group, the compressive strain,

relating to the lattice mismatch between MgO and ZnO including the different thermal

expansion coefficient between both materials, might effect the ZnO layer to form the

dot-like surface morphology to relax some stress. Also, the compressive strain makes
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the band edge shift for the conduction and valence bands, then the energy band gap,

compared to the first group, increases. On the other hand, the last group with of the

ZnO films with thicker MgO buffer layer shows reverse. When the MgO buffer layer

is thicker, the compressive strain increases until a limit, and then reduces because of

the relaxation as mentioned above in the dot-like surface group. However, the

dislocations may occur due to the large mismatch and the compressive strain reduces.

Then, the tensile strain from the substrate dominate again and affect the ZnO film

with some cracks. This effects to the mean band gap decrease and the valence band

splits, which made the highest band, is that of lightly hole along strain axis. Therefore,

the trend of the energy band gap of the samples in the last group with thick MgO

buffer layer reversibly decreases with MgO buffer layer thickness.
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Figure 6.16  RMS result by AFM and PL intensity of both dominant peaks,

3.358 eV and 3.368 eV, with various MgO buffer layer thickness.
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Figure 6.18  Estimated energy band gap of ZnO films with MgO buffer layer

thickness at room temperature.
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6.6 Electrical Property

The carrier concentration and Hall mobility of all samples without crack

resulting from MgO buffer layer thinner than 170 nm are investigated via van der

Pauw method. The electrical characteristics of all grown ZnO films in this condition

exhibit n-type conductivity in the range of 1017 and 1018 cm-3, similar to those of N-

doped ZnO film as mentioned in the previous chapter. All these samples, however,

show pretty low electron mobility (5 cm2 /V-s). The observed resistivities are in the

range of 103-105 Ω cm. No improvement of the electrical property can be observed.

The measurement result of the ZnO film with 20-nm MgO buffer layer is shown in

Figure 6.19.  

 

HL55WIN Hall System

Check Contact IV-curve

Resistivities

Hall Measurement

Figure 6.19  Hall measurement result of the ZnO thin film with 20-nm MgO buffer

layer.
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6.7 ZnO Quality Improvement

According to the MgO thickness adjustment, we can find the optimum

thickness around 130 nm, which show no crack and high PL intensity including lower

growth rate as well as low RMS. However, these samples show only random

rotational-oriented grains without c-orientation due to the small grain size. The lower

growth rate appears naturally in the samples with MgO buffer layer thickness in

between 130 nm and 170 nm even though all the parameters are fixed. We found that

the qualities of ZnO layer seem relate to the growth rate. Therefore, we tried to reduce

the ZnO growth rate more in order to improve ZnO property including structural

property by varying three parameters, which are O2 flow rate, Zn flux and ZnO

growth temperature, at 130 nm optimum MgO buffer layer.

6.7.1 O2 flow rate variation

At the optimum growth condition, O2 flow rate is set at 1.07 sccm. Then, we

try to reduce ZnO growth rate by reducing O2 flow rate to 0.7 sccm. After growth, the

ZnO surface shows no crack via optical microscope and FE-SEM. The surface

morphology is shown in Figure 6.20, which is similar to dot-like surface. The grain

size looks not various but pretty rough. The ZnO thickness is also observed and

indicated that the ZnO growth rate cannot be reduced by reducing O2 amount.

Furthermore, a result measured by AFM, Figure 6.21, shows rougher surface with

RMS of  26.281 nm, much higher than that of the optimum sample.

Figure 6.20 Surface morphology by 100,000-time FE-SEM of the ZnO film with

0.7 sccm oxygen flow rate.
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(a) (b)

Figure 6.21  5×5 µm2 AFM images of ZnO surface with 130-nm MgO buffer layer

in the growth condition of  low oxygen flow rate. (a) Surface

roughness analysis (b) 3D image.

For the structural property of ZnO film, The ZnO (0002) peak can be observed

even though the MgO layer thickness is 130 nm as shown in Figure 6.22. This implies

the improvement of the structural property.

(a) (b)

Figure 6.22 XRD spectral response of ZnO film with 130-nm MgO buffer layer in

the growth condition of low oxygen flow rate. (a) 2θ-ω scan (b) pole

figure.

To investigate the optical property, the sample is measured by PL. For the

ZnO sample with 130-nm MgO buffer layer, the high PL intensity is shown in

Figure 6.15. However, the sample with low oxygen flow rate shows low PL intensity

with several peaks including the donor-bound exciton peak of 3.358 eV as shown in

27 29 31 33 35 37 39 41

2θ-ω scan
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Figure 6.23. The emission peaks around 2.4 eV and 2.8 eV show the deep-level

emission. The defects due to the lack of oxygen may cause these peaks; however, the

real cause is still unknown.
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Figure 6.23 PL spectra of the ZnO with 130-nm MgO buffer layer in the growth

condition of low oxygen flow rate.

The electrical characteristics of the ZnO film in this condition exhibit n-type

conductivity in the range of 1017 cm-3 with very low electron mobility (3 cm2 /V-s).

No improvement compared to all samples with higher oxygen flow rate can be

investigated.

Even though the structural property of ZnO film can be improved by reducing

oxygen flow rate, the surface roughness and optical property get worse. Also, the

growth rate of ZnO can not be changed. Then, the study of Zn flux may be a good

way to improve the ZnO film, which is described next.

6.7.2 Zn flux variation

According to all experiment, Zn flux during ZnO film growth is fixed at

4×10-6 Torr in order to grow ZnO layer in the stoichiometric condition with oxygen-
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Figure 6.30 Relation of ZnO growth rate and ZnO growth temperature with

140-nm MgO buffer layer thickness grown on glass substrate.
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Figure 6.31 RMS value of surface roughness of the samples with various ZnO

growth temperatures.
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Figure 6.32 2θ-ω scan XRD spectral response of ZnO film with 130-nm MgO

buffer layer in the condition of different ZnO growth temperature.

For the optical observation of the samples, they are measured by PL at 10 K.

The ZnO films with the growth temperature of 530 oC and 600 oC, which no crack can

be observed, show comparatively high PL intensity, whereas the sample with higher

ZnO growth temperature of 680 oC, which a few cracks emerge, show pretty low PL

intensity as shown in Figure 6.33. The emission lines located at 3.358 eV and 3.368

eV dominate the spectrum when the growth temperature is 530 oC. However, the

sample with the growth temperature of 600 oC show both the donor-bound exction

peaks at 3.358 eV and 3.368 eV including some new peaks, 3.361 eV and 3.372 eV.

Furthermore, only the new emission peaks at 3.361 eV and 3.372 eV dominate the

spectrum when the ZnO layers are grown at high temperature of 680 oC with much

lower PL intensity. The origins of these new peaks have not been found out yet. Also,

there are some new PL peaks at 3.106 eV, 3.174 eV and 3.242 eV as shown in

Figure 6.34. These may be the result of LO phonon scattering due to the different of 
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68 meV. The small emission peak around 3.220 eV, which may be the donor-acceptor

bound exciton, can be observed in the samples with the growth temperature of 530 oC

and 600 oC. The emission peak around 3.300 eV, which is also donor bound exciton,

can be clearly observed in all samples. Anyway, all samples show the small emission

peaks around 2.4 eV and 2.8 eV, the deep-level emission.
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Figure 6.33 PL spectra around 3.340 eV to 3.380 eV of the ZnO with 130-nm MgO

buffer layer in the various ZnO growth temperatures.
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Figure 6.34 PL spectra around 2.800 eV to 3.340 eV of the ZnO with 130-nm MgO

buffer layer in the various ZnO growth temperatures.
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To improve the ZnO thin film grown on glass substrate, we succeed with

higher Zn flux of 5×10-6 Torr and higher ZnO growth temperature of 600 oC including

MgO buffer layer thickness of around 130 nm. At this point, not only optical property

of the ZnO film is good, but also the good structural property with c-orientation can

be successful. Anyway, the study about the electrical property is necessary to the

further application. Then, it is better to find out the method to improve this property

with higher mobility and lower the carrier concentration in undope film.



CHAPTER VII

CONCLUSIONS

This work presents ZnO film growth by MBE technique. The ZnO films

grown on various substrates, which are Si, Al2O3 and glass, have been studied;

however, it mainly demonstrates the ZnO grown on amorphous glass substrate.

First, a brief overview on the basic knowledge of ZnO crystal structure

including the ZnO properties was given. According to material considerations, ZnO is

interesting to the optoelectronic applications in the blue and UV regions. To grow

high-quality ZnO layer, ZnO substrate is certainly the best choice, however, the price

of the ZnO substrate is very expensive. Other cheaper substrates such as Si and Al2O3

with acceptable lattice mismatch are necessary. Therefore, the basic theory of strain of

epilayers were reviewed, especially the variation strain with the layer thickness.

In situ RHEED observations were used to investigate the crystal quality of the

ZnO films grown on various substrates. The structural properties and the surface

morphology were characterized by ex situ AFM, FE-SEM and XRD. Furthermore, the

optical properties and electrical properties were observed by 10K PL and Hall

measurement, respectively.

There are many researches about ZnO growth on Si and Al2O3 substrates. Our

group has also studied these stories. However, to apply the ZnO optical devices into

wide-area devices such as solar cells and TFTs, Si and Al2O3 substrates are not as

good as glass in terms of cost and size with the commercial availability. Therefore,

the characteristics of ZnO films growth on glass substrates were investigated. The

ZnO films grown on glass, however, suffered from high density of cracks because of

the large mismatch in thermal expansion coefficients between ZnO and quartz glass.

To avoid these problematical cracks, we proposed 2 methods in this work, which are

nitrogen doped ZnO flim and MgO-buffer-layer application. To avoid the crack

problem via N-doped ZnO, there was no improvement in entire ZnO properties. Also,

the nitrogen could not be doped into the film even though the amount of nitrogen gas

was increased. Then, the p-type ZnO film could not be fabricated.

The other method proposed to manage the crack problem was MgO buffer

layer. The growth of low-temperature MgO buffer layer prior to the growth of ZnO
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film is to balance the tensile strain between the grown ZnO film and the glass

substrate. Since MgO belongs to II-VI oxide compounds, there is no need to use

additional chamber to grow the buffer layer or to develop some special surface

protection process. Also, there is no additional problem in device design caused by

the buffer layer, which is completely transparent at the wavelength where ZnO based

devices work. The surface crack problem was greatly alleviated and at the same time,

photoluminescence (PL) characteristics and the roughness of ZnO films with optimum

MgO buffer layer thickness were considerably improved. However, the structural

property showed no c-orientation.

To improve the quality of the ZnO film grown on glass substrate, other

parameters, which are zinc flux, oxygen flow rate and ZnO growth temperature, were

considered at the point of the optimum MgO buffer layer thickness. With higher

oxygen flow rate, the property of ZnO got worse even though the MgO buffer layer

thickness was optimum, 130 nm. On the other hand, the c-orientation including the

good properties showed when the Zn flux increased. In additions, the growth

temperature effected to the properties of the ZnO film. To grow ZnO film at higher

temperature, 600oC, the c-orientation of ZnO film also showed. However, ZnO film

grown at very high temperature, 680oC, and the cracks emerged again and the

properties got worse. Furthermore, the new peak of PL measurement appeared.
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