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Introduction

Group IV elements like Si and Ge are well established semiconductor materials, but none of 

them is suitable for optoelectonic applications since they all have an indirect band gap, which 

does not lead to efficient light emission. Direct wide band gap semiconductors are needed for 

optoelectronic devices. Such semiconductors are formed mostly from III-V or II-VI 

compounds. In the last few years, most material developments on wide band gap 

semiconductors have focused on GaN, ZnSe, and SiC. SiC is an indirect band gap 

semiconductor. ZnSe based LEDs and laser diodes have a short lifetime due to the formation 

of defect clusters in the active region. GaN technology is very mature, and high quality 

devices can be fabricated. However, research on GaN has met many difficulties, for example, 

in developing high quality films and heterostructures by epitaxial growth. One reason for this 

is the absence of single crystal GaN wafer for homoepitaxy or small lattice mismatched 

substrate for heteroepitaxy. Another reason is that high quality films can only be obtained at 

high growth temperatures, which make GaN more expinsive. II-VI materials, on the other 

hand, have some interesting properties that do not only enable them to substitute or 

compliment GaN in several applications, but to also facilitate other applications, for which 

GaN is not suitable. Due to the large effective mass of electrons in the conduction band and 

holes in the valence band, as well as the small dielectric coefficient, the excitons in II-VI 

materials are generally much more stable than their neighboring III-V semiconductors. 

Therefore, they are more prospective candidate materials in the research on special excitonic 

properties for both scientific understanding and applications. 

Recently, another wide band gap II-VI semiconductor, ZnO has reentered the scientific 

spotlight, this time as a prospective candidate for optoelectronic and photonic applications at 

short wavelength. ZnO is a transparent direct band gap (Eg = 3.37 eV) material with the 

wurtzite lattice structure. It has attracted much attention in recent years due to its fascinating 

properties which were discovered in 1970s, but cannot be employed at that time for opts-

electronics due to luck of the suitable epitaxial technology. ZnO is often compared to GaN 

because of their nearly the same band gap needed for ultra-violet or blue light emission. 

Besides this major similarity, ZnO has a number of advantages that include extremely stable 

excitons. From the viewpoint of productive application, ZnO holds a few superiorities 

compared with GaN. Unlike GaN, ZnO can be grown in bulk and can be used as its own 

substrate. One of the main raw materials like: A few types of efficient, clean and low-cost 

oxygen sources are available for ZnO epitaxial growth, such as H2O vapor, H2O2, ozone, 
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alcohol and oxygen radical. The growth temperature for ZnO (typical 500°C) is much lower 

than that of GaN (usually 1000°C). A low growth temperature is advantageous to the 

fabrication of quantum structures (needed for efficient light emission) as it suppresses inter-

diffusion at hetero-interfaces and non-uniform nucleation in alloy region. A low growth 

temperature also facilitates the incorporation of dopant and alloy constituents by suppressing 

the segregation effect. Since ZnO itself is a nontoxic material, no toxic materials are needed 

for its growth. In addition to these technological advantages, ZnO is highly radiation resistant 

making possible ZnO-based devices interesting for space applications.  Due to its high 

melting point and large cohesive energy amongst the II-VI semiconductors, it is expected that 

a degradation of the material due to the generation of dislocations during device operation 

will be reduced. The most interesting property of ZnO is the large exciton binding energy of 

60 meV, which is almost two times larger than either GaN or ZnSe. This is one of the key 

parameters that enable UV laser diodes and other exciton-related light emitting devices to be 

operated even above room temperature. By incorporating transition metals such as vanadium, 

manganese, cobalt in ZnO, a diluted magnetic semiconductor (DMS) could be obtained. 

Alloying ZnO films with MgO or CdO potentially permits the band gap to be controlled 

between 2.8 and 4 eV and even higher, which facilitates band gap engineering [1], while the 

lattice constant does not deviate much from that of ZnO, which smaller in-plane lattice 

mismatch than the (Al, Ga, In)N system in the same range of bandgap and lattice constant. 

The strong point of ZnO is, somehow, a combination of the good features of both GaN and 

ZnSe, which make ZnO an ideal candidate for a variety of devices including blue and ultra-

violet laser diodes and light emitting diodes. 

During the pereceding years, thin film growth techniques, such as sputtering and chemical 

vapor deposition, have been developed for ZnO growth. However, at that time, ZnO was 

thought to be used as a piezoelectric material, or transparent conductive material, for the 

applications to such as SAWDs, transparent electrode for solar cells, rather than a 

semiconductor. For these applications, the high crystal quality has never been a critical issue, 

so that, ZnO is still far from the stage for optoelectronic application. Molecular beam epitaxy 

(MBE) needs to be investigated as a reliable tool for the growth of highly crystalline ZnO. 

MBE has some substantial advantages over previous vacuum deposition techniques, such as 

hotwall epitaxy, which are the ultra-high vacuum (UHV) environment and significantly more 

precise control of the beam flux and growth conditions. In contrast to other epitaxial growth 

techniques, such as liquid phase epitaxy and vapor phase epitaxy, which proceed at nearly 

thermodynamic equilibrium conditions and are controlled by diffusion processes at the solid 
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and liquid (gaseous) phase boundaries, in MBE, epitaxial growth is governed mainly by the 

kinetics of the surface processes occurring when impinging beams react with the outermost 

atomic layers of the substrate crystal. This is far from the thermodynamic equilibrium 

conditions, although a thermodynamic approach can be applied to MBE growth description. 

In comparison to all other epitaxial growth techniques, MBE has a unique advantage. Being 

realized in UHV environment, it may be analized and controlled in situ by surface diagnostic 

methods, such as reflection high-energy electron diffraction, Auger electron Spectroscopy. 

These powerful facilities for analysis and control eliminate much of the guesswork in MBE, 

and enable the fabrication of sophisticated device structures using this growth technique. 

These advantages make MBE a state-of-art epitaxial growth technique with excellent 

flexibility. 

The aim of this work is thus to develop an epitaxial growth technique, which should be able to 

fabricate device-quality ZnO thin films. Nitrogen-doped ZnO will investigate. The ZnMgO 

based quantum structures with well controlled Mg content are also to be studied.Therefore, 

MBE as an epitaxial growth technique and a widely used low-cost sapphire substrate are 

chosen as the technical basis for this research. Furthermore, the possibility of device 

fabrication on the basis of ZnO and ZnO-based heterostructures is to be analyzed by 

fabricating and characterising device structures.

In this thesis, the research background and the fundamental material properties will be 

presented in chapter 1. In chapter 2, attention will be given to MBE growth facilities and the 

characterization methods involved in this work. Chapter 3 treats experimental processes of the 

growth of ZnO and ZnMgO epilayers on different substrates (GaN template, c-sapphire and 

ZnO), using different oxygen precursors (oxygen plasma and hydrogen peroxide), and the 

subsequent structural, optical and electrical characterisation of the obtained layers. P-type 

doping and devices based on ZnO will be a subject of chapter 4. ZnO-based Heterostructures 

for Opto- & Magneto-electronics will be considered in chapter 5. Finally, conclusions and 

critical analysis of the obtained results are presented in chapter 6.  
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1. ZnO: Material properties and epitaxy

Zinc oxide is an inorganic compound with formula ZnO formed from a Zn2+ cation and O2-

anion. Thus, it is often referred to as an II-VI compound, since Zn is a Group II element and 

oxygen is a Group VI element on the periodic table. Pure ZnO is colorless and crystallizes in 

the hexagonal wurtzite structure. In this chapter, attention will be given to the main material-

specific properties of ZnO.  Also an overview of thin films growth kinetics, and surface 

processes are presented. 

1.1. Physical properties of ZnO

1.1.1. Crystal structure and lattice parameters of ZnO

Crystal structure: ZnO crystallizes in either cubic zinc-blende or hexagonal wurtzite structure 

where each anion is surrounded by four cations at the corners of a tetrahedron, and vice versa. 

This tetrahedral coordination is typical of sp3 covalent bonding, but these materials also have 

a substantial ionic character. The ionicity of ZnO is at borderline between covalent and ionic 

semiconductor.  

The crystal structures shared by ZnO are wurtzite (B4), zincblende (B3), and rocksalt (B1) are 

schematically shown in Figure 1.1. At ambient conditions, the thermodynamically stable 

Figure 1.1: possible of ZnO crystal structures:  
(a) cubic rocksalt (B1), (b) cubic zinc blende (B3), and (c) hexagonal wurtzite (B4).  
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phase is wurtzite. The zincblende ZnO structure can be stabilized only by growth on cubic 

substrates, and the rocksalt (NaCl) structure may be obtained at relatively high pressures. 

Wurtzite structure is one of the most common crystal structures of semiconductors. Other 

semiconductors that crystallize in wurtzite include nitrides (GaN, AlN), II-VI semiconductors 

(ZnS, CdS, ZnSe, CdSe, ZnTe, CdTe), SiC, and InAs, etc. ZnO has a hexagonal close-packed 

(hcp) Bravais lattice as shown in Figure 1.2.  

The structure of ZnO can be considered to be composed of two interpenetrating hcp 

sublattices of cation (Zn) and anion (O) displaced by the length of cation-anion bond in the c-

direction. The number of the nearest neighbors in wurtzite is four. Each O (or Zn) ion is 

tetrahedrally surrounded by four Zn (or O) ions. Furthermore each ion also has twelve next-

nearest neighbors of the same type of ions. The O-Zn distance of the nearest neighbors is 

1.992 Å in the direction parallel to the c-axis of the hexagonal unit cell and 1.973 Å in the 

other three directions of the tetrahedral arrangement. The tetrahedral arrangement of the 

nearest neighbors indicates the covalent bond between the Zn and O atoms. The covalent radii 

of Zn and O were reported to be 1.31 Å and 0.66 Å, respectively. ZnO is an-isotropic crystal 

with the symmetry of point group of C6v (or 6mm). Group C6v is the point group of the 

hexagonal wurtzite structure, which includes rotations by ±60°, and ±120° around the 

hexagonal axis and two sets of three equivalent mirror planes that are parallel to the 

hexagonal axis.

Figure 1.2: The hexagonal wurtzite structure of ZnO crystal
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Lattice parameters: Lattice parameters are important to consider when one develops 

semiconductor devices. Besides the intrinsic material properties, there are four main factors 

which in addition modify the lattice parameters of the semiconductor. The first factor is free-

electron concentration acting via deformation potential of a conduction-band minimum 

occupied by these electrons. The second factor is the concentration of impurities and defects 

and the difference in ionic radii between these defects and impurities and the substituted 

matrix ions. The third factor is the external strain. The last factor is the temperature. The u

parameter which describes the relative position of the anion sublattice with respect to the 

cation sublattice along the c axis in the wurtzite structure (Zn at (1/3, 2/3, 0) and, (2/3, 

1/3,1/2)and O at(1/3, 2/3, u), and(2/3, 1/3,u+1/2)) is related to the c/a by uc/a=(3/8)1/2. It has 

been assumed that the u parameter is close to 3/8 for all compounds in the wurtzite structure. 

For ZnO Kisi and Elcombe have in fact shown experimentally that there is a strict correlation 

between u and c/a, i.e., uc/a is near the ideal value (3/8)1/2. The lattice constants, c/a, and u

parameter of wurtzite structure ZnO, shown in table 1-1 [1-5]. The deviation from the ideal 

wurtzite crystal is probably due to lattice stability and ionicity. The point defects such as zinc 

antisites, oxygen vacancies, and extended defects, such as threading dislocations, also 

increase the lattice constant in a ZnO crystal, albeit to a lesser extent in the heteroepitaxial 

layers. Strong correlation exists between the c/a and the u parameter, when c/a ratio 

decreases, u parameter increases in such a way that those four tetrahedral distances remain 

nearly constant through a distortion of tetrahedral angles due to long-range polar interactions.

Wurtzite ZnO crystal structure

a (Å) c (Å) c/a u Ref. 

3.2475 5.2075 1.6035 0.3796 [2] 

[3]3.2496 5.2042 1.6015 0.3800 

3.2497 5.206 1.6020 0.3799 [4] 

3.2501 5.2071 1.6021 0.3817 [5] 

3.286 5.241 1.595 0.383 [6]

Table 1.1: Measured and calculated lattice parameters, c/a ratio and u parameter, 
of wurtzite ZnO crystal structure.
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ZnO wurtzite structure has a different crystallographic index indication system from the 

conventional cubic semiconductors. Because in the case of wurtzite structure, if the Miller 

indices of three number based on axes a1, a2, c are used to define planes and directions in the 

structure, it is found that crystallographically equivalent sets can have combinations of 

different numbers. Hexagonal axes are four in number, viz. a vertical axis coinciding with the 

principal axis of the crystal, and three horizontal axes inclined to one another at 60° in a plane 

perpendicular to the principal axis, and hence no longer linearly independent. The indices of 

planes referred to such a set of axes are four in number; they are written as {hikl}, the first 

three (h+i+k=o) referring to the horizontal axes and the last to the vertical axis. Equivalent 

planes are obtained by interchanging the position and the sign of the first three indices. 

Direction indices in hexagonal structures are translations parallel to the four axes that cause 

the motion in the required direction. The number must be reduced to the smallest integers and 

chosen so that the third index is negative of the sum of the first two.

1.1.2. Native defects and doping in ZnO

In the applications of ZnO for electronic devices, the control of native defects is essential 

since the electrical properties are largely affected not only by extrinsic dopants but also by 

native defects. The formation energies and electronic structure of native point defects in ZnO 

were calculated by Van de Walle et [7],[8]. After neglecting the change in the volume when 

defects are introduced in the system and the change in the vibrational entropy, the relationship 

between the concentration of defects (CD) in a crystal and their formation energies Ef , which 

determines the likelihood for a defect to form during growth is defined as: 

TK
ENC
B

f

sitesD exp        (1.1) 

 Here Nsita is the concentration of available sites in the crystal where the defect can occur per 

unit volume. KB is the Boltzmann constant, and T the temperature. The formation energy of a 

native defect D in charge state q is defined as [9]. 

fOOZnZntotOZntot
qf qEnnZnOEnnEDE )(),()(    (1.2) 

Where, ),( OZntot nnE  is the total energy of the supercell containing the defect D in the charge 

state q containing nZn zinc and nO oxygen atoms, and Etot(ZnO) is the total energy of the ZnO 

perfect crystal in the same supercell. EF is the Fermi energy. Zn and O are the chemical 
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potentials of Zn and O, i.e., the energies of the reservoirs with which Zn and O atoms are 

exchanged.

The chemical potentials determine the stoichiometry of the system, and depend on different 

parameters such as partial pressures and growth conditions. ZnO can exist within a range of 

oxygen and zinc chemical potentials. The boundaries on Zn and O in ZnO are determined by 

the stability limits of ZnO with respect to zinc metallic and molecular oxygen. In zinc-rich 

case, 0
ZnZn , while, 0

OO  for oxygen-rich case. Here 0
Zn  is the energy of Zn in the 

standard state (pure metal), and 0
O  is the energy of pure O2 gas (per oxygen atom).  

ZnO doping: P-type ZnO can be achieved by doping with either group-I elements (Li, Na, 

and K) or group-V elements (N, P, As, and Sb). Although substitutions by group I elements 

are shallow acceptors, calculations show that group I elements tend to form interstitials and 

actually behave as donors. Several reports on ZnO doping with Li, Na, K, [10], [11], [12], Cu 

and Ag [13] exist. On the other hand, it was observed that doping with group-I elements 

increases donor concentration instead. This is attributed to tendency of group-I dopants to 

occupy the interstitial sites, partly due to their small atomic radii. Additionally, doping with 

Na and K induces lattice strain due to the change of the bond length, which leads to the 

formation of the vacancies which compensate the dopants [14]. 

 P and As are deep acceptors and calculations show that they can lead to formation stable 

acceptor centers, which convert acceptors into deep donors. Calculations also show that P and 

As are amphoteric [14], and that they have a tendency to form PZn and AsZn antisites, which 

are also donors. Several papers on p-type ZnO doping by P [15], As [16], and Sb [17] were 

published, however the results were not reproducible. Among possible dopants, nitrogen 

appears to be a more promising choice than other impurities since it is a known p-type dopant 

for ZnSe. Acceptor concentrations as high as 1018cm-3 were obtained in ZnSe samples grown 

with MBE using nitrogen atom beam doping[18].  

1.1.3. Band structure and optical properties of ZnO

The band-structure of a material is very useful information in predicting the electrical 

properties when the material is doped. The electronic band structure of ZnO has been 

calculated by a number of groups [13];[19];[20];[21];[22]. The results of a band structure 

calculation using the Local Density Approximation (LDA) and incorporating atomic self-
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interaction corrected pseudo potentials (SIC-PP) to accurately account for the Zn 3d electrons

is shown in Figure 1.3 [22] 

The band structure is shown along high symmetry lines in the hexagonal Brillouin zone. The 

most important point to notice is that between the occupied bands and the empty bands there 

is an optical band gap, Eg, of approximately 3.3 eV. This is the energy difference between the 

full and empty electron states. These filled states are called the valence band, and the energy 

at the top of the valence band is conventionally the zero of energy and is called the 

valenceband edge. The empty states above the gap are called the conduction band. The lowest 

point in the conduction band is called the conduction band edge. 

Both the valence band maxima and the lowest conduction band minima occur at the  point 

k=0 indicating that ZnO is a direct band gap semiconductor. The bottom 10 bands (occurring 

around -9 eV) correspond to Zn 3d levels. The next 6 bands from -5 eV to 0 eV correspond to 

O 2p bonding states. The first two conduction band states are strongly Zn localized and 

correspond to empty Zn 3s levels. The band gap as determined from this calculation is 3.77 

eV. This correlates reasonably well with the experimental value of 3.4 eV. Experimentally, 

the ZnO valence band is split into three band states, A, B and C by spin-orbit and crystal-field 

Figure 1.3: The LDA band structure of bulk wurtzite ZnO calculated 
usingdominant atomic self-interaction-corrected pseudopotentials (SIC-PP). ref.[22] 
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splitting. This splitting is schematically illustrated in figure 1.4. The A and C sub-bands are 

known to possess 7 symmetry, whilst the middle band, B, has 9 symmetry [23]. 

In terms of the more fundamental optical properties of ZnO, there have been a number of 

comprehensive studies to determine the refractive index and dielectric constants of this 

material [24];[25];[26]. The measurements were all carried out using spectroscopic 

ellipsometry. The values determined for the dielectric constants of ZnO are shown in table1.2.  

The refractive index at room temperature of wurtzite ZnO is commonly given as n c =2.115

and n c= 2.115 at wavelength 4605 Å [27].

0 Ref.
E C E C E C E C

8.59 7.46 3.78 3.7 Film[25]
8.91 7.7 3.66 3.6 Bulk[25]

- - 3.72 3.68 Bulk[24]

Table 1.2: Static ( 0) and high frequency dielectric constant ( ) for ZnO 

Figure 1.4: Schematic diagram representing the crystal-field and spin-orbit splitting 
of the valence band of ZnO into 3 subband states A, B and C at 4.2 K.  ref. [23] 
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1.1.4. Luminescence in ZnO

Luminescence refers to all types of light emission appearing as a consequence of some 

external excitation, except incandescent emission [28]. Depending on the different excitation 

sources, photoluminescence (PL), which requires optical excitation, electroluminescence 

(EL), with electric field as excitation source, cathodoluminescence (CL), which results from

electron-beam excitation etc. Luminescence (or photon emission) of semiconductors is the 

direct results of electron transition from upper energy levels to lower energy levels. If the 

excitation energy is larger than the band gap of the semiconductor, the generated electrons 

and holes are in excited states. Then, they rapidly lose energy to the lowest level of the lowest 

excited state in order to gain thermal equilibrium (thermalisation). This process is called 

relaxation, and many different possible transitions in PL spectrum observed (Figure 1.5): 

Free excitons recombination: The conduction band of ZnO with wurtzite crystal structure is 

constructed from s-like state ( ), which has a symmetric shape. The valance band is a p-like 

state. It is split into three bands because of crystal field and spin-orbit interaction [29], which 

dominates the near bandgap intrinsic absorption and emission spectra. The related free-

exciton transitions involiving an electron from the conduction band and a hole from these 

three valance bands are named as A (corresponding to the heavy hole), B (corresponding to 

the light hole), and C (corresponding to crystal field split band). 

Figure 1.5: Main radiative recombinations from semiconductor materials in 
photoluminescence spectroscopy
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Free-carrier recombination (band-to-band recombination): free carrier radiative 

recombination usually occurs at energies larger than or equal to the bandgap of the 

semiconductor (can also be at E<Eg, due to band gap renormalization). In a direct band gap 

semiconductor without defects, there is a high possibility that electrons and holes will directly 

recombine after the thermalisation process to emit a photon of energy close to the band gap of 

the material, with its maximum at: 

       (1.3) 

where kB is the Boltzmann constant and T the absolute temperature. The band-to-band 

emission line is additionally broadened partly due to thermal distribution of the charge 

carriers. Excitons that lead to band-to-band transitions are referred to as free-excitons (FX)

 Bound-exciton recombination:  This is a radiative recombination of electron (hole) with a 

hole (electron) bound to an acceptor (donor). Such emission lines appear on PL spectra with 

their maximum at: 

      (1.4) 

 where  is the ionisation energy of the impurity to which the exciton is bound. Neutral 

donor-bound exciton transitions are denoted D0X, while neutral acceptor-bound excition 

transitions are denoted A0X. Ionised donor- and acceptor-bound transitions are denoted D+X

and A+X respectively.  

Two-electron satellites in PL: Two electron satellite(TES) transition process in high quality 

ZnO occurs can be observed in low temperature PL spectra in the photon energy, range from 

3.30 to 3.34 eV. This transition process is generated by the radiative recombination of an 

exciton bound to a neutral donor, leaving the donor in the excited state. The energy position 

of the excited state of shallow donor can be roughly estimated from the energy distance 

between the the ground-state neutral-donor bound excitons and TES lines. Then the donor 

binding energy can be calculated because the excited-to-ground levels distance equals to 3/4 

of the donor binding energy ED.

Shallow donor-acceptor pair transition: At thermal equilibrium, some electrons are captured 

by acceptors, thus creating ionised donors (D+) and acceptors (A ), which exert coulomb 

interactions on each other constituting the energy . Here, ,  are the 



17

relative permittivity of the material and the donor-acceptor separation, respectively.  is the 

electronic charge. During PL or CL measurements, excited electrons and holes in the 

semiconductor material are captured by D+ and A  forming unstable neutral donors and 

acceptors. While returning to equilibrium state, the electrons in the unstable donors recombine 

with the holes in the unstable acceptors resulting in light emission. This recombination is 

denoted DAP and the resulting emission has its maximum at 

      (1.5) 

The donor and acceptor impurities are ionised again after recombination. They assume lower 

states since the Coulomb interaction dominates between them. 

In case of partly ionic bonding like in ZnO, the crystal lattice is polarised by charge carriers 

leading to lattice distortion, which is described by a superposition of longitudinal optical (LO)

phonons. These couple very strongly with photons, causing the emission of LO-phonons

(commonly called phonon replica) accompanying main transitions. The energy distance 

between the phonon replicas equals the phonon energy. In ZnO, it is 72 meV [30].  

1.1.5. Band gap engineering in ZnO

For a semiconductor to be useful, particularly in reference to optoelectronic devices, band gap 

engineering is an important step in device development. By alloying the starting 

semiconductor with another material of different band gap, the band gap of the resultant alloy 

material can be fine tuned, thus affecting the wavelength of exciton emissions. Alloying ZnO 

with CdO [24]-[34] and MgO [35]-[41]have allowed the generation of red- or blue-shifts of 

the emission wavelength, respectively. In the alloy system ZnxMg1-xO, the emission 

wavelength can be precisely tuned by changing the Mg composition [36], [42] or by inducing 

thermal intermixing in the ZnMgO superlattice by annealing [43],[44]. These techniques 

result in a uniform wavelength shift throughout the whole material. Figure 1.6 shows the   

relationship between the in-plane lattice constant and the band gap energy for the family of 

wide band-gap semiconductors. As the solid line shows, band gap engineering in ZnO can be 

done within a brouder energy range with reduced lattice misfit than in GaN.  
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However, the hexagonal wurtzite structure of ZnO can be maintained only up to certain Mg 

content, beyond which a change of phase occurs from wurtzite to rocksalt. There are 

controversial reports about the limit of Mg content in ZnMgO, within which the wurtzite 

structure is maintained. The maximum reported value for Mg content so far is 33% [45]. 

1.1.6. Ferromagnetism in ZnO

The use of carrier spin, in addition to charge, appears promising for another class of devices, 

such as polarized light emitters, chips that integrate memory and microprocessor functions, 

magnetic devices exhibiting gain, and ultra low-power transistors [46]-[51]. Most of the initial 

work in dilute magnetic materials focused on II-VI semiconductors in which a fraction of the 

group-II sublattice was randomly replaced by Mn atoms [46]. In these materials, the presence 

of magnetic ions influences the free carrier behavior through the sp-d exchange interaction 

between the localized magnetic moments and the spins of the itinerant carriers. The control 

afforded by modern growth techniques, such as molecular-beam epitaxy, also led to the 

realization of the GaMnAs alloy with Mn contents well in excess of the miscibility limit of 

Mn. A major breakthrough in the field came with the theoretical prediction of magnetic 

ordering temperatures in excess of room temperature for at 5 % Mn doping in ZnO [48]. For 

spintronics, theoretical predictions suggest that room-temperature carrier mediated 

ferromagnetism should be possible in ZnO, albeit for p-type material. Unfortunately, the 

realization of p-type ZnO has proven difficult until recently. Ab initio calculations do predict 

Figure 1.6: Wide band gap semiconductors; possibilities for band-gap engineering
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ferromagnetism in n-type ZnO doped with most transition metal ions, including Co and Cr, 

but predict no ferromagnetism for Mn-doped ZnO [52]. This is consistent with experimental 

results where ferromagnetism is not observed in Mn-doped in n-type ZnO [53]. 

1.1.7. Other properties of ZnO

Electrical properties: The electrical properties of ZnO are hard to quantify due to large 

variance of the quality of samples available. The background carrier concentration varies a lot 

according to the quality of the layers but is usually within the range 1015-1017 cm 3. The 

largest reported n-type doping is ~1020 electrons cm 3 and largest reported p-type doping is 

1019 holes cm 3, however such high levels of p-conductivity are questionable [54]. The 

electron effective mass is 0.24 m0, and the hole effective mass is 0.59 m0. The corresponding 

electron Hall mobility at 300K for low n-type conductivity is μ = 200 cm2V 1s 1, and for low 

p-type conductivity is 5-50 cm2V 1s 1 [27].

Mechanical properties of ZnO:  ZnO is a relatively soft material, with a hardness of ~ 5 GPa 

at a plastic penetration depth of 300 nm (for c-axis oriented bulk ZnO) [55]. This needs to be 

taken into consideration when processing and designing ZnO based devices. For loads of up 

to 50 mN, there has been no observation of phase transformations or cracking in this material. 

ZnO is believed to have a piezoelectric tensor equal to or even greater than that of GaN and 

AlN, which means that ZnO is a suitable candidate for device applications requiring a large 

electromechanical coupling [56]. Many studies, both theoretical and experimental, have been 

made to determine the three piezoelectric stress coefficients for wurtzite ZnO [57]-[59]. 

Thermal property of ZnO: The thermal expansion coefficients (TEC), which are defined as 

the ratio a/a and c/c, are used to describe the quantitatively temperature dependence of 

lattice parameters a and c. The stoichiometry, extended defects and free-carry concentration 

also affect the TEC. The X-ray power diffraction method by Reeber [59] was used to measure 

the temperature dependence of the lattice parameters of ZnO. 

1.1.8. Applications of ZnO

In this section, a brief overview of the projected applications for ZnO is provided. Existing 

technologies are also being revolutionised with ZnO nanoparticles, which have led to the 

development of improved sunscreens, paints and coatings, plastic and rubber manufacturing, 

electronics and pharmaceuticals. With improvements in growth technology of ZnO 
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nanostructures, epitaxial layers, single crystals and nanoparticles, we are now moving into an 

era where ZnO devices will become increasingly functional and extraordinary. ZnO-based 

nanostructures including nanowire arrays hold a host of opportunities for flat screen displays, 

field emission sources, gas, chemical [38] and biological sensors, and as UV light emitters, 

detectors and switches [61]-[64]. Epitaxial layers and single crystals will be important for the 

development of optoelectronic (blue and ultraviolet light emitters and detectors) [54], 

piezoelectric [65] and spintronic devices [66]. Such devices also have applications within 

military applictions, ultra high density data storage, blue, UV and white light LED’s and laser 

diodes, secure communications and biodetection. Epitaxial ZnO also holds much promise as a 

semiconducting transparent thin film [67], which again will be important for solar cells, gas 

sensors, UV detectors, displays and wavelength selective applications. Additionally, the 

radiation hardness of ZnO to MeV proton irradiation makes it an ideal candidate for space 

applications [68]. Thus ZnO whilst already possessing a wide application base, has enormous 

opportunities for society and industry alike due to its unique properties which are now being 

explored and applied.

1.2. Basic physical processes in MBE

Understanding kinetics, thermodynamics and how they interact and compete with each other 

would enable us to know how to control the growth of thin films, which is of great importance 

to all modern semiconductor technologies as well as to the basic science. In MBE, growth 

process may be divided into three zones where different physical phenomena take place [69] 

(see Figure 2.1). The first zone is the generation zone of the molecular beam under UHV 

conditions from sources, of the effusion-cells, whose temperatures are accurately controlled. 

The uniformity in thickness as well as in the composition of the films grown by MBE depends 

on the uniformities of the molecular beams fluxes and also on the geometrical relationship 

between the configurations of the sources and the substrate. Next is the zone where, the beams 

from different sources intersect each other and the vaporized element mix together creating a 

very special gas phase contacting the substrate area. This area, where the crystallization 

processes take place, can be regarded as the third zone of the MBE physical system. Epitaxial 

growth in MBE is realized in the third zone (on the substrate surface). A series of surface 

processes takes place during the growth which is schematically summarized in Figure1.7. 

Thin film deposition is a dynamic process. 
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The surface processes occurring during MBE growth are characterized by a set of relevant 

kinetic parameters that describe them quantitatively. The arrival rate is described by the flux 

of the arriving species and gives the number of atoms impinging on the unit area of the 

surface per second. Evaporated atoms with temperature Ti impinge onto the substrate surface, 

which has a temperature Ts, usually lower than Ti at different positions with different kinetic 

energies. Depending on the atom’s energy and the position at which it hits the substrate 

surface, the impinging atom could reevaporate immediately, carrying with it an energy 

corresponding to temperature Te or exchange energy with the atoms of the substrate until they 

are in thermodynamic equilibrium at Ts. description of this process is possible by defining the 

thermal accommodation coefficient as: 

        (1.6) 

When Te is equal to Ts the accommodation coefficient is unity. Thus, it emerges as a measure 

of the extent to which the arriving atoms reach thermal equilibrium with the substrate [71].   It 

is important to differentiate between the accommodation coefficient ( ) and the sticking 

coefficient (Sc). the sticking coefficient is defined as the ratio of the number of atoms adsorb, 

or "stick", to the substrate surface to the total number of atoms that impinge upon the 

substrate surface during the same period of time. 

        (1.7) 

Figure 1.7: Basic atomic processes during thin film growth.
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In many cases, Sc is less than unity and it may be a small fraction in cases when the 

adsorption energy of atoms on the substrate is low, or the substrate temperature is high.  Sc is 

inversely proportional to the exponential of the temperature and also inversely proportional to 

the square of the distance between atomic steps on the surface of a crystalline material [72]. 

Assuming that =1, all the arriving atoms are accommodated on the substrate surface and 

achieve thermodynamic equilibrium. They still have a finite probability related to the 

substrate temperature of acquiring sufficient energy to overcome the attractive forces and 

leave the substrate. If aggregation of adatoms, does not occur, all adatoms will eventually be 

reevaporated. Thus, the Sc can be almost zero even when  is unity. 

Adsorption occurs by either forming a van der Waal’s bond with a surface atom 

“physisorption”, or by forming a covalent or ionic bond with surface atom “chemisorption”. 

The rate at which adatoms are adsorbed to the surface is roughly proportional to  

 , where  is the adsorption frequency,  is the adsorption energy, k is 

Boltzmann constant and T is the substrate temperature. However, most substrate surfaces have 

complicated reconstructions and the bonding is highly directional. Therefore, the probability 

of adsorption to some sites is higher than others.

Assuming defect-free surfaces, a number of theoretical and experimental works has been 

carried out to find out the most stable adsorption sites. Adsorbed atoms may diffuse from one 

site to another via thermally activated hopping, with the diffusion coefficient 

      (1.8) 

Where; ks is the site-to-site hoping rate, a, is the effective hopping distance between sites, Ed is

the diffusion energy and T is the substrate temperature. Because of the complicated nature of 

most surfaces, diffusion is an anistropic and complicated process. It should be pointed out that 

diffusion is the process responsible for the degree of smoothness of the grown film for a fixed 

deposition rate. Diffusing adatoms meet and bond with each other forming clusters that differ 

in size, depending on the deposit vapor pressure or the deposition rate. Nucleation on smooth 

surfaces is not energetically favored and requires the number of adatoms to be much larger 

than that at equilibrium. In fact, flat surfaces with no defects do not exist in nature. Defects, 

e.g., dislocations, kinks, vacancies and ledges (see Figure 1.8), act as favored nucleation sites 

that enhance nucleation [73].
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Due to the large surface-to-volume ratio, small clusters (smaller than the so-called critical 

size) are energetically unstable, and the probability of their dissociation is quite high. Balance 

between the growth and the dissociation of a given cluster depends on its total free energy and 

the adatom vapor pressure.  

The relation between the film surface energy F, the substrate surface energy S, and the 

interface energy between film and substrate FS, the film grows in one of three growth modes 

(see Figure 1.9): 

Figure 1.9: Basic nucleation modes: (a) Frank - van der Merwe, (b) Volmer –Weber, 
and (c) Stranski-Krastanov. 

Figure 1.8: Surface defects are favored nucleation centers. 
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a) Frank-van der Merwe (layer-by-layer): takes place when the deposit atoms are more 

strongly attracted to the substrate than they are to themselves (i.e. n < ).

b) Stranski-Krastanov (layer-plus-island): in this mode, the most common one, layers form 

first then for some reasons islands start to grow. 

c) Volmer-Weber (3D islands): occurs when deposit atoms are more strongly attracted to 

themselves than to the substrate (i.e. n > ).

A fourth growth mode, which could be considered as the high-temperature version of layer-

by-layer growth, is the so-called “step-flow” growth. In step-flow, all adatoms diffuse and 

adhere to step edges; therefore, no nucleation takes place on terraces. “If the temperature is 

reduced, the incoming flux is increased, or the distance between steps increased, not all 

incoming atoms may reach the step edge, and new islands may nucleate on the terraces”[74]. 

The difference between Step-flow and 2D-nucleation is shown in Figure 1.10. Steps are 

formed whenever the surface is cut slightly from a low index plane. In MBE, the transition 

from layer-by-layer growth in to step-flow diffusion is a well-known phenomenon that has 

been studied by RHEED [75];[76].

Figure 1.10: (a) In step-flow growth, step edges act as the major sink for diffusing 
adatoms and no nucleation takes place on the terraces. 
(b) Layer-by-layer growth, in which nucleation on terraces also takes place.
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2. Experimental

In this chapter, the main experimental approaches used for epitaxial growth and 

characterization are briefly described. The principles of the experimental techniques are 

introduced with their practical operation conditions. The chapter does not provide a complete 

description of the experimental details, but to define the physical and technical aspects which 

are necessary for understanding the experimental results to be presented in the following 

chapters. 

2.1. Molecular Beam Epitaxy

2.1.1. Basics of molecular beam epitaxy

The first fundamentals of MBE growth were established in 1958 by Günther [77] and this 

technique has been used since the 1970 as an effective tool for the growth of high purity 

epitaxial layers of compound semiconductors [78]. Nowadays MBE provides the greatest 

flexibility for the growth of many kinds of complex semiconductor multilayers, ferromagnet-

semiconductor hybrid structures, and epitaxial metal and oxide layers because of the precise 

control of the thickness and composition, the cleanliness of the growth process and the doping 

of the involved layers. It is a versatile technique for growing thin epitaxial structures via the 

interaction of one or several molecular or atomic beams that occurs on the surface of a heated 

crystalline substrate. 

At the Institute of Semiconductor Technology, TU Braunschweig, the modified Varian Gen II 

MBE system with a vertical reactor is combined from three vacuum chambers: an entry/exit 

chamber, a buffer chamber, and a growth chamber. The entry/exit chamber is used to transfer 

samples from/to work bench and bake them at 250° C for at least 3 hours aiming to desorb 

water vapor and other impurities. The buffer chamber connects both entry/exit chamber and 

growth chamber and also used for preparation and storage of samples. The most fundamental 

components of ZnO MBE system that is used primarily for the work reported here are shown 

in Figure 2.1 schematically.  It consists of double zone effusion cells, shutters, a continuous 

azimuthal rotation substrate holder, water cooled quartz thickness monitor at the substrate 

position and in-situ characterization with reflection high energy electron diffraction 

(RHEED).
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To set up a MBE system for the growth of ZnO, a lot of improvements were carried out on a 

conventional MBE system. A UHV environment and high pure sources guarantee a low 

unintentional impurity level in the grown sample. The UHV pumping system is facilitated by 

the Turbo Molecular Pump (TMP). Normal ion pump cannot provide sufficient pumping rate 

to keep a good vacuum during growth, and the lifetime of an ion pump can be seriously 

diminished by the low vacuum (typical 1x10-5–8x10-5 Torr) during growth. The growth 

chamber is pumped by a 2200 l/s TMP. The background can achieve vacuum better than 10-8

Torr without using liquid nitrogen. A differential pumping system is added to the RHEED 

gun so that even the pressure is higher than 8x10-5 Torr in the growth chamber, the local 

region that the filament is installed can be good enough for a stable operation.

Samples are loaded onto the growth chamber sample holder via a magnetically coupled 

transfer rod. The heater is directly attached to the sample holder that rotates on two axes. For 

improved layer uniformity, the sample holder is designed for continuous azimuthal rotation 

(CAR) of the sample. The substrate holder and all other parts that are heated are made of 

materials such as Ta, Mo, and pyrolytic boron nitride (PBN) which do not decompose or 

outgas impurities even when heated to 1400ºC. To monitor the residual gases, analyze the 

Figure 2.1: Schematic presentation of the most fundamental components of a ZnO MBE 
system including a UHV system, substrate manipulator, and RHEED for in-situ analysis.
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source beams, and check for leaks, a quadruple mass spectrometer (QMS) is mounted in the 

vicinity of the CAR. The material sources, or effusions cells, are independently heated until 

the desired material flux is achieved. Computer controlled shutters are positioned in front of 

each of the effusion cells to be able to stop the flux reaching the sample within a fraction of a 

second. The sources in the modified Gen II system are located approximately 52 cm from the 

sample in the growth position. This distance is large enough to guarantee high uniformity, 

even for larger wafers. The sources are designed specifically to grow ZnO-based 

semiconductors. The system has cells for Zn, Mg, Mn, N, and O. 

2.1.2. Effusion cells

The effusion cells used in MBE systems exploit the evaporation process of condensed 

materials as molecular flux source in vacuum. The understanding of the properties of real 

effusion cells is complicated and not straightforward, so easier models are needed and just the 

main complications are subsequently added. In a closed crucible, for pure substances, 

equilibrium is established between the gas and the condensed phase. Such systems have only 

one degree of freedom f; that means that the pressure Pe is a function of the temperature T and 

can be approximately expressed by the Clapeyron equation [77] 

         (2.1) 

Where; H is the evaporation enthalpy and K the Boltzmann constant. A close look to the 

fluxes of particles having a mass mi on the condensed phase surface shows that the maximum 

value for the evaporated flux  is 

         (2.2) 

This assumes that each molecule from the gas phase is always trapped by the surface and an 

equal opposite flux of material must leave the condensed phase to maintain the equilibrium 

pressure. Considering now that the impinging beam is partially reflected and only a fraction a 

is accommodate on the surface, the complete expression for the flux leaving the surface can 

be easily found as 

         (2.3) 

The factor  is dependent on the microscopic status of the surface and is strongly 

unpredictable. An ideal Knudsen cell is composed of a large enclosure were the condensed 

material is in thermodynamic equilibrium with the gas phase and of an orifice so small that 
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the equilibrium pressure pe is not perturbed. In this ideal case, the orifice should be a surface 

with an evaporate pressure pe and has not the ability to reflect any of the incoming molecules 

resulting in  = 1 and the number of molecules per time unit of the created beam is a Jm,

where a (cm2) is the orifice area. When it is not possible to consider the enclosure as infinitely 

large, and it is therefore important to consider the influences of the main body of the cell, the 

value of the  coefficient is needed [81]. 

The ideal Knudsen cell exhibits an angular distribution of the evaporated particles that follows 

a cosine law, where the angle  is the angle between the beam and the substrate surface 

normal. 

         (2.4) 

       (2-5) 

where J 
2[molecules(atoms)/cm s]is the flux at a distance d (cm) from the source opening to 

the substrate surface , which has an orifice of area a (cm2) and contains atoms (molecules) of 

mass mi, having an equilibrium vapour pressure Pe at temperature T. 

In ZnO MBE, these metal sources intend to have lower vapour pressure in oxygen ambient 

because of the formation of an oxide layer on the surface of source materials. The depth of 

oxidization may change according to both the utilization history and the operation condition 

of the effusion cell. To obtain stable beam fluxes, especially for Mg, in daily experiment 

becomes difficult. A more serious problem is that the source material may condense at the 

orifice of the crucible; where the temperature is lower than inside. This causes a rapid 

decrease in the beam flux with operation time. For this reason, a double zone effusion cells 

are used in the employed MBE system. The double zone cell consists of two filaments, one is 

used to heat the lower part of the crucible, and the other is used to heat the upper part. Each 

filament is independently powered and controlled by its own thermocouple. An insert cap 

with an outlet diameter of 1mm was used to reduce the outlet area of the effusion cell and also 

to give oxygen less possibility to get into the crucible. Further more, the pressure inside the 

crucible is much higher than in the chamber, so the any incoming oxygen will encounter a 

metal atom before reaching the solid surface. The rate of oxidation of the source metal is 

significantly reduced and it is more possible for any thin oxidised layer on the metal break up 

because the operating temperature is much higher the normal.  
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Figure 2.2: shows the Zn and Mg beam fluxes for different consumption periods. It is clear 

the Zn flux is not changing, but in Mg case the Mg flux decrease a bit because MgO was 

nucleate at the cap outlet. After cleaning the cap the Mg flux is again like new source without 

changing Mg matrial.   
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2.1.3. Oxygen sources for ZnO growth

Because of the high molecular bonding energy of O2 (5.16 eV) [82] hindering the thermal 

dissociation of oxygen at the substrate surface, sources of reactive oxygen species are 

necessary for the growth of ZnO. Therefore, various types of sources are commonly used to 

produce reactive oxygen species and the type of oxygen source characterises the growth 

technique. However, these different techniques have their disadvantages. for example, 

plasma-assisted growth leads to contamination of growing films by source materials [83], 

possible surface damage by high-energy particles, and degradation of plasma sources due to 

high reactivity of oxygen radicals. The above problems stimulate the search for alternative 

sources of oxidizing species for the ZnO MBE, like radical oxygen, nitrogen dioxide [84], 

ozone [85], water (H2O) [85] (It is important to note that, as we have found previously, ZnO 

does not grow when pure water vapour and elemental Zn are used.), and Hydrogen peroxide 

(H2O2). H2O2 is very reactive oxygen-containing compound.  The main difference between a 

conventional MBE and the one used in this research is the possibility to use two different 

oxidization sources H2O2 or RF-plasma to provide reactive oxygen.  

Figure 2.2: Zn and Mg beam fluxes for different consuming periods from double zone 
effusion cells versus the base temperatures. The tip temperature is 150° C higher than 
base temperature. Data measured with water-cooled quartz thickness monitor at the 
substrate position. 
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1. Hydrogen peroxide: H2O2 is extremely stable at ambient temperatures with losses of less 

than 1% per year at 23° C, but assay loss increases with temperature rise. For example, losses 

are 1% per week at 65° C. A 50 % aqueous solution of hydrogen peroxide kept in a stainless-

steel vessel (This is the most suitable material for H2O2 equipment) at room temperature 

served as a source of reactive oxygen. A jet of vapor from the vessel was directed at the 

substrate through a quartz pipe connected to a leak valve (see Figure 2.1). During the growth 

of ZnO layers, the pressure in the chamber was maintained at 1x10 5 to 5x10 5 Torr by setting 

different H2O2 flows and this pressure, mostly defined by the H2O2 pressure, will be 

nominally referred to as the H2O2 pressure. The H2O2 pressure is directly related to the H2O2

flow and is a very convenient alternative for measuring and controlling the extremely low 

H2O2 flow. 

2. Plasma source: In this research, an ADDON radio-frequency (rf) plasma source is used to 

generate O radical atoms. Included a commercial power supply unit of maximum 600 watts. 

The rf-matching box directly connected to the source with air-cooling. The plasma discharge 

is produced by inductive circuit water cooled around the cavity. The cavity is supplied by O2

gas line via mass flow controller (MFC). Most experimental results in this work are based on 

the samples grown with this plasma source. Figure 2.3a shows ZnO growth rate  is 

proportional to the oxygen flow rate with the plasma power until reaching 1 Å/s, 1.3 Å/s, and 

1.6 Å/s ZnO growth rate at 350 W, 400 W, and 450 W plasma power respectively, after that, 

the ZnO growth rate  starts to decrease slowly. Then, the change in growth rate does not 

reflect the total flux contributing to growth from the rf-plasma source, because the effective 

species should also involve the neutral oxygen atom and oxygen radicals. To ensure that the 

growth rate does not disturbed by the other parameters, such as Zn beam flux and growth 

temperature, the experiments were carried out under extremely Zn-rich condition and at the 

growth temperature high enough to re-evaporate the excess Zn impinging on the growing 

surface. Figure 2.3b The rf-plasma cell yields a 0.41 Å/s, 0.45 Å/s , and 0.5 Å/s ZnO O-

controlled growth rate at 350 W, 400W, 450 W respectively, per a 1 sccm flow rate as was 

determined under the Zn-rich conditions. 
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2.2. Reflection High Energy Electron Diffraction

2.2.1. Principles and instrumentation

One of the most useful tools for in-situ monitoring of the growth is reflection high-energy 

electron diffraction (RHEED) [86]. It can be used to calibrate growth rates [88], observe 

removal of oxides from the surface[89], calibrate the substrate temperature [90], monitor the 

arrangement of the surface atoms, give feedback on surface morphology, and provide 

information about growth kinetics [91],[92]. The layout of the RHEED system is shown in 

Figure 2.4. In conditions which are usually used in MBE, the RHEED gun emits a high 

energy beam of electrons in the range  10 35 keV strike the surface at a shallow angle (1°-

3°), making it a sensitive probe of the semiconductor surface. Electrons reflect from the 

surface and strike a phosphor screen forming a pattern consisting of a specula reflection and a 

diffraction pattern which is indicative of the surface crystallography. A charge-coupled device 

(CCD) camera with processing software monitors the screen and can record instantaneous 

pictures or measure the intensity of a given pixel as a function of time. The analysis and 

RHEED image and intensity were performed with a KSA 400 program. 

Despite the popularity of RHEED, there is no complete formal theory for it. However, a 

number of simplified kinematical approaches have been introduced that are useful for 

understanding the basic idea of RHEED. They are sufficient for the determination of the unit 

cell dimension, crystal orientation and the crystal shape. The lack of a formal theory is the 

reason behind the debate over the interpretation of RHEED results [93]. 

Figure 2.3: ZnO growth rate is versus oxygen flow rate at different plasma power: a) 
under Zn rich condition .b) under Zn-rich condition- stoichiometric- O-rich conditions 
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The simplest theory to describe RHEED is the “geometric theory” [86], in which diffraction 

of a plane wave (of wavevector k) by a single crystal is assumed. No interaction mechanism is 

taken into account in this treatment. Because of its simplicity, this theory is widely used for 

experimental calculations. In this theory, diffraction results when the Laue condition is 

satisfied, i.e., 

K-Ko = G          (2.6) 

where ' K and K0 are the wave vectors for the diffracted and the incident beams respectively 

and G is the reciprocal-lattice vector. When considering only elastic scattering events, which 

means |Ko|=|K|, this condition is satisfied by an infinite number of ' K vectors pointing in all 

directions, which is the origin of the so-called Ewald sphere. The sphere around the origin of 

K with radius |K| then defines the Ewald sphere (Figure 2.5). Hence, the Laue condition may 

be re-formalized as “diffraction occurs for all ' K connecting the origin of the sphere and a 

reciprocal-lattice point” [86], [94]. The magnitude of the wavevector for high-energy 

electrons is given by: 

      (2.7) 

Where; m0 is the electron rest mass, q is its charge and V is the accelerating potential. 

Figure 2.4: An illustration of the fundamentals of RHEED
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2.2.2. Ewald sphere construction

A graphical representation of the conditions for diffraction is provided by the Ewald Sphere 

construction. A 2-dimensional representation is shown in Figure 2.5, where the incident wave 

vector K0 is drawn to terminate at the origin of a reciprocal lattice (a square lattice in this 

case). A sphere drawn with radius K0 and with center O is the Ewald Sphere. If a point on the 

reciprocal lattice lies on the surface of the Ewald Sphere, the condition for elastic scattering is 

satisfied and diffraction will occur with the scattered beam having wave vector K. The vector 

G connecting K0 and K is a reciprocal lattice vector. By varying either the energy, i.e. the 

length of the incoming wave vector, of the incident beam, or the orientation of the crystal 

relative to the beam, all reciprocal lattice points may be mapped.  

In surface physics the 2-dimensional arrangement of atoms that forms the boundary between 

the bulk crystalline structure and the ambient environment are more intereste. The reciprocal 

lattice of a 2-dimensional array is no longer a set of points, but rather a set of infinitely long 

rods extending normal to the surface and having the periodicity of the surface unit mesh. To 

understand this, consider that distances in reciprocal space are inversely proportional to 

distances in real space. Therefore if points move farther apart in real space, the associated 

reciprocal space points move closer together. In the direction normal to a crystal surface the 

real-space spacing of atoms is removed to infinity, so the reciprocal lattice points are packed 

infinitely close together to form continuous rods normal to the atoms forming the surface 

reciprocal mesh.  

Figure 2.5: Top view of 2-dimensional representation of Ewald sphere construction.
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In RHEED, the Ewald sphere is large, for 20 keV electrons K0 is 785nm-1[86], which is about 

200 times larger than the reciprocal lattice unit of ZnO. This means that it produces an almost 

planar cut through the first few Brillouin zones of the reciprocal lattice. This large radius of 

the Ewald sphere combined with the small scattering angles facilitates the geometrical 

interpretation of RHEED patterns, since for many purposes angular distortion can be 

neglected and the usual small-angle approximations for the trigonometric functions are valid. 

RHEED is very surface sensitive in that it samples only very few atomic layers beneath the 

surface. In the construction of the reciprocal lattice therefore we can approximate the sampled 

volume by two-dimensional layer. The reciprocal lattice then degenerates into a set of one-

dimensional rods along the Z direction perpendicular to the surface. Using this reciprocal 

lattice, we get the Ewald sphere construction of continuous rods, as is shown in Figure 2.6. 

Every rod reproduces a reflection in the diffraction pattern. The reflection occurs on so-called 

Laue circles of radius Li centered at H, the projection of the component parallel to the surface 

of k0 onto the screen. The specular reflection or the specular spot S located at the reciprocal 

lattice is projected on I, also labeled (000), where some of the incident beam that misses the 

sample becomes visible. 

Figure 2.6: Ewald sphere construction and diffraction geometry of RHEED in side 
view. Intensity maximum on the screen denoted by Lx corresponds to projected 
intersections of the Ewald sphere with the reciprocal lattice. S denotes the specular sport 
meaning the mirror reflection of the electron beam. 
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2.2.3. Diffraction pattern and surface structure

For semiconductors, it is evident from many experiments that the real surface does not exhibit 

the same atom arrangement as in bulk. The simplest rearrangement is surface relaxation, 

where the topmost layer retains the bulk symmetry, but the atomic distances perpendicular to 

the surface are different from that of bulk. Surface relaxation does not reflect in the symmetry 

of RHEED pattern, however, can be investigated by analyzing incident angle dependent 

intensity profile, called RHEED rocking curve. Besides the surface relaxation, surface 

reconstruction is a stronger disturbance giving rise to rearrangement of the top layer into 

symmetries different from the surface of a bulk truncation. Such a rearrangement is easily 

observed by RHEED. For a reconstructed surface, additional fractional patterns appear 

together with the primary patterns. Since both the reconstructed and normal surface 

contributes to the primary patterns, they usually are more intense than the fractional pattern. 

The surface reconstruction reflects the chemical stoichiometry of the surface, hence can be 

used to control the growth condition. 

A real surface should also involve the information from the surface morphology, which 

reflects in RHEED pattern by intensity distribution. One can image that the reciprocal rod of a 

real surface broadens anisotropically and un-uniformly along the rod. So that the interaction 

between the Ewald sphere and the reciprocal rods show modified streaky pattern. If the 

surface is very rough, the pattern becomes diffraction spots since the electron beam transmit 

the small island on the surface. 

2.2.4. Intensity oscillations and growth dynamics

Since the first report in 1980, RHEED oscillations have been intensively studied because they 

convey in situ and real-time information on the dynamics of MBE growth. This allows their 

use not only as an analytical tool, but also for real time feedback control in, for example, 

phase-locked MBE. RHEED oscillations are generally observed under growth conditions that 

lead to layer-by-layer growth. In this growth mode, also called Frank–van der Merwe growth, 

one layer is essentially completed before material is added to the following layer. This 

periodic variation of the surface morphology, or surface coverage, is generally accepted as the 

reason for RHEED oscillations [95], [96]. From the RHEED oscillation measurements several 

parameters that characterize the oscillations can be extracted and analyzed. They are period, 

amplitude, phase and damping of the oscillations, the behavior at initiation of growth, the 

recovery after stopping the growth and the frequency distribution in the Fourier spectrum of 
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the oscillation. In favourable cases, a study of these parameters as a function of either growth 

conditions or diffraction parameters allows the analysis of the growth mechanism as well as 

the nature of the surface. During layer-by-layer growth in MBE, the surface periodically 

changes its morphology because of the nucleation and coalescence of islands in the growing 

layers. The damping of the oscillations and the recovery after growth both happen on the 

timescale considerable longer than the oscillation period. We can interpret this as increase of 

long-range roughness that approaches a steady state in the limit of totally damped oscillations, 

which means the density of two dimensional islands does not change any more when the 

oscillations damps. After growth interruption, the surface again becomes smooth toward the 

thermal dynamic equilibrium state. As soon as the surface undulation due to the long-range 

roughness creates average terrace sizes comparable to the mean nucleation distance of the 

layer-by-layer growth, the oscillations are damped out. Every deposited atom reaches a step 

edge before forming an island nucleus and growth proceeds, at least locally, by lateral 

translation of the terrace distribution. This notation can be verified by measuring RHEED 

oscillations on vicinal surfaces. When the growth temperature and with it the surface mobility 

of the adatom is increased, the amplitude of the RHEED oscillations decrease until 

completely disappear. This transition from layer-by-layer growth to step-flow growth has 

been used to obtain estimates of the adatom surface mobility[96]. 

2.3. Atomic force microscopy

Atomic Force Microscopy (AFM) is a robust technique used to study the surface topography 

of a variety of materials on the nanometer to micrometer scale. It was invented by G. Binnig 

et al [98] in 1986, and he [99] reportedly obtained atomic resolution of a graphite surface 

utilizing AFM. In the recent decade AFM has become a universal tool in material research.  

AFM primarily measures surface topography on a scale from angstroms to 100 microns, but 

has other variants that measure electrical, magnetic, and physical properties [100]. The 

technique involves imaging a sample through the use of a probe, or tip, with a radius of about 

20 nm. The tip is held several nanometers above the surface using a feedback mechanism that 

measures surface–tip interactions on the scale of nano-Newton. A detector measures the 

cantilever movement as the tip moves over the sample. From these tip movements and data 

from the detector, a computer is used to reconstruct a map of the surface morphology. In this 

research, AFM DME in AC-contact mode will be used to investigate the surface morphology 

of ZnO-based semiconductors grown under different growth conditions. 
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2.4. Scanning electron microscopy

Scanning Electron Microscopy (SEM) is a high-resolution surface imaging technique based 

on the detection of secondary electrons generated from the specimen in an inelastic process. 

The earliest known work describing the concept of the SEM is that of M. Knoll in 1935 [101]. 

Today the SEM is a quasi-standard tool for the analysis of surface morphology and is widely 

used in the field of semiconductors. In a typical SEM system, primary electrons are generated 

by thermionic emission from a cathode in an electron gun and are accelerated by a variable 

voltage of 500 V–30 kV in ultra-high vacuum. The electron beam cross section at the electron 

gun is demagnified by a two- or three-stage magnetic lens system to a final electron beam 

probe diameter of 1 nm – 1 m with an electron current of 10-12–10-8 A at the specimen. 

Scanning coils placed before the final lens causes the electron spot to scan across the 

specimen surface in the form of a square raster. The current that passes through these coils are 

usually also made to pass through the deflection coils of the cathode ray tube or picked up as 

electronic signals and regenerated on a computer screen to generate the image.  

Upon impinging on the specimen, there is an interaction between the atoms and electrons in 

the sample. This interaction causes various signals to be generated and the most commonly 

used signals are those from secondary and elastic back-scattered electrons. The secondary 

electrons are electrons of very low energy and thus contain information of only a few 

angstroms deep on the surface of the layer. These electrons are then detected by a detector 

consisting of a scintillator-photomultiplier combination. These images are the ones commonly 

used in SEM to interpret the morphology of a sample. 

2.5. X ray diffraction

X-rays were discovered by Wilhelm Conrad Röntgen discovered in 1895, for which he later 

obtained the Noble prize for Physics in 1901. X-ray diffractometry (XRD) was later 

introduced by Max von Laue in 1912 when he discovered the diffraction of x-rays on crystals. 

Since then XRD is one of the widely used experimental techniques for determining lattice 

parameters, preferred orientation of the crystal, phase composition (qualitatively and 

quantitatively), grain sizes, lattice strain, residual stress etc. Since all semiconductor 

properties are directly related with the structure and hence crystalline quality of the 

semiconductor material, XRD provides qualitative and to a certain extent, quantitative 

analysis of grown crystals [98], [102]. Due to the wavelength of the x-rays used and their 

reachable diffraction space resolution, the method is sensitive for thin films from a few 
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monolayers to several micrometers. XRD is a nondestructive technique and can provide the 

information from a relatively large area of the specimen compared to Transmission Electron 

Microscopy. A schematic presentation of the set-up including angular movements that 

identify the type of measurement is shown in Figure 2.7. 

Figure 2.8 shows the diffraction of x-rays from a crystal. In principle, x-rays of the same 

wavelength  are incident at an angle to the given plane with a geometric periodic system, 

for example, a crystalline material of atomic layer separation d. The x-rays are diffracted at 

the same angle  to the plane (law of reflection). In semiconductors, x-rays are diffracted in 

the crystal lattice. 

The diffracted rays can either interfere constructively of destructively. For constructive 

interference, the path difference bc+cd must be equal to a whole number of wavelengths n, as 

described by Bragg law: 

       (2.8) 

Figure 2.8: Interaction of x-rays with a crystal

Figure 2.7: Schematic of an XRD measurement set-up and angular movements that 
identify the type of measurement 
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The highest intensity Imax of the diffracted x-rays is given by I( B) = Imax, where¸  is the 

wave length, is the Bragg angle, dhkl is the distance between the planes and n is an integer. 

For a hexagonal crystal structure, the crystal planes can be described with four Miller’s 

indices (hkil) as an extension of the three indices (hkl) in cubic crystals. Considering a 

hexagonal crystal with horizontal lattice parameter a, and vertical lattice parameter c, the 

distance dhkil between two successive atomic layers is given by: 

       (2.9) 

In this work, a Siemens D5000, Phillips, and Seifiert with a four crystal monochromator 

available at the x-ray tube of this diffractometer system is run with a 40 kV, 40 mA bias to 

generate Cu-K 1 rays with a wavelength of 0.154056 nm.  

Mainly two kinds of scans are used for thin film characterization [103]. One scan is 

radial scan or  scan for measuring a Bragg reflection. In the reciprocal space,  scan 

measures the intensity profile along the reciprocal vector (Figure. 2.9). For such a scan, the 

detector is rotated twice as fast and in the same direction around the diffractometer axis as the 

specimen. This leads to a corresponding change in the angle of diffraction and the moved 

detector can still detect the diffracted rays. A  change in the angle of incidence caused by 

the moving source leads to a  change in the line of sight between the detector and the 

sample. With this mode diffraction signals from other multiples of the fundamental reflex can 

be detected, if they are available. For example, if the (0002) and (0004) reflection peaks are 

available in a 2  spectrum of a ZnO crystal, then the crystal is oriented towards the c-axis of 

ZnO. Besides the crystal orientation, the width of 2  peaks that result from  scans also 

gives information about the crystalline quality.

The other scan is  transverse scan or  rocking curve, in which the detector is fixed in 

position with wide-open entrance (in order to increase the signal intensity by necessary) and 

the sample is rotated. . In reciprocal space,  rocking curve corresponds to a scan across the 

reciprocal point perpendicular to the associated reciprocal vector (Figure 2.9).When the Bragg 

condition (equation 2.8) is satisfied a diffraction maximum arises and the diffracted x-rays are 

detected by the detector and channelled to an electronic signal processing system that 

calculates the angle of diffraction and the intensity of the diffracted x-rays and presents the 

result as a spectrum of different Bragg angles, with a peak at the most common angle of 

diffraction. If neighbouring atoms on different atomic layers in a crystal are not perfectly 
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aligned, the Bragg angle B will not be the same for every atomic layer. The more the Bragg 

angles deviate from the most common one, the broader the spectrum of diffraction angles 

(commonly called rocking curve) and the more the disorder in the atomic ordering in the 

crystal being characterised.  

The physical origins of the peak broadening are different for scan and rocking curve. 

In the case of  scan, which is described by the Bragg’s law broadening in the scan angle 

is determined by the number and the uniformity of the interlayer distance of the diffraction 

planes. The uniformity of the interlayer distance of the diffraction planes involves the 

information of defects in the sample, which is what we want to deduce by the measurement. 

In the case of  rocking curve, which is measuring the angle distribution of the diffraction 

planes, the corresponding information is the mosaicity of a film. The mosaicity is a simplest 

model that explains diffuse X-ray scattering from a relaxed layer. As standard, the (0002) 

reflex is taken for rocking curve measurements. X-rays may slightly differ in wavelength and 

this also affects their angle of diffraction at the point of incidence. Using monochromators to 

narrow the wavelength spectrum leads to more accurate results. Although the spectrum of x-

rays might be narrower after passing the monochromators, large beam diameters would lead 

Figure 2.9: Ewald sphere construction and diffraction geometry of (002) reflection in 
reciprocal lattice. Scan directions of XRD  scan, scan, and detector are 
presented on the right. 
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to different angles of incidence and thus affecting the angles of diffraction too. Employing 

slits between the monochromator and the sample will definitely lead to reduced rocking curve 

widths.

2.6. Transmission electron microscopy

The original form of the Transmission electron microscopy (TEM) was first constructed by 

Max Knoll and Ernst Ruska at the end of the 1920’s at the Technical University of Berlin. 

TEM is applied to obtain an image of the specimen at high resolution and magnification. 

From the crosssectional TEM (XTEM) technique, or high-resolution TEM (HRTEM) 

imaging, the crystallography and microstructure of the system can be investigated to the finest 

detail. Because XRD analysis gives only ensemble information about the degree of ordering 

in semiconductor crystals, TEM was employed in this work to view the atomic ordering in the 

ZnO crystals and also to study the interface between the ZnO epilayer and the MgO buffer 

and their substrate. In the present work, TEM measurements were carried out at the Physics 

Department of Aristotle University, Greece. While the HRTEM measurements were carried 

out at Research Institute for Technical Physics and Materials Science, Hungarian Academy of 

Sciences.

Conventional TEM set-ups comprise an illumination system (electron gun and a series of 

lenses), and an imaging system with objective, magnifying, projector lenses and a fluorescent 

screen. These systems are in a chamber under ultra-high vacuum. The ray diagram of a 

conventional TEM is drawn schematically in Figure 2.10. Two operation modes can be used, 

i.e. imaging mode and diffraction mode (Figure 2.10a and b, respectively). In the imaging 

mode, an image is observed in the image plane on the viewing screen (Figure 2.10a), while in 

the diffraction mode a diffraction pattern is projected to the viewing screen by changing the 

strength of the intermediate lens (Figure 2.10b). The contrast in conventional TEM is mainly 

due to diffraction/scattering contrast and mass-thickness contrast. These are based on the 

scattering cross-section of the atomic species in the specimen and the number of scattering 

atoms along the propagation of the electron beam. Strongly scattering regions of the specimen 

(heavy elements, large thickness) show darker contrast in the bright-field image than weakly 

scattering regions (light elements, small thickness). 

The diffraction pattern of an amorphous specimen consists of diffuse rings, whereas a 

crystalline specimen generates diffraction spots. These spots are formed due to the 

constructive interference between the diffracted beams that Bragg condition (2.8). Depending 
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on which diffraction spot contributes to the image formation, bright-field (BF) or dark-field 

(DF) images can be obtained. A BF image is formed, when only the direct beam is selected by 

the objective aperture, which is inserted in the back focal plane of the objective lens. For 

obtaining a DF image, the objective aperture is shifted in such a way that only one of the 

diffracted beams is contributing to the image formation. Since this beam runs off-axis, its 

electrons suffer from the spherical aberration and astigmatism of the lenses more than the  

In this work HRTEM has been employed for the study of ZnO/MgO/Al2O3 interfaces. 

HRTEM image formation is in accordance with Abbe's theory [105], which states that at least 

one diffracted beam and the direct beam have to be used to form an image. In order to resolve 

the fine details of the specimen, i.e. atomic columns, also large values of the k vector have to 

contribute to the image. The HRTEM image can be understood as a complex interference 

pattern of the various diffracted beams and the direct beam. This interference pattern depends 

on the imaging conditions and the thickness of the specimen. These reasons require HRTEM 

image simulations to retrieve the atomic structure of the specimen. For that, a model of the 

specimen structure has to be assumed. During the simulations, the microscope parameters are 

used as an input and image intensity patterns are calculated. A digital comparison between 

simulated and experimental images is performed, and the initial simulation parameters are 

Figure 2.10: Schematic ray diagram of the conventional TEM: (a) projection of the 
image onto the viewing screen, and (b) projection of the diffraction pattern onto the 
viewing screen. [104] 



43

varied until the best agreement is achieved. A short description of the image formation in 

HRTEM and image analysis is given farther below. A more detailed description can be found 

in [105].

For XTEM ZnO specimen preparation two strips of the specimen were cut along the (11 0)

also on the (10 0) directions, and glued face to face on the (0001) plane, then were 

mechanically thinned down to 25 m. Subsequently the specimens were thinned to electron 

transparency by Ar ion milling with energy of 4 kV, at a very low incident angle of 4° in 

order to avoid artefacts due to amorphization by the argon ions. The cross-sectional HRTEM 

specimen was additionally thinned at a low energy of 0.5 kV in order to etch out the 

amorphous layer produced by the high-energy ion milling. 

2.7. Photoluminescence spectroscopy

Photoluminescence (PL) is the most widely used optical characterization method. This is 

because (see section 1.000) PL provides rich information on both intrinsic recombination 

processes and various radiative recombination processes associated with imperfections of a 

sample through a fast nondestructive way. The information about the electronic structure of 

semiconductor could be obtained from the analysis of luminescence spectra.

Two types of spectra can be distinguished upon PL measurements: PL spectrum and 

photoluminescence-excitation (PLE) spectrum. PL spectrum refers to the variation of 

luminescence intensity as a function of wavelength (or photon energy), while PLE spectrum is 

measured by monitoring the variation of luminescence intensity at fixed wavelength (or 

photon energy) as a function of the wavelength (or photon energy) of the excitation source. 

PL spectrum provides us the information about the structure of energy levels in the sample. 

PLE spectrum provides information about the energy transformation among the energy levels 

in the sample.  

In PL, samples are usually mounted in an optical cryostat in order to achieve low 

temperatures. A lamp with a monochromator or a laser with tunable wavelength is used for 

the PL excitation. In this research, a He-Cd laser with emission wavelength of 325 nm is used 

as the excitation source for the ZnO study. The laser beam passes through filters which select 

the main laser emission line and cut off undesirable lines, and is then focused to a small spot 

on the sample. The luminescence from the sample is collected by condenser optics and 

converted to a collimated beam. The beams that pass through the spectrometer are detected by 
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a CCD camera and are converted to an electrical signal (see figure 2.11). The ac signal is then 

fed to a lock-in amplifier, and the amplified signal is inputted into a computer to be collected 

and analyzed.

For PL measurements, a 10 mW, 325 nm He-Cd laser was used as the excitation source and a 

grating monochromator (Triax 320) and photodetector (CCD 3000) were employed. 

During the PLE measurements, the emission of a 150 W cw Xe arc lamp was passed through 

a grating monochromator and focused on the sample. The PL intensity was detected by a 

grating spectrometer equipped by a photomultiplier tube, working in a photon counting mode.  

In these experiments the PL intensity was recorded as a function of the excitation wavelength. 

For Time-resolved PL (TRPL) spectroscopy at 1.8 KThe triple-frequency emission from a Ti: 

sapphire mode-locked laser (260 nm wavelength) was used for transient PL measurements. 

The frequency of the subpicosecond laser pulses was 76 MHz. The diameter of the spot on the 

sample was about 0.3 mm. The polarization of the laser emission was linear.  The PL 

transients were detected by a UV sensitive Hamamatsu streak camera system with a temporal 

resolution better than 15 ps.

While photoluminescence (PL) measurements were carried out at the Institute of 

Semiconductor Technology, Technical University Braunschweig, PLE and TRPL 

measurements were performed in Ioffe Physico-Technical Institute, St.Petersburg, Russia  

Figure 2.11: Schematic illustration of PL measurment 
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2.8. Hall effect measurements

In semiconductors, both electrons and holes contribute to the current, and thus, the bulk 

conductivity   where  is the resistivity) can be expressed as: 

        (2.10) 

In the case of an intrinsic semiconductor:  

         (2.11) 

Thus, by ignoring the temperature variation  of and by plotting  as a function of (which

yields a straight line), the energy gap  can be derived from the slope . In the case of 

an extrinsic semiconductor, for  the material is an n-type semiconductor, and for

the material is a p-type semiconductor. In order to determine the carrier type, in addition to 

the conductivity (resistivity) measurements, a complementary measurement, such as Hall-

effect is required. 

Hall-effect measurements on semiconductors are routinely employed for determining the 

density and sign of majority carriers. The sign and density of the majority carriers can be 

easily determined, as well as their mobility. In addition, temperature-dependent measurements 

can extract information about impurity energy levels within the band gap and the 

concentrations of those impurities. This information is essential for the development of 

semiconductor devices, and is a very useful research diagnostic.

Figure 2.12: Schematic diagram of Hall-effect measurment 
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 In this measurement (see Figure 1.12), the magnetic field B is applied (along the z-direction) 

perpendicular to the current flow direction (x-direction). The charge carriers, moving through 

a semiconductor, are deflected due to a Lorentz force exerted by an applied magnetic field. As 

a result of this deflection, a potential difference is established across the side of the 

semiconductor that is transverse to the magnetic field and the current direction. The Hall 

voltage and electric field   ( ; y is the sample width) appear according to: 

         (2.12) 

 Where;  is the current density; is the Hall coefficient, which is negative for n-

type semiconductors, and it is positive for p-type semiconductors. In other words; for n-type 

semiconductors  where for the case of p-type semiconductors .

Thus; from measured the density of carriers in the semiconductor can be determined, and 

from the field polarity, the conductivity type can be ascertained. If the conductivity of a 

semiconductor is known, the (Hall) mobility can be also determined from Thus, from 

 combined conductivity (resistivity) and Hall-effect measurements, the carrier 

density, type, and mobility can be determined. From these measurements as a function of 

temperature, one can also derive the temperature variations of the carrier density and mobility.

The doping range sensitivity of this method is between 1014 and 1019 cm-3. It should be noted 

that one should distinguish between the Hall mobility  and drift mobility  the ratio of over 

can typically vary in the range between 1 and 2 depending on the dominant scattering 

mechanisms, which in turn depend on temperature and doping concentration. 

2.9. Electrochemical capacitance–voltage profiling

The Electrochemical capacitance–voltage profiling (ECV) technique was developed by 

Ambridge and co-workers more than 25 years ago [106]. It has the advantage over Hall 

measurements in that it can determine the uniformity of doping with thickness and 

characterize multilayers with multiple doping levels, including p-n junctions. In this apparatus 

(see Figure 1.13), the traditional metal Schottky-metal ohmic contact for the C-V 

measurement is replaced by a conductive electrolyte solution. Variation of the voltage on the 

electrolyte cell leads to dissolution of the semiconductor, so that the semiconductor may be 

repetitively etched and measured, leading to a highly accurate measurement of carrier 

concentration versus depth in the sample. Both the electrolytic dissolution and the etching are 

performed in the same measurement apparatus, and a small AC signal (<<1 V), typically at a 
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low frequency of 0.3–3 kHz is superposed on the DC bias during the capacitance 

measurement step.  

In contact with an electrolyte, semiconductors can be etched by four different methods 

(chemical, photochemical, electrochemical, and photoelectrochemical) depending on whether 

or not holes are supplied from an external circuit or generated by above band-gap radiation to 

aid the etching process. In ECV profiling of n-type material, it is essential that etching occurs 

only when the sample is illuminated by above band-gap radiation (UV light) which generates 

holes that are subsequently transported to the surface by an applied bias. The required etching 

mode is, photoelectrochemical and we require the rates of all other etching processes to be as 

small as possible. The measurement and etching processes are then separated and Faraday’s 

Law of Electrolysis is used to calculate the amount of material removed and, hence, the 

etched depth. The other three etching processes will lead to incorrect estimates of the etching 

depth. For most semiconductors the correct choice of electrolyte means that only 

photoelectrochemical etching occurs, for example, GaAs related III–V materials are routinely 

profiled using NaOH as the electrolyte. However, unlike other wide band-gap 

semiconductors, ZnO is amphoteric and soluble in both acidic and basic solutions.  Even very 

dilute acidic (HCl) and basic (NaOH) solutions chemically etched ZnO with very high etching 

rate. Thus, we have found that the chemical etching rate can be reduced below the limit of 

sensitivity by using slightly acidic solution 0.1 M ZnCl2 as an electrolyte.  

Figure 2.13: Electrochemical capacitance–voltage profiling measurement setup 
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3. ZnO heteroepitaxy

ZnO layer can be grown either homoepitaxially or heteroepitaxially on foreign substrates. The 

best choice is homoepitaxy, in which case one employs a substrate whose lattice parameters, 

crystal structure and thermal expansion coefficient are the same with those of the material to 

be grown. In heteroepitaxy, the substrate material and the material to be grown are different. 

The use of suitable substrate is an important aspect in the growth of semiconductors, to reduce 

the strains, crack and dislocation density in epitaxial films. In the absence of homoepitaxial 

substrates, substrates with the similar crystallographic symmetry, smallest lattice mismatch 

and close in-plane linear expansion coefficients should be chose. Heteroepitaxial ZnO films 

were successfully deposited on different substrates such as, Si, GaAs, but Si and GaAs, are 

not expected to be appropriate substrates because of the formation of an amorphous-like oxide 

layer at the substrate surface, which destroys the following epitaxial growth. Since the lattice 

mismatch between GaN and ZnO is 1.8%, and GaN is one of the most chemically robust 

semiconductors, one could expect that GaN is a good substrate material for ZnO 

heteroepitaxy. However studies showed that polycrystalline Ga2O3 layer forms at interface if 

no special pretreatment is carried out. It seems that only oxide Substrates can avoid oxidation 

and to be used as the substrate for ZnO heteroepitaxy. ScMgAlO4 is an oxide substrate and 

has only 0.2% lattice mismatch with ZnO, it was also the first substrate, on which ZnO-based 

light-emitting diodes were realized [107]. However, the unavailability of this substrate makes 

it less promising for commercial ZnO growth. Indeed, previous studies show that, the best 

ZnO films were deposited on sapphire substrate, using chemical vapor deposition, pulsed 

laser deposition, and rf-MBE, H2O2-MBE. However, due to the large lattice and thermal 

mismatch between sapphire and ZnO, the ZnO film suffers from high dislocation density. 

Now the issue is how to accommodate for lattice mismatch between the substrate and ZnO, 

and thus minimize dislocation density. 

Through this research several different substrate and oxidation combinations have been 

studied in sequence for ZnO growth. These are 30% H2O2-MBE of ZnO on GaN template 

[108], 50% H2O2-MBE of ZnO [109];[110];[111]:[112] and rf-plasma MBE of ZnO on (0001) 

Al2O3 with high temperature MgO buffer layer [113]:[114] using rf-MBE. This chapter 

concentrates on, 50% H2O2-MBE of ZnO and rf-plasma MBE of ZnO on (0001) Al2O3 with 

high temperature (HT) MgO buffer layer.  
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3.1. Buffer layer

The use of a buffer layer can significantly improve the quality of ZnO layers. It was recently 

shown that the deposition of a thin MgO buffer layer on the sapphire substrate significantly 

improves the ZnO overgrown [110]; [115]. Furthermore, annealing of the MgO buffer layer at 

high temperature improved the surface morphology and reduced the dislocation density [116]. 

It was shown that ZnO polarity can be controlled by the thickness of MgO, at deposition 

parameters which do not lead to the formation of spinel between Al2O3 and MgO [117]. Even 

implementation of low-temperature 30 nm ZnMgO buffer layer deposited at 280°C and 

subsequently annealed at 560°C was reported [118]. Recently, it was shown that ZnO 

deposited on (111) spinel suffers from inversion domains boundaries [119]. This means that 

spinel cannot control the polarity of the overgrown ZnO films. However, by using Mg 

modification of O-terminated MgAl2O4 (111) surface, one can eliminate the inversion 

domains and thus can, stabilize the polarity [120]. Nevertheless, the exact role of the MgO 

buffer layer was not systematically studied up to now.  

3.2. Growth procedure

The growth of ZnO epilayers is carried out using a modified Varian Gen II MBE system 

described in section 2.1. 6N-purity Zn and 5N Mg elementals were evaporated using double 

zone effusion cells in order to reduce the oxidation of the source materials described in 

section 2.1.2. Either 50% H2O2 placed in a stainless-steel vessel in a stabilized temperature 

water bath or rf-plasma source were used as oxidant. 5N oxygen gas is injected into the RF-

plasma source through a mass flow controller system. The oxygen RF-plasma source is kept 

at 400 W. The pressure in the chamber during the ZnO epitaxial growth was maintained at the 

level of 1×10-5 to 5×10-5 Torr by setting different H2O2 flows controlled by a leak valve, or by 

setting different O2 gas flows controlled by MFC.  Commercial Al2O3 (0001) substrates are 

used. Prior to the growth, a 1 m thick Ti film is deposited onto the back side of the substrates 

for more efficient absorption of infrared radiation from a substrate heater. The substrates were 

degreased in boiling acetone and iso-propanol for 10 minute and then dried with nitrogen jet. 

After this cleaning procedure the substrates were mounted on indium-free molybdenum 

holders and loaded into entry/exit chamber and baked at 250°C for at least 3 hours aiming to 

desorb water vapor and other impurities. After transferring the substrate into the growth 

chamber, it was thermally cleaned at 750°C in an ultra high vacuum at the pressure of 10 8

Torr for 60 min and treated in oxygen at 750°C for 30 min to produce an oxygen terminated 
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c-sapphire surface.  The substrate temperature (TS) was measured using an infrared pyrometer 

calibrated at the Aluminum melting point and TS versus heater power dependence. After the 

thermal treatment the sapphire substrates show a sharp streaky RHEED pattern indicating a 

clean and flat surface. 

The typical growth procedure was as follows: 

 First, a HT MgO buffer layer was grown on cleaned c-sapphire at 700°C with a slow growth 

rate of about 0.05 Ås-1 under oxygen-rich conditions. After the deposition of about 2 nm thick 

MgO buffer, a low-temperature (LT) ZnO buffer layer was grown at 300°C at a growth rate of 

about 0.1 Ås-1. After the growth of about 3 nm LT ZnO buffer, the RHEED patterns gradually 

changed from streaky to spotty. This indicates a roughening of the growth surface. The 

growth is stopped and annealing started at 700°C for about 5 min. Then a sharp streaky 

RHEED pattern of ZnO appears again. This procedure was repeated again at 400°C in order 

to produce a thicker ZnO buffer layer.

RHEED was used for in-situ analysis of the surface morphology evolution during the buffer 

and ZnO growth stages. Figure3.1 shows the surface morphology evolution during the growth 

stages, beginning from the sapphire substrate (cf. Figure 3.1a). At the beginning of MgO 

deposition, a streaky pattern appears. Figure 3.1b indicates a 2D nucleation due to low 

interface energy between MgO and oxygen-terminated Al2O3 (0001). We proceed with LT 

ZnO buffer growth at 300°C on 2D MgO of about 2 nm thick. As the growth continues, 

Figure 3.1: RHEED
patterns depicting the surface 
morphology evolution during 
the ZnO growth stages: 

a) Sapphire substrate after 
20 min treatment in plasma 
at 700°C. 

b) 2D nucleation of MgO 
buffer layer at 700°C.

c)Low temperature ZnO buffer 
layer growth at 300°C.

d) Low temperature ZnO 
buffer layer after annealing 
at 700°C for 5min.

e)Main ZnO epitaxial layer 
growth at 500°C. 
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RHEED pattern changes gradually to 3D after about 3 nm growth of LT ZnO buffer (Figure 

3.1c). The growth is stopped and annealing started at 700°C for about 5 min, after which a 

sharp streaky RHEED pattern of ZnO appears Figure 3.1d. The growth of the main ZnO 

epilayer then started at 500°C with Zn beam flux around 0.3 nm/s and oxygen flow rate of 1.6 

sccm under the plasma power of 400 W. After only a few nm ZnO growth, an intense RHEED 

specular spot appears and a (3x3) reconstruction pattern evolves (cf. Figure3.1e). These 

features hold till the end of growth. 

3.3. Optimal growth conditions and growth kinetics

The growth temperature is one of the crucial parameters to achieve high quality ZnO films. 

According to the MBE technical principle discussed in section 1.2, several processes occur 

when molecules arrive at the substrate, including adsorption, migration on the substrate 

surface, interaction with other atoms, incorporation into the crystal, or desorption, all of which 

are affected by Ts. Only at high temperatures, the arriving Zn and O atoms have sufficient 

energy to move around on the surface and take their correct bonding positions. However, if 

the temperature is too high, these atoms may be re-evaporated from the surface, which leads 

to low growth rate. If the temperature is too low, these atoms cannot find the correct positions 

without high enough energy, which leads to high grow rate but poor crystal quality of the ZnO 

films. Therefore, the optimization of growth temperature is a key procedure to obtain high 

quality ZnO films. Another important parameter to control the ZnO growth is the O/Zn ratio. 

Under different conditions, MBE-growth of ZnO exhibits three distinct growth regimes as 

shown in Figure 3.2: O-rich (O/Zn>1), stoichiometric (O/Zn =1) and Zn-rich (O/Zn<1). When 

the Zn flux is kept constant during the growth, the O/Zn ratio varies with the active oxygen 

flux. The growth rate increases as the active oxygen flux rises under Zn-rich conditions and 

reaches the saturation under stoichiometric conditions. While further increasing in the active 

oxygen flux, lead to O-rich conditions. The O/Zn ratio influences the electrical, optical and 

other properties of ZnO films. High crystal quality ZnO was obtained under the stoichiometric 

flux condition together with the lowest dislocation density and the highest electron mobility 

compared to the ZnO films grown under nonstoichiometric flux conditions[110];[112].
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As it was described in section2.1.3, the main difference between a conventional MBE and the 

one used in this research is the possibility to use two different oxidization sources H2O2 or rf-

plasma to provide reactive oxygen. The growth procedures were the same in both cases. In the 

next two subsections, details of growth kinetics will be discuss and how one can achieve the 

optimal growth conditions of ZnO using either H2O2 or rf-plasma. 

3.3.1 Using H2O2 as oxidant

The narrowing of the ZnO layer XRD rocking curve and roughness of the ZnO surface were 

used to optimiz the growth parameters and study the influence of growth parameters on the 

ZnO layer quality. Since structural defects in a wurtzite crystal, such as ZnO and GaN, 

manifest themselves in the tilt and twist angle and the average block size of microstructures in 

the epilayer, the broadening of an x-ray rocking curve can be used to assess film quality. The 

tilt is defined by the rotation of mosaic blocks out of the growth plane, which is caused by 

screw dislocations, while the twist caused by edge dislocations is defined by in-plane 

rotations. The tilt angle of a GaN epilayer was found to be linearly dependent on the full 

width at half maximum (FWHM) value of (0002) rocking curve [121]. The influence of 

growth temperature on the FWHM of the (0002) x-ray rocking curve was used in order to 

Figure 3.2: a) RHEED intensity oscillations at rZn=2.6 Å/s, Ts=475 °C, Prf=450W
and different oxygen flow. 
b) ZnO growth rate at rZn=2.6 Å/s, Ts=475 °C, Prf=450W as a function of oxygen flow. 
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improve the ZnO layer quality. Figure 3.3 represents the FWHM (0002) diffraction peak in an 

XRD (0002) rocking curve which was obtained for the ZnO layers versus the growth 

temprature (Ts). These layers were grown at the same Zn rate (1.0 Ås-1), which where 

monitored by quartz thickness monitor before the growth, and at the same H2O2 pressure 

(3.5x10-5 Torr). One can deduce from this graph that, the quality of the ZnO layers becomes 

better as we increase the Ts till 500°C, where the best layers quality were obtained . Inset in 

Figure 3.3 is the XRD diffraction peak (0002) -rocking curve of the ZnO layers grown at 

500°C, with extremely narrow value FWHM of 27 arcsec. The optimal growth temperature 

was 500°C. The FWHM increases again if the growth temperature is increased or decreased. 

Increasing the growth temperature causes Zn desorption from the surface and leads to oxygen-

rich growth conditions.
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The influence of the Zn deposition rate variation from 0.6 Ås-1 to 4 Ås-1 on the FWHM of the 

(0002) -scan for the ZnO layers obtained is presented in Figure 3.4b. All the ZnO epilayers 

presented in this plot were grown at 500°C, and at a H2O2 pressure of 3.5×10 5 Torr. The 

FWHM values of X-ray -scan curves decrease with increasing Zn deposition rate up to 

0.1nm/s, but it becomes larger for further increase in the Zn deposition rate. The dependence 

of the FWHM of the (0002) -scan of as-grown ZnO layers on the H2O2 pressure is depicted 

in Figure 3.4a, showing an optimal H2O2 pressure, a deviation from which leads to broadening 

of the FWHM, and hence, the worse ZnO crystal quality. From Figure3.4, one can conclude 

Figure3.3: FWHM of (0002) XRD rocking curve for as-grown ZnO layers at 
different substrate temperature at the same Zn rate (1.0 Ås-1), and at the same H2O2
pressure (3.5x10-5)
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that the optimized growth parameters (at Ts=500°C) are at a Zn rate 1.0 Ås-1 and a H2O2

pressure of 3.5x10-5 Torr.
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The broadening of the FWHM of the XRD rocking curve at low temperatures is caused by 

low surface diffusion and the 3D growth mode as shown by RHEED and AFM investigations. 

The increase of the surface roughness and respective broadening of the FWHM of the XRD 

rocking curve (cf. Figure 3.3) with increasing growth temperature above 500°C can be 

explained as follows: increasing the growth temperature causes Zn desorption from the 

surface and leads to oxygen-rich growth conditions. According to the investigations described 

above, as well as to our investigations of the dependence of the ZnO growth rate on the Zn 

deposition rate and H2O2 pressure, the optimal growth conditions were obtained in the case 

when the O/Zn ratio is about 1.0 with a slight oxygen excess. By employing the results of the 

investigations described above, we successfully grew high-quality ZnO layers on two-inch 

sapphire substrates in optimized conditions (growth temperature 500°C, Zn rate 1.0 Ås-1  and 

H2O2 flow related pressure in the growth chamber of 3.5x10-5 Torr). 

3.3.2 Using plasma source as oxidant

H2O2-MBE is a cheap and efficient technique of the epitaxial growth of ZnO.  It has been 

found that the growth rate was changing from run to run. Because the concentration of H2O2

changing to the lower concentration during the daily operation.  The above problem stimulate 

Figure 3.4: a) The FWHM of (0002) -scan curves for ZnO layers grown at different 
H2O2 pressures. 
 b) The FWHM of (0002) -scan curves for ZnO layers grown at different Zn 
deposition rates.
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the search for onther source for oxidizing species for the ZnO MBE, Oxygen plasma source 

seems to be a attractive alternative to the H2O2.

Typical growth initiation procedures like in the H2O2 case, includes growth of a HT MgO 

buffer layer at TS=700°C. Thereafter, a LT ZnO buffer layer at 300° C, followed by annealing 

at 700°C under the activated oxygen flux for 5 min. This procedure was repeated at 400°C to 

produce a ~10-nm-thick ZnO buffer layer. Then, the main ZnO layer (250-700 nm) was 

grown at TS=200-700°C, employing various O/Zn flux ratios for growth kinetic studies and 

optimization of growth conditions. After only a few nm ZnO growth, an intense RHEED 

specular spot appeared and a (3x3) reconstruction pattern sometimes evolved.

Layer-by-layer growth of the main ZnO layer is proven by recording RHEED intensity 

oscillations. Figure 3.5(a) shows RHEED specular spot intensity oscillation with electron 

beam directed along the <1 10> ZnO azimuth at various TS=200°C-700°C. At high 

TS>500°C, the RHEED oscillations damp faster for two reasons: firstly, because of the strong 

decrease in the Zn incorporation coefficient ( Zn [122]), which may lead to oxygen-rich 3D 

growth mode. Secondly, due to the change in the growth mode from 2D nucleation to a step-

flow mode, since the RHEED specular spot becomes even sharper. At low TS<400°C, the 

Figure 3.5: a) RHEED specular spot intensity oscilllations on 00 rod on <1 00> azimuth at 
rZn = 4.5 Å/s, rO = 2.4 sccm, Prf = 400W and different TS.
 b) The temperature dependence of the growth rate in monolayer per second evaluated from the 
set of such RHEED oscillations.
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RHEED oscillations degrade more rapidly due to surface roughening probably induced by the 

insufficient desorption of the excessive Zn from the growth surface, that is reflected in 

diffused RHEED patterns. Nevertheless, RHEED oscillations were recorded even at 200°C. 

The oscillations are most pronounced for Zn-rich growth, with the O/Zn ratio close to 1 at 

TS=400°C-500°C. The ZnO growth rate (rZnO) as a function of TS derived from RHEED 

oscillations is presented in Figure 3.5b.  A nearly constant growth rate is observed between 

450°C and 550°C as shown in Figure 3.5b. The kinks at the dependences correspond to 

change of the growth stoichiometry from O-rich (at high TS) to Zn-rich (at low TS), where the 

growth is governed by Zn and O incorporation, respectively.  
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The activation energies of the desorption for both regions agree well with previously reported 

data [122], being much larger for Zn. The kink rZnO values determine the activated O-flux 

supplied by the RF plasma source at TS=500°C, 400W and a given O2-flow rate. It equals 

0.5±0.05 Ås-1 per sccm. Absolute Zn values versus TS, defined as Zn=rZnO(T)/rZnO(max), 

where rZnO(max) is recalculated from the Zn flux measured by a quartz monitor, using 

Zn/ZnO molar mass and density ratios, are shown in Figure 3.6b. Extrapolation of the 

dependence to lower TS gives Zn (300°C) ~ 0.5 which fits reasonably well to the value 

determined in a ZnSe MBE [124]. ZnO layers reveal strong variation of surface morphology 

versus growth conditions. In the case of growth at 400°C, AFM micrographs of the surface 

show islands with irregular and rough steps. A root mean square (rms) surface roughness of 

5.0 nm was estimated (Figure 3.7a). When the growth temperature was increased to 500°C, 

Figure 3.6:  a) ZnO growth rate as a function of TS for rZn=3 Å/s, rO=1.6 sccm, and Prf=400W. 
Horizontal dashed line shows the kink rZnO value.
b) Absolute Zn values versus TS, defined as Zn=rZnO(T)/rZnO(max), where rZnO (max) is 

recalculated from the Zn flux measured by a quartz monitor at room temperature. 
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the roughness decreased from 5.0 to 0.2 nm. A coalescence of the hexagonal islands is 

observed and the step edge becomes regular (Figure 3.7b). When the growth temperature was 

further increased to 700°C, the formation of hexagonal pits on an atomically flat surface with 

rms roughness of 0.45 nm was observed (cf. Figure 3.7c).  

These results show that the broadening of the FWHM of the XRD rocking curve (section 

3.3.1) at low temperatures is caused by low surface diffusion and 3-dimensional growth 

mode. The increase of the surface roughness and respective broadening of the FWHM of the 

XRD rocking curve with increasing growth temperature above 500°C can be explained as 

follows: increasing the growth temperature causes Zn desorption from the surface and leads to 

oxygen-rich growth conditions.The optimal growth conditions were obtained when II/VI ratio 

is about 1.0 with a slight oxygen excess and growth temperature 500°C. 

3.4. The role of high temperature MgO buffer

The significant role of the MgO buffer layer is evident by comparing a ZnO film about 540 

nm thick deposited on (0001) Al2O3 substrate without MgO buffer layer, and a ZnO film of 

the same thickness deposited under the same conditions on (0001) Al2O3 substrate covered by 

a 2nm thick HT MgO buffer layer (700°C ). Improvement of ZnO epilayers surface 

morphology is already obvious from RHEED data. Further evidence is shown in Figure 3.8, 

which compares AFM results of a ZnO epilayer grown without (Figure 3.8(a)) and with 

(Figure 3.8(b)) HT MgO buffer. The rms value of surface roughness is 40 nm and less than 

0.5 nm for the epilayer grown without and with HT MgO buffer, respectively. Besides the 

roughness, the morphology implies different growth mode. For the sample grown without an 

MgO buffer (Figure 3.8(a)), faceted crystallites of close to hexagonal shape characterize the 

Figure 3.7: AFM images of surfaces of ZnO layers grown at different temperatures:   
a) 400°C, b) 500°C, and c) 700°C 
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morphology. Boundaries can be observed between adjacent crystallites. Such a surface 

usually corresponds to the columnar growth. This was confirmed by RHEED as 3D growth 

mode. In the contrast, the surface of the sample grown with the MgO buffer is atomic flat 

(Figure 3.8(b)).

The improvement in crystal quality of the ZnO film grown with a HT MgO buffer layer is 

assessed by HR-XRD.

-0.4 -0.2 0.0 0.2 0.4

without MgO buffer

with MgO buffer

ZnO/Al2O3
(0002) -rocking curve

N
or

m
al

iz
ed

 In
te

ns
ity

 (a
.u

.)

 degree
-1,0 -0,5 0,0 0,5 1,0

with MgO buffer

without MgO buffer
ZnO/Al2O3
(0002) -rocking curve

N
or

m
al

iz
ed

 In
te

ns
ity

 (a
.u

.)

( ) degree

Figure 3.9: XRD (0002) diffraction peaks of  and  -2  scans of ZnO epilayers with 
and without HT MgO buffer. The intensity is plotted in logarithm scale in order to show 
the interference fringes clearly for film grown with HT MgO buffer.

Figure3.8: AFM images show 500 nm thick ZnO epilayers grown on sapphire 
substrates. (a) without and (b) with a HT MgO buffer layer. The rms value of roughness 
is (a) 40 nm and (b) less than 0.5 nm, respectively. 
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Figure 3.9 shows the HR-XRD -rocking and  scans curves of the ZnO (0002) 

diffraction peaks. The presence of interference fringes in the  and  scans for film 

grown with HT MgO buffer indicates a flat surface and sharp interface. The full width at half 

maximum (FWHM) of the (0002) rocking-curve gives an extremely narrow width of 25 

arcseconds implying little tilt in the c-planes. These properties of the (0002) diffraction peak 

indicate the extreme ordering along the growth direction of ZnO (0001) as a consequence of 

well-controlled layer-by-layer. 

Another indication of improvement in the crystalline quality is given by XTEM 

measurements. The XTEM measurments by Prof. J. Stoimenos, Aristotle University of 

Thessaloniki, Greece. The XTEM micrograph in Figure 3.10a shows the film deposited 

without HT MgO buffer layer. A high density of threading dislocations is evident; their 

density is estimated to be 5x1010 cm-2. Figure10.b shows the ZnO film which was grown on 

the MgO buffer layer; the threading dislocations were reduced to 4x109 cm-2[125], namely the 

dislocation density is one order of magnitude lower than without the HT MgO buffer. The HT 

MgO buffer layer cannot be resolved in Figure3.10b due to the low magnification. 

As it was shown above, the quality of the ZnO films, epitaxially grown on sapphire, can be 

substantially improved by using HT MgO buffer layer. The formation of the MgO layer on 

the sapphire substrate and the reaction occurring with the MgO and Al2O3 substrate will 

systematically study by TEM in section 3.6. 

Figure3.10: XTEM micrographs from ZnO films about 540nm thick. The micrographs were 
taken with the electron beam parallel to the (1 00) crystallographic direction in respect of 
the sapphire substrate. a) From a film deposited without a MgO buffer layer. b) A ZnO film 
deposited under the same condition with a HT MgO buffer layer about 2 nm thick.
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3.5. Crystal quality of ZnO layers on (0001) sapphire

3.5.1. XRD investigations

High quality ZnO layers on 2-inch sapphire substrates were grown in optimized conditions by 

employing the results of the investigations described above. To characterize the structural 

quality of the grown films, scans were performed and the intensity of the diffracted x-

rays plotted as a function of 2 . From equation (2.8), if more than one (n=1, n=2 …) order 

diffraction peaks of only one crystal plane are available, then the crystal is oriented towards 

the direction perpendicular to this plane. In Figure 3.11, both the first (0002) and the second 

(0004) order diffraction peaks for the ZnO layers are clearly seen at 2  = 34.57° and 72.61°. 

To verify these Bragg angles at the two reflexes, the distance d in equation (2.8) is calculated 

with  = 17.28° and 36.35°. For each angle, d = 0.260 nm and this value corresponds to half 

the vertical lattice parameter C0, i.e. the monolayer thickness of ZnO. 
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Figure3.12 shows a reciprocal space mapping of the (0002) diffraction of a ZnO epilayer with 

a thickness of 105 nm on sapphire substrate. The streak from top left to bottom right stems 

from the detector and will not be considered here. The dotted vertical streak stems from the 

ZnO film and corresponds to /2  scan in the growth direction. The dots are the maxima of 

the interference fringes due to the finite film thickness. They are symmetrically distributed 

around the ZnO Bragg maximum thus suggesting a uniform distribution of the lattice strain. 

Figure 3.11: XRD 2  spectrum for ZnO layers grown on sapphire with HT MgO 
buffer. Both the (0002) and (0004) reflex peaks of ZnO are present. 
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Figure 3.13a shows a (0002)  rocking curve of 200 nm ZnO layer grown in optimized 

conditions on 2 inch sapphire substrate. The thickness fringes indicate excellent surface and 

interface flattnes. Figure3.13b shows a (0002) rocking curve mapping along 2 inch ZnO 

epiwafer. A high lateral homogeneity is clearly noticed.  

The profiles of rocking scans across the ZnO (0002) and (11 0) reflections are illustrated 

in Figure 3.14. The full width at half maximum of the (0002) reflection, 0.007 degree, is much 

smaller than that of the (11 0) reflection, 0.27 degree revealing the micro-twist dominates the 

mosaicity, while micro-tilt is much less important. This pronounced difference of the rocking 

Figure 3.13: a) (0002)  rocking curve of 200 nm ZnO layer grown in optimized 
conditions. b)  (0002) rocking curve mapping along a 2 inch ZnO epiwafer (XRD 
measurement by J. Bläsing, Uni Magdeburg) 
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Figure 3.12: (0002) reciprocal-space mapping of the ZnO layer grown on 2-inch 
sapphire substrate (XRD measurement by J. Bläsing, Uni Magdeburg)  
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curve widths between the (0002) and (11 0)  reflections strongly indicates that the density of 

pure edge threading dislocations is greater than that of pure screw dislocations. These 

observations are qualitatively similar to what was observed for GaN grown on c-plane 

sapphire [125]. The analogous phenomena are attributed to the similar crystal structures of 

ZnO and GaN, both belonging to space group P63mc, and the similar lateral lattice parameter, 

with a difference of ~1.8%. 
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3.5.2. TEM investigations

The good crystal quality of the ZnO film was also confirmed by XTEM observations. As it 

was expected the selected area diffraction pattern (SADP) confirms the following epitaxial 

relation (0001) ZnO (0001) Al2O3 with (11 0) ZnO (11 0) Al2O3 The typical defects are 

threading dislocations as shown in Figure 3.15a. The thickness of this film was 300 nm. The 

threading dislocations were inhomogeneously distributed in areas exhibiting higher density in 

the order of 1010 cm 2, as shown in Figure 3.15a, and in areas where the density was two 

orders of magnitude lower, as shown in Figure 3.15b. It is estimated that the mean value of 

the threading dislocation density was 4x109 cm 2 

Figure 3.14: rocking scans across the ZnO (0002) (a) and (10 0) (b) reflections of 
400 nm ZnO layer grown with HT MgO buffer. (XRD measurement by J. Bläsing, Uni 
Magdeburg) 
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The structure of the Al2O3/MgO/ZnO interface was also studied by HR-XTEM microscopy in 

both (10 0) and (11 0) sections with respect to the Al2O3 lattice. The HRTEM measurements 

were done by B. Pecz, Hungarian Academy of Sciences. The HRTEM micrograph in the 

(10 0) section is shown in Figure3.16.

The corresponding diffraction pattern is shown in the inset of the figure. Surprisingly only the 

lattices of the Al2O3 and ZnO can be distinguished. The region of the expected 2 nm thick 

MgO buffer layer at the interface is denoted by B in Figure3.16; however, only the ZnO 

structure is evident in this zone. The same configuration is observed in the (11 0) section, as 

Figure 3.16: HR-XTEM
micrograph from the interface. 
The electron beam was parallel to 
the (10 0) direction with respect 
to the Al2O3 substrate. The 
corresponding diffraction pattern 
is shown in the inset of the figure 
at the upper right corner. Only the 
lattices of the Al2O3 and ZnO can 
be distinguished by exhibiting the 
hexagonal symmetry. The 
expected MgO 2 nm thick buffer 
layer at the interface is denoted by 
B. The Fourier-filtered image at 
the interface is shown in the inset. 
The (10 0) ZnO and (11 0) Al2O3
lattice planes are shown, 
respectively. The misfit 
dislocations at the interface are 
denoted by T. 

Figure 3.15: XTEM micrographs from the ZnO film. The micrographs were taken with 
the electron beam parallel to the (11 0) axis of the ZnO film. (a) The main defects are 
threading dislocations inhomogeneously distributed in the film. In this area dislocation 
density is of the order 1x1010 cm 2. (b) An adjacent area where the dislocation density is 
low of the order 1x108cm-2 reveals the non-homogeneous distribution of the 
dislocations.
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shown in Figure3.17a. The expected 2 nm thick MgO buffer layer at the interface is also 

denoted by B.

The related diffraction pattern from the interface is shown in Figure 3.17b. Only the ZnO 

(11 0) and (0002) lattice planes are observed in zone B. All the misfit dislocations are well 

confined at the ZnO/Al2O3 interface, as the Fourier-filtered image reveals in Figure3.17c, 

using the (11 0) and the (30 0) reflections for ZnO and sapphire, respectively. A missing 

ZnO plane after every six to seven planes is evident. Namely, every seventh or sixth (30 0)

plane of sapphire terminates at the interface matching with six or five (11 0) planes of ZnO. 

The same is observed in the Fourier- filtered image of the (11 0) ZnO section, as shown in 

the inset in Figure3.16.  In this case misfit dislocations appear every five to eigth planes of 

Al2O3 that corresponds to four to seven lattice planes in ZnO. This configuration facilitates 

the better matching of the two lattices, characterized as domain matching epitaxy (DME), 

where integral multiples of lattice constants match across the interface. In each domain the 

residual strain depends on the ratio ms/mz according to: 

       (3.1) 

Figure 3.17: HR-XTEM micrograph from the interface. The electron beam was 
parallel to the (11 0) direction with respect to the Al2O3 substrate. (a) Only the ZnO 
structure is evident up to the Al2O3 interface. The expected MgO 2 nm thick buffer 
layer is denoted by B. (b) The related diffraction pattern from the interface. (c) 
Fourier-filtered image from the interface using the (11 0) ZnO and the (30 0) Al2O3
reflections. The extra lattice planes are denoted by arrows. 
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Where mz and ms are the number of the lattice planes for the ZnO and Al2O3 in the domain. 

For a ratio ms/mz=6/5 and taking into account that the d spacing for the (30 0) and the (11 0)

lattice planes of Sapphire and ZnO are ds= 0.13737nm and dz= 0.16247nm, respectively. The 

equation (3.1) gives residual negative misfit r=-0.013899, namely in this domain the 

overgrown is under a small compressive strain. In the adjacent domains with lattice planes 

ratio 7/6, the equation (3.1) gives a positive residual misfit r=0.014275. Therefore the total 

residual misfit in these adjacent domains is reduced to r=0.00037. According to this 

interpretation it is evident that almost all the misfit is absorbed at the ZnO/Al2O3 interface.  

The possibility that MgO buffer layer is pseudomorphic was also considered,[127]. The misfit 

between MgO and Al2O3 is high, more than 7%. Therefore the elastic interaction between the 

misfit dislocations, which will be very close, must be taken into account according to 

equilibrium theory for strained layer relaxation [20]. According to the new approach in a 

system with large misfit the critical thickness for the formation of a pseudomorphic zone is 

significantly higher. The formation of a new misfit dislocation has to overcome the resistance 

caused by the superposed self-stress field of the already existing misfit dislocations. Thus, the 

critical thickness hc is higher, given by the relation: 

      (3.2) 

where f is the misfit, b is the Burgers vector, v is the Poisson ratio and  is the angle between 

the Burgers vector and the direction in the interface normal to the dislocation line [127]. The 

misfit f for the system <1 0>MgO//<1 00>Al2O3 is f = 0.078 or 7.8%. The misfit dislocation 

are b=a/2<110> of the 60o type, b=0.9719 nm. Therefore from equation (3.2) the critical 

thickness hc was calculated, considering that =60o and v=0.3. Thus, the critical thickness is 

estimated to be 0.31nm, namely about 1/3 of the deposited MgO buffer layer. Therefore a 

relaxed MgO layer should exists as was confirmed by RHEED in Figure3.1b.

A plausible explanation for this discrepancy between the TEM and RHEED observations is to 

consider the modification of the Al2O3 substrate by the deposited MgO buffer layer. Also 

interdiffusion between Zn and Mg during the deposition and annealing time of the ZnO is 

possible. Indeed the thermodynamic solubility limit of MgO in ZnO (for thermodynamic 

equilibrium) was reported to be 4 mol% of MgO, namely the formation of the MgxZn1-xO

compound with x=0.04 is stable [128]. Moreover single crystalline MgxZn1-xO films having 

the wurtzite structure were deposited on Sapphire by laser ablation with Mg contain up to 
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x=0.33[129]. The supersaturated MgxZn1-xO films are stable at low temperatures, for example 

a MgxZn1-xO film with x=0.22 can be stable below 700°C. Above this temperature partial 

separation of phases, with the formation of MgO precipitates in a MgxZn1-xO matrix with 

x=0.15 is observed. It is worth noticing that the MgxZn1-xO compound with x=0.15 is stable at 

least up to 1000°C [129]. Interdiffusion in MgxZn1-xO/ZnO heterointerphases is also 

observed, which starts above 700 °C [23]. Therefore the formation of MgxZn1-xO alloy with a 

very small Mg content during the ZnO deposition, also during the annealing of the ZnO buffer 

layer at 750oC is expected.  It is considered that the complete mixing of Mg and Zn in the 

300nm thick film, shown in Figure 3.15 gives MgxZn1-xO alloy with x=0.033, which is below 

the solubility limit.  

3.6. Formation of spinel at Al2O3/MgO hetero interface

In section 3.4, it was shown the effect of thin HT MgO on ZnO heteroepitaxy by improving 

the surface morphology and crystal quality of the grown epilayers. In this section, The HT 

MgO buffer effects and its associated mechanisms are to be discussed from the view point of 

structural properties at the hetero-interface [131]. For the better understanding of the 

beneficial role of the MgO buffer layer a rather thick HT MgO layer, about 25 nm, was 

deposited on the (0001) Al2O3 substrate followed by a 70 nm thick ZnO layer, as shown in 

Figure3.18a. Due to the weak contrast the MgO layer is hardly resolvable in the bright field 

micrograph in Figure 3.18a. The MgO buffer is roughnand introduces significant roughness in 

the ZnO film. The corresponding diffraction pattern of the deposited layers in respect of the 

(1 00) section of the sapphire substrate is shown in Figure3.18b. 

   

Figure 3.18: A ZnO film 
grown on 25 nm thick MgO 
buffer layer. (a) Bright field 
(BF) XTEM micrograph with 
the electron beam parallel to 
[1 00] direction of sapphire. 
(b) The corresponding 
diffraction pattern. The 
diffraction spots, which belong 
to the sapphire are denoted by 
the letter S, those of ZnO by Z 
and the spots belonging to the 
MgO are denoted the letter M. 
(c) Dark field micrograph taken 
from the (200) MgO reflection
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Three sets of spots can be distinguished in this micrograph, spots attributed to the Al2O3

substrate, to the ZnO overgrown and spots corresponding to the (110) section of the MgO 

buffer layer. The diffraction spots, which belong to the sapphire are denoted by the letter S, 

those of ZnO by Z and finally the spots belonging to the MgO are denoted the letter M. The 

MgO buffer layer has the following epitaxial relation with the Al2O3 substrate [1 00]

Al2O3//[1 0] MgO, and [11 0] Al2O3//[11 ] MgO, also. [0001]Al2O3//[111] MgO. Twin 

spots were also observed, which are denoted by the letter T in Figure3.18b. The twin axis is 

the [11 ], which is parallel to the c-axis of the sapphire substrate. Therefore the parent and 

twin spots have as common reflection the (11 ) one. The double positioning of the individual 

MgO grains produces twining, because the MgO nucleus have equal probability to be in 

epitaxial relation with the hexagonal substrate, in two equivalent positions which are rotated 

by 180° degrees. Figure 3.18c is a DF micrograph taken from the (200) MgO reflection, Due 

to twining not all the MgO grains are in contrast so that the 25nm thick MgO zone appears as 

discontinuous in Figure3.18c.

   

Rotating the specimen for 30  around the [0001] axis of the sapphire substrate we have taken 

the section (11 0), the corresponding sections for the MgO and the ZnO are the (112) and 

(1 00), respectively, as shown in Figure 3.19a. Surprisingly very weak extra reflections were 

Figure 3.19: The same film as 
in figure 3.10 seen on the 
(11 0) section in respect of 
sapphire. (a) The 
corresponding diffraction 
pattern. In addition of the 
expected spots of Al2O3, ZnO 
and MgO, also spots belonging 
to the spinel (MgAl2O4) were 
observed (denoted by letters 
SP). (b) This is a DF 
micrograph taken from the 
(2 0) spinel reflection. (c) 
PVTEM specimen, selected 
area diffraction pattern taken 
with the electron beam parallel 
to the [0001] direction of the 
sapphire substrate.
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also observed, these reflections were indexed and it was found that they belong to the spinel 

compound MgOAl2O3 (SG: , a=7.978 Å), which has cubic symmetry. The diffraction 

spots 2 0, 11 , 1 1 and 4 0 to the (112) section of the Spinel structure were identified, 

denoted by the letters Sp in Figure 3.19a. Figure 3.19b is a DF micrograph taken from the 220 

spot of spinel, a 5nm thin layer in contact with the sapphire substrate is evident. The spinel 

layer is in epitaxial relation with the sapphire substrate having the following relation: 

 [1 00]sapphire//[1 10]spinel, and [11 0] sapphire//[112]spinel, also [0001]sapphire//[11 ]spinel.

This was also confirmed by PVTEM observations after thinning the specimen from the 

backside. In the corresponding diffraction pattern, taken with the electron beam perpendicular 

to the sapphire basal plane, four groups of spots belonging to the sapphire, spinel, MgO and 

ZnO can be distinguished denoted by arrows in Figure 3.19c. In addition a high number of 

extra spots due to the double diffraction of the electron beam in the four superimposed layers 

are evident. 

The overall view of the structure is shown in the high resolution XTEM (HRXTEM) 

micrograph in Figure 3.20a. The lattice planes of the intermediate spinel layer are resolved. 

The MgO hemispherical grains and the ZnO overgrown are also evident. 

Due to the hemispherical shape of the MgO grains the MgO and the ZnO lattices are 

superimposed giving moiré patterns, which are denoted by arrows in Figure3.20a. 

Figure3.20: HRTEM micrographs taken 
with the electron beam parallel to the 
(11-20) axis in respect of sapphire. As 
framed insets HRTEM simulations of the 
Al2O3, MgAl2O4, MgO and ZnO 
structures along the projection direction 
are shown. (a) The overall view of the 
structure close to the sapphire interface 
is shown. The lattice planes of the spinel 
layer are evident. Due to the 
hemispherical shape of the MgO grains 
the MgO and ZnO lattices are 
superimposed giving moire patterns, 
which are denoted by arrows. (b) 
Fourier-filtered lattice images taken 
from the spinel/sapphire interface from 
the area denoted by the letter (B) in (a). 



69

Figure3.20b is the Fourier-filtered lattice images taken from the Spinel/Sapphire interface 

denoted by the letter (B) in Figure 3.20a, It is evident that one (220) lattice plane of the spinel 

phase corresponds to two (30 0) planes of sapphire. Therefore the misfit f between sapphire 

and spinel is given by the equation: 

         (3.3) 

Where; = 0.2820 nm and = 0.1374 nm. From equation (3.3) it is estimated that the 

misfit between sapphire and spinel is small, about 2.6%. This means that we will have one 

extra (30 0) lattice plane of sapphire in every 38 (440) lattice planes of spinel. Therefore the 

18% misfit between ZnO and Al2O3 is progressively deviated between ZnO/MgO, 

MgO/Spinel and Spinel/Al2O3. The misfit between the MgO grains and the Spinel layer is 

about 5.6% while the maximum misfit, about 9.2%, exists at the ZnO/MgO interface. In order 

to relieve this misfit, misfit dislocations must be introduced. Thus, for every eleven (11 0)

lattice planes of ZnO an extra (220) plane of MgO is expected. This periodicity of misfit 

dislocations is difficult to be resolved due to the overlapping of the ZnO and MgO lattice 

planes, because of the hemispherical shape of the MgO grains, resulting to the formation of 

moiré pattern, as shown in Figure3.20a. However measuring, for the same distance, the 

number of the lattice planes in the areas (C) for MgO and (D) for ZnO in Figure 3.20a, far 

from the interface, we found that 21 ZnO planes corresponds to 23 MgO lattice planes, the 

measured lattice plane ratio is 1.095, which is very close to the theoretical one, which is 

1.092. Nevertheless the actual misfit between the (220) MgO and the (11 0) ZnO lattice plane 

can be calculated from the periodicity of the moiré patterns, which are of the displacement 

type. Thus, the periodicity of the moiré patterns when all the misfit is taken by misfit 

dislocation at the interface is given by the equation: [132], 

3.4)

Considering that for undistorted ZnO and MgO lattices are =0.162525 nm and 

=14887 nm, respectively the equation (3.4) gives the theoretical value for the periodicity 

of the moiré pattern D= 1.772 nm. This value is very close to the measured one, from 

Figure3.20a, which was found to be Measured=1.769nm confirming that almost the entire misfit 

is relieved by misfit dislocations.  

The HRTEM simulated images of the atomic models are also included in the insets of Figure 
3.20a and b, which were generated using the multislice algorithm of the EMS software [133]. 
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The experimental conditions of thickness and defocus were defined by calculating the map of 
through focus thickness images of the perfect crystals along the experimentally determined 
orientations. For the simulated images perfect crystals with the observed epitaxial relationship 
are considered. For the particular imaging conditions atomic columns are projected onto white 
spots (defocus from 120 to 130 nm, thickness from 2 to 5 nm). It is evident that the simulated 
images are in agreement with the experimental one. 

In figurue 3.21, the observed epitaxial relationship: 

 [11 0]Al2O3//[112]MgA12O4//[112]MgO//[10 0]ZnO is depicted by atomic models. 

At the interfaces, the lattice planes of the joined crystals are numbered by small arrows and 

the coincident planes are specified by big arrows. Shading of atoms denotes different levels 

along the projection direction. The stacking sequence of atoms of the spinel structure along 

the [111] direction, is –O–Al–O–Mg–Al–Mg–O– where the O atoms form a face-centered-

cubic sublattice with the Al and Mg atoms occupying half of the octahedral and one-eighth of 

the tetrahedral sites, respectively. The misfit between the layers leads to one extra [30 0]

lattice plane of Al2O3 in every 38 (440) lattice planes of MgAl2O4, one extra (440) lattice 

plane of MgAl2O4 in every 18 (220) lattice planes of MgO, and one extra (220) lattice plane 

of MgO in every 11 [11 0] lattice planes of ZnO. The deposited layers are joined (and the 

Figure 3.21: Atomic configuration of the observed epitaxial relationships: 
[11 0]Al2O3//[112]MgA12O4//[112]MgO//[10 0]ZnO The misfit between the layers 
are 2.6%, 5.6% and 9.2%, respectively. At each interface the lattice planes of the joined 
crystals are numbered by small arrows and the coincident planes are specified by big 
arrows. Shading of atoms denotes different levels along the projection direction. 
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lattices matched) following the experimental calculated lattice constants so that the actual 

misfit is revealed 

Formation of spinel during the early stage of growth: 

In order to understand the role of the spinel layer, we had to know if this layer is formed 

during the MgO deposition or it is formed later during the deposition of the thicker ZnO film, 

which requires more time. For this reason MgO layer, 20 nm thick, was deposited on sapphire 

under the same conditions applied for the growth of the MgO buffer layer. The 25nm thick 

deposited layer is shown in the DF-XTEM micrograph in Figure3.22a taken from the 2 0

diffraction spot of MgO. The island growth of the MgO is evident in this figure. Since the 2 0

spot of MgO and the 4 0 of spinel are very close, the two layers cannot be distinguished. A 

spinel layer, 5nm thick, in contact with the sapphire substrate is evident in the DF micrograph 

taken from the (1 1) spot in Figure 3.22b. This reflection is the strongest in the spinel 

structure. The corresponding diffraction pattern in section (11 0), in respect of sapphire, is 

shown in Figure 3.22c; the very weak spinel spots are denoted by arrows. This means that 

during the deposition of the MgO, interdiffusion of Mg and Al occurs, forming a thin spinel 

layer. This is consistent with other publications, which have shown that under similar 

conditions a 2.5nm thick spinel layer is formed even at 580°C [132].

Therefore, the formation of the intermediate spinel layer in epitaxial relation with the sapphire 

substrate and the MgO overgrown is consequence of a solid-state reaction, where Mg2+ and 

Al3+ cations counter diffuse through the rigid oxygen sub-lattice [134].The spinel is grown by 

a slight shift in the oxygen positions, which change their hexagonal stacking in sapphire, 

Figure 3.22: XTEM 
micrographs taken from a 
thick MgO layer epitaxially 
deposited on sapphire. (a) DF 
micrograph taken from the 
MgO spot. (b) DF micrograph 
taken from the (131) spot of 
spinel. (c) The corresponding 
selected area diffraction 
patterns taken in the (110) 
section in respect of the 
sapphire substrate, the faint 
spinel spots are denoted by 
arrows.
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…ABAB… to the cubic …ABCABC… stacking sequence in spinel [135]. In this case the 

interstitial Al3+ ions crossing the interface neither create nor destroy lattice sites. During the 

formation of the spinel at both MgO/spinel and spinel/Al2O3 interfaces for the charge balance 

three Mg2+ ions diffuse inward for every two Al3+ ions diffusing outward. Therefore, for every 

spinel molecules forming at the MgO/MgAl2O4 interface three spinel molecules form at the 

Al2O3/MgAl2O4 interface [136], resulting to the faster growth of the spinel at the sapphire 

side. Marker experiments reveal that the MgAl2O4 film is formed in a ratio of 1:3 inside MgO 

and sapphire [138]. 

            

The same specimen was subsequently annealed at 1000°C for 30 min. As a result the spinel 

layer was extended to 9 nm as shown in the DF micrograph in Figure 3.23a, which was taken 

from the (1 1) spinel spot, as shown in Figure 3.23b. Also the diffraction spots belonging to it 

became sharper and more intense. The very sharp spinel diffraction spots are also evident in 

the PVTEM selected area diffraction pattern in figure 3.23c taken with the electron beam 

normal to the sapphire basal plane. In this case the specimen was thinned from the backside. 

These results reveal that the intermediate spinel layer is very stable and appropriate for high-

temperature process.The formation of the cubic intermediate spinel layer not only reduces the 

misfit in the ZnO/Al2O3 system, but also can be used as a good quality cubic substrate for the 

epitaxial deposition of other compounds on sapphire. Annealing experiments reveal that as 

soon as the spinel layer is formed at about 700°C, it remains stable at least up to 1000°C.

Figure 3.23: The same MgO 
specimen as in figure3.13 after 
annealing at 1000°C for 30 min.
a) DF micrograph from the spinel 
layer taken from the (131) spinel 
spot. The spinel layer was 
extended to 9 nm.
b) The corresponding diffraction 
pattern in respect of the (11 0)
section of sapphire. The spinel 
spots are now intense and sharp.
c) PVTEM specimen, selected 
area diffraction pattern taken with 
the electron beam parallel to the 
[0001] direction of the sapphire 
substrate.
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3.7. Optical quality of ZnO layers on (0001) sapphire

In order to make high-performance optoelectronic devices on the base of ZnO, it is necessary 

to investigate the optical properties and transitions processes in ZnO. There are a lot of 

experimental techniques for the study of the optical transitions processes in ZnO, such as 

optical absorption, transmission, reflection, spectroscopic, ellipsometry, PL, CL, and 

PLexcitation (PLE) etc. Photoluminescence data is often used to characterize ZnO, because it 

is an excellent emitter. The spectra are typically dominated by bound excitons in the range of 

3.3595 to 3.3678 eV at low temperatures.  
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However, numerous authors [23]; [138];[139];[140] have accounted for these bound excitons 

in different ways leading to some confusion when assigning lines to a specific transition. 

Figure3.24 presents the room temperature spectrum of ZnO (0001) layer grown on sapphire 

with HT MgO buffer layer, obtained with a quadrupled pulsed YAG laser at 266 nm and an 

excitation density of about 30 W/cm2. This spectrum presents a peak centred at 3.28 eV due 

to the LO phonon replica of free excitonic transitions and a broad emission band probably due 

to oxygen vacancies.

Firure3.24: Room temperature PL spectrum of ZnO layers grown on (0001) sapphire 
with HT-MgO buffer. (Measurements by I.C. Robin, LETI, Grenoble, France) 
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For the PL temperature dependence we focused so far on the excitonic spectral region. Figure3.25

presents the low temperature PL spectrum for an excitation density of 10 W/cm2. The 

transitions above 3.376 eV (Figure3.25 b) are attributed to free exciton emissions. The peaks 

at 3.376 and 3.42 eV are attributed to the ground state and the first excited state of the A 

exciton in the ( 6) band. The energy separation between those two emissions is equal to 3/4 of 

the exciton binding energy. From this separation (44 meV) we indeed determine an exciton 

binding energy of 59 meV. The emission at 3.39 eV could be due to the emission from the 

ground state of the B exciton. The transitions at 3.357 and 3.365 eV are attributed to neutral 

donors bound excitons (D0X). The emission at 3.357 eV is probably due to the presence of Al 

impurities and the emission at 3.365 eV is due to other neutral or ionized donors. The 

emission at 3.333 eV is probably also of excitonic nature. It shows most of the established 

features of the Y-line recombination commonly observed in ZnSe and ZnTe and corresponds 

to excitons bound to structural defects. The emission at 3.31 and the emissions at 3.236 eV 

and 3.164 eV correspond to phonon replicas of the free exciton A. Note that the presence of 

those fine structures, especially the free exciton transitions indicates a high quality of the 

material with a low defect density. 

Temperature dependence of PL spectra between 6K and room temperature every 30 K under 

the same excitation conditions (10 W/cm2) was performed. Figure 3.26 presents normalized 

PL spectra measured between 6K and room temperature. The Y line disappears above 20 K 

because of the thermal activation [23].

Firure3.25: a) PL spectrum of the excitonic spectral region measured at 6K. 
b) Identification of the peaks in the free exciton region. (Measurements by I 
.C. Robin, LETI, Grenoble, France) 
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The peaks broaden due to the coupling to the phonons. From 80K, the A free exciton FXA

n=1( 6) transition becomes more intense than the D0X lines. This corresponds to a 

delocalization of the bound excitons due to thermal activation.
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Figure3.27 presents the evolution of the PL integral intensity of the excitonic region between 

6K and room temperature. It slowly decreases coming at 300K to about one third of the 

intensity at 6K. This corresponds to the activation of non-radiative channels in the capturing 

and recombination processes. However the non-radiative channels don’t become dominant, 

even at room temperature (otherwise we would observe an exponential decay of the intensity). 

Firure3.27:  Evolution of the PL intensity between 6K and room temperature 

Firure3.26:  Normalized PL spectra measured between 6K and room temperature.
(Measurements by I. C. Robin, LETI, Grenoble, France) 
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To confirm this result, we also did decay time measurements using a tripled Ti: sapphire laser 

and a streak camera. Figure3.28 presents decay times measured on free exciton transitions at 

6K and its first phonon replica at 300K. For a given temperature, the decay time is 

independent of the emission energy.The decay time measured at 4K is of the same order than 

the one measured at 300K. This confirms that the non radiative channels are not dominant up 

to 300K. 

PL mapping of 2 inch ZnO epiwafer are presented in Figure 3.29. High lateral homogeneity of 

the epiwafer is clearly seen from both PL intensity distribution (cf. figure3.29a) and PL 

FWHM distribution (cf. figure3.29b). 

Firure 3.29: PL mapping of 2 inch ZnO layers grown on (0001) sapphire with 
HT-MgO buffer: a) PL intensity mapping; b) PL FWHM mapping. 
(Measurements by M. Heuken, Aixtron AG). 

Firure3.28: decay times measured on free exciton transitions at: a) 4 K and b) 
300K (Measurements by I. C. Robin, LETI, Grenoble, France) 
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3.8. Electrical properties of ZnO layers on (0001) sapphire

In this section electrical properties of ZnO layers on (0001) sapphire substrates grown at 

different growth parameters will be investigate.  The target for the growth of these samples 

was to control and understand the electrical properties of the undoped ZnO layers as a first 

step to produce p-conductive ZnO layers and thus fabricate ZnO p-n homojunctions device for 

LEDs. ZnO is intrinsically n-type owing to donor defects such as oxygen vacancies and zinc 

interstitials (section 1.1.2). Hall-effect measurements and ECV measurements in this section 

were done by V. Petukhov, Institute of Semiconductor Technology, Braunschweig.   

The effect of HT MgO layers on the electrical properties of ZnO layers grown on (0001) 

sapphire was investigated.  For ZnO layers with thickness about 500nm grown with out HT 

MgO buffer on (0001) sapphire substrates the carrier concentration at room temperature was 

about 2.0x1018cm-3 and hall mobility of 35 cm2/Vs, while the samples grown with HT MgO 

layer and with the same thickness the carrier concentration at room temperature was about 

one order lower and electron hall mobility of 60 cm2/Vs.  These results agree well with the 

XRD and TEM results (see section 3.4) since the dislocation density is more than on order 

less in the ZnO layers grown with HT MgO buffer. 

As it was discussed in the previous sections in this chapter, a high crystal quality with the 

lowest dislocation density of ZnO epilayers grown on (0001) sapphire was obtained under the 

stoichiometric flux condition compared to the ZnO films grown under nonstoichiometric flux 

conditions (section 3.5). So the electrical properties of ZnO epilayers are also responsible for 

O/Zn ratio as shown in Figure3.30. The influence of O/Zn ratio on the carrier concentration 

and hall mobility is presented in Figure 3.30a and Figure 3.30b respectively. All ZnO 

epilayers presented in these plots were grown at the same growth condition except the O/Zn 

ratio parameter. With increasing the O/Zn ratio from Zn-rich condition to stoichiometric the 

carrier concentration values reduce from 2.1x1018 cm-3 (O/Zn=0.5) to 6.6x1017 cm-3 (O/Zn=1) 

further increasing in the O/Zn ratio to O-rich condition leads to  increasing  the carrier 

concentration values again in up to 2.5x1018 cm-3 (O/Zn=1.5). On the other hand, the hall 

mobility increased with increasing the O/Zn ratio to be at the maximum value (69cm2/Vs) at 

O/Zn=1.2 (nearly O-rich) then started to decrease again. This results because, in ZnO the zinc 

interstitials (Zni) native defect, a double donor, has a low formation enthalpy under both Zn-

rich and O-rich growth conditions [141]. The native defects that can compensate Zni, such as 

oxygen interstitials (Oi) or zinc vacancies (VZn). Therefore, electrons from native defect are 
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the dominant carriers in ZnO in O-rich and Zn-rich growth conditions, while the role of this 

native defect is less at the stoichiometric growth conditions. 
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Another important parameter for the electrical properties of the ZnO layers was the sample 

thickness. Table 3.1 shows the chanenge in the carrier concentration and the hall mobility at 

room temperature versus the sample thickness. It can be clearly seen that hall mobility at 

300K increases with increasing the ZnO layer thickness and hall carrier concentration in 

contrast decreases. 

Sample thick ( m) 0.25 0.5 2.5

n (cm-3) 6.5 1017 4.5 1017 6.0 1016

 (cm2/Vs) 55 67 96 

In order to better understand the electronic properties of the samples, temperature-dependent 

Hall measurements were performed. A plot of carrier concentration and electron hall mobility 

as a function of temperature for the sample of 2.5 m thick is shown in Figure 3.31. The 

carrier concentration behavior is monotonous and the value changes a little through the whole 

nearly constant for all temperature range while the hall mobility increases with decreasing the 

temperatures till 70K and then become constant. The observed behavior suggests that the 

Table 3.1: shows the change in the carrier concentration and the hall mobility at 
room temperature versus the sample thickness. 

Figure 3.30: shows the influence of O/Zn ratio on: a) the carrier concentration 
b) the hall mobility. All other growth parameters except the O/Zn 
ratio were the same.
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dominant current conduction mechanism may be through defect hopping with a lower density 

of defects available for conduction as the temperature decreases. 
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The same sample with 2.5 m was also investigated with ECV profiling using a 0.1 mol 

ZnCl2 solution as an electrolyte. Figure 3.32 shows the carrier concentration of ECV profile 

versus depth measured for the top of 2.5 m thick sample. The surface carrier concentration is 

2.0x1016 cm-3, increasing to a maximum value of 1.0x1018 cm-3 at the ZnO/sapphire substrate 

interface.  
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Figure 3.32: Carrier concentration of ECV profile for a 2500 nm ZnO layers 
grown on c- Al2O3 etched with 0.1 M ZnCl2.

Figure 3.31: Hall-effect measurements: a) plot of carrier concentration 
b) electron mobility as a function of temperature. 
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The distribution of charge-carriers is obviously homogeneous beginning from approximately 

1.0 m away from substrate. This behavior is typical of the specimens examined of ZnO 

grown on sapphire, as was shown for GaN on sapphire [142].  As it was disucused in section 

3.4 Figure 3.10. One can obviously see screw and mixed dislocation lines. In case of the 

sample grown without MgO buffer (Figure 3.10a) the density of dislocations is noticeably 

higher near the layer/substrate interface Zone. Considering this, one can conclude that most 

dislocations are formed in the surrounding area of sapphire substrate. Also in Figure 3.17c the 

Fourier-filtered image at the interface illustrates the character of edge-dislocation lines 

formation. For six atomic planes of ZnO there are seven atomic planes of sapphire, which 

produces an edge-dislocation directly at the interface, but further along the c-axis in ZnO the 

atomic packaging looks perfect representing no edge-line defects. 

Bringing all together, the behavior of electrical properties of samples with different 

thicknesses and c-axis inhomogeinity of charge-carrier distribution with a sharp rise at the 

interface becomes clear. While a big part of the electronic transport of thinner layers takes 

place at the interface between the substrate and epitaxial layer, where the density of one-

dimensional defects is very high and, thus, mobility of electrons is lower, the role of 

interfacial part is less pronounced in thicker samples. This results in a higher mobility. The 

dislocations enforce also the generation of intrinsic point defects which act as shallow donors 

and increase the charge carrier concentration.
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4. ZnO based device structures

For the development of ZnO-based optoelectronic devices, it is necessary to have high quality 

materials of both n-type and p-type. Although there are a number of reports on p-type 

measurements in ZnO films, today there is still no reproducible and reliable method of 

producing good quality p-type ZnO. High quality undoped ZnO layers grown using HT MgO 

buffer is naturally of n-type that has been already reported (chapter 3). It is generally 

recognized that these native defects and (N2)o donors in the case of Nitrogen doping of ZnO 

makes challengeable  fabrication of p-doped epitaxial ZnO. [143]. P-type heteroepitaxial 

substrates such as SiC and GaN epilayers with less lattice mismatch to ZnO are promising for 

the realisation of p-n heterojunctions while work is ongoing to overcome the problem of p-

doping ZnO and facilitate the obtain of p-n homojunctions. In this chapter, the fabrication of 

p-n heterojunctions and studies of N-doped based ZnO layers will be presented. 

4.1. ZnO based hetero junction

The p-n junction is necessary for applications in optoelectronics and also for many 

applications in microelectronics. This requires a controllable n- and p-type doping in ZnO. 

Acceptor incorporation in ZnO has proven to be a great challenge to the ZnO research 

community. The general reason for this is the very low solubility of dopants and doping 

compensations by native defects. So far, the properties of ZnO might be best exploited by 

constructing hetero-junctions with ZnO active regions; in this way, the emission properties of 

an LED can still be determined by the advantageous properties of ZnO. Therefore, the growth 

of n-type ZnO on other p-type materials could provide an alternative way to realize ZnO-

based p-n hetero-junctions. Lately, many p-n hetero- junctions have been achieved using 

various p-type materials (GaN, AlGaN, Si, CdTe, GaAs, and Diamond) [144]-[149]. The 

main factor to be considered, which influences the properties of the p-n hetero- junctions, is 

the close lattice match of ZnO layer and the substrate employed. In this case 4H-SiC is a good 

candidate since it has the same wurtzite crystalline structure and relatively good lattice 

matching to ZnO with lattice misfit of ~5%. Only few reports on the growth of n-ZnO on p-

SiC hve been published [150]; [151]. Figure 4.1 shows the band alignment for the n-ZnO/p-

SiC p-n junction deduced with the help of the Anderson model [152]. Such a band alignment 

strongly depends on the difference in the electron affinity  of the materials forming the p-n 

junction and interface effects such as interface dipoles. Different values of electron affinity 

have been published for SiC. In any case, the resultant band alignment is of type II. In the 
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case of forward bias, electrons on the conduction band of the n-type ZnO should drift towards 

the active region (middle) of the junction, and holes on the valence band of the p-type 4H-SiC 

should drift also towards the active region from other siade.  Since ZnO is the material of 

interest, the best case scenario would be for the active region to be on the ZnO side of the p-n 

heterojunction. This could facilitate application in light emission e.g. LED and near ultra-

violet radiation detection (for example a photodiode). 

4.1.1. Growth of n ZnO layers on p 4H SiC

The p-type 4H-SiC epilayers were previously prepared in a horizontal hot-wall reactor by 

chemical vapour deposition (CVD) on commercially available 4H-SiC (0001) substrates 

misoriented 8° towards 11 0  in the Institut für Kristallzüchtung Berlin[153]. They are 

10 27 m thick and have a hole concentration of >5×1018 cm-3. The growth of n-ZnO layers 

is carried out using MBE system described before in chapter 2. Before loading the p-SiC 

substrate into the reactor, it was sequentially cleaned with organic solvents, H2SO4:H2O2

(1:1), rinsed with deionised water followed by immersion in a HF solution in order to remove 

the surface oxide. The substrate was loaded directly to the buffer chamber and then thermally 

cleaned at 900°C for 60 min. After that the substrate was transferred to the growth chamber. 

The growth started with a LT ZnO buffer layer grown at 200°C under Zn-rich conditions. 

After the deposition of the 6 nm thick ZnO buffer, RHEED patterns gradually changed from 

Figure 4.1: Band diagram of an n-ZnO/p-SiC p-n junction 
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streaky to spotty. The growth has been then stopped and annealing started at 700°C for about 

5 min. Then a streaky RHEED pattern of ZnO appeared again. This procedure was repeated 

several times in order to produce a thicker ZnO buffer layer. The main ZnO layer was grown 

at 450°C. At the end of the growth, the RHEED pattern becomes spotty, indicating an 

increase in surface roughness. According to the RHEED, ZnO single crystalline hexagonal 

wurtzite structure layers on 4H-SiC substrate were obtained. The improvement in crystal 

quality of the ZnO film is assessed by XRD. Only two peaks at (0002) and (0004) were 

obtained from wide angle  XRD scan of the ZnO layers grown on 4H-SiC (0001) 

substrates. This indicates the c-axis oriented growth of the ZnO layers on SiC substrate. 

Figure 4.2 shows the XRD -rocking curve of the ZnO (0002) diffraction peak. The full 

width at half maxim (FWHM) of the (0002) rocking curve has the value of 0.13°. This 

FWHM value is to our knowledge the lowest for ZnO layers on 4H-SiC substrates compared 

to 0.32° on 6H-SiC substrate [154].
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4.1.2. Characterisation of n ZnO/p SiC heterojunctions

Mesa diode structures were fabricated with diameters of 130 m. Ti/Au 30nm/300nm were 

deposited on the n-ZnO area of the p-n heterojunction diode by electron-beam evaporation. 

These metal contacts were also used a a mask for mesa structure etching. A 0.5% HCl 

aqueous solution has been used to etch the ZnO layer down to the p-SiC layer. This technique 

exploits the property of ZnO to be etched rapidly in acids, while, Ti/Au and p-SiC layers are 

very resistive to these chemicalsAfter that Ohmic contacts with a diameter of 1.0 mm to p-SiC 

Figure4.2: (0002) Omega rocking curve of ZnO layer grown on 4H-SiC substrate 
(FWHM is 0.13°). 
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were achieved by sputtering 150 nm Al at room temperature, followed by rapid isothermal 

annealing at 650°C /120 s, and 920°C/300 s at 10-4 mbr pressure. 

.

The schematic digrams of the fabricated devices are shown as the inset of Figure 4.3 and 

Figure4.4 Current-voltage (I-V) characteristics of the heterostructures were measured on the 

fabricated mesa structures.  

Figure 4.4: I-V characteristics of n-ZnO/p-4H-SiC heterostructures showing 
clear rectifying behavior. Inset gives the cross-sectional view of the fabricated p-n 
heterostructures. 

Figure 4.3: a) I-V characteristics on two Ti/Au metal contacts on n-ZnO. Inset gives 
the cross sectional view of the fabricated contacts. 
b) I-V characteristics on tow Al metal contacts on p-SiC. Inset gives the cross-sectional 
view of the fabricated contacts. 

(a) (b)
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The Hall measurements of both p-SiC and n-ZnO films were made at room temperature (RT) 

using the four-point van der Pauw technique. The intrinsic carrier concentrations of the ZnO 

layers determined from Hall measurement yields that the film has a background n-type carrier 

concentration of 6x1017 cm-3 and a Hall mobility of 55 cm2/V sec. Figure 4.3 shows the I-V

curve measured for a pair of Ti/Au contacts on the top of n-ZnO layers (a) and a pair of Al 

contacts on p-SiC (b). The linear trend shows good Ohmic contacts. After ensuring Ohmic 

behavior of the metal-semiconductor interfaces, I-V of the ZnO p-n heterojunction was 

measured at room temperature. The measurement results are shown in Figure 4.4. The turn-on 

voltage of the diode is around 2 V as seen from the I-V characteristics, from where the 

exponential increase in current begins. Turn-on voltage of about 2 V is reasonable due to the 

wide band gap of ZnO [155].

4.2. Quest for p n homojunction in ZnO: N doping

From the theory, nitrogen is the most promising element for p-type ZnO [14]. As it is already 

mentioned, nitrogen can be brought into ZnO to the concentrations of more than 1019cm-3 

[156]. In the other experiments electron paramagnetic resonance measurements have 

demonstrated that N substitutes O in the ZnO lattice [157]. There are some reports on N-

doped ZnO, achieved with different growth methods [158];[159];[160]. Unfortunately, these 

experiments are still irreproducible. One of the explanations for the difficulties with nitrogen 

doping is the formation of the double N complex, which promotes the formation of the 

compensating defects [161]. 

4.2.1. Growth of nitrogen doped ZnO layers

ZnO:N epilayers with a thickness of about 400nm were grown by MBE described earlier 

(chapter 2), which employs an RF-plasma-activated oxygen-nitrogen flux mixture, on c-

sapphire substrates using. Oxygen and nitrogen fluxes were activated in the single plasma cell 

at the RF-power of 400W. The buffer layer sequence comprising HT thin MgO layer and 

totally 250 nm-thick undoped n-ZnO layers (chpter 3) ensures reproducibly the 2D growth 

mode of bulk ZnO:N epilayers at the 350-480ºC TS range. The O/Zn flux ratio was varied 

from 0.11 to 1.25, whereas N flow rate was in the 0.5-1.2 sccm range.  

The growth regimes for all samples under consideration are listed in the Table 4.1. The as-

grown samples were compared with those exposed to the post-growth annealing during 30 
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minutes in a quartz reactor in the air within the 650-800ºC temperature range. Figure 4.5 

presents SEM images of the layers, grown at different Ts under the Zn- and O-rich conditions. 

The images were taken before the annealing procedure. One can see that the surface 

morphology does not significantly depend on the O/Zn flux ratio at such a low oxygen excess 

[162], but rather controlled by the growth temperature. 

Ts,
0C

O/Z
n

d,
nm

N flux, 
sccm

CV measurements (300K): type of the conductivity 

As-grown 
650°C, 
30min 

700°C, 
30min 800°C, 30min 

480 0.41 410 0.8 compensated n-type - compensated  

450 0.25 320 1.2 compensated n-type - - 

400 1.19 860 0.48 compensated n-type - - 

400 0.89 370 1.2 compensated  p-type p-type - 

400 1.08 420 2 p-type -  p-type - 

375 1.25 390 1.2 compensated  - p-type - 

350 1.08 420 2 compensated -  p-type - 

Figure4.5: SEM images of the non-annealed ZnO:N layers grown in Zn-rich 
(left column) and O-rich (right column) conditions. 

Table4.1: Growth regimes and type of the conductivity for the as-grown and annealed ZnO:N films. 
(CV measurements by Prof. S. Ivanov Ioffe Institute, St. Petersburg, Russia)  
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Images reveal rather flat surface of the samples grown at TS exceeding 400°C. At the lower TS

the surface roughness increases. Figure 4.6 shows SEM images of sample grown at 350°C 

before and after the annealing procedure. One can see that the heat treatment flattens slightly 

the surface morphology of the film, keeping a 2D character of the surface even after 800ºC 

annealing.

4.2.2. Crystalline quality of nitrogen doped ZnO layers

For the detailed characterization of the internal crystal quality of the N-doped ZnO films XRD 

analysis was used. Measurements were performed with a triple-crystal diffractometer using 

different diffraction geometries: symmetrical Bragg, symmetrical Laue and grazing incidence 

ones. Diffraction pattern was measured in a -scan mode and mode. Intensity mapping 

around the reciprocal lattice point for the asymmetrical Bragg reflection (11-22) was obtained 

as well. Analysis of the peak broadening in different geometry using the approach [163] 

resulted in defining the principal parameters of the layer microstructure, namely, components 

of the microdistortion tensor and the size of coherent regions in parallel and normal directions 

to the surface. The densities of different dislocation ensembles have been calculated. Figure 

4.7 demonstrates -scan diffraction peaks for ZnO:N layer, grown at TS=400°C, in the 

symmetrical Bragg reflection (0002) (solid line) and the Laue reflection (10-10) (dashed line). 

Narrow diffraction peak in the symmetrical Bragg geometry indicates that there are very few 

threading dislocations with screw components in the film. Nevertheless, the comparison of the 

-peak widths measured in both geometries evidences that the density of the threading 

edge dislocations, which affect the Laue diffraction only, is rather high. 

Figure 4.6: SEM images of sample grown at 350°C: before (a) and after (b)
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Ts, °C  vert. screw, 
cm-2

 vert. edge, 
cm-2

 bound, 
cm-2

 horiz., 
cm-2 z, m x, m

400 <106 1.0x109 6.2x108 1.2x107 0.6 >1 

350 1.6x109 1.1x1010 1.3x1010 9.0x108 0.35 0.15 

Table 4.2 shows the defect structure parameters (density for individual dislocation types and 

dimensions of coherent regions x), obtained from the analysis of the diffraction peaks of the 

samples grown at TS = 400°C and 350°C. It can be seen that the x value obtained from the 

Bragg reflection analysis is in a good agreement with the scale of the surface roughness in the 

SEM images of the samples. The sample grown at lower temperature (350°C) is characterized 

by the higher density of all type dislocations and quite small lateral dimension of the coherent 

regions.
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The high-temperature film (400°C) contains primarily pure edge threading dislocations 

perpendicular to the sample surface. A part of these dislocations is located in small angle 

boundaries causing a rotation of crystalline blocks around the normal to the surface (twisting). 

Summarizing the results of the structural characterization, we can conclude that ZnO:N films 

Figure 4.7: scan diffraction peaks for sample grown at 350°C in symmetrical 
Bragg reflection (0002) (solid line) and in Laue reflection (10-10) (dash line). (XRD 
measurements by Prof. S. Ivanov Ioffe Institute, St. Petersburg, Russia)  

Table 4.2: Density of dislocations ( ) and coherent region dimensions 
( ) determined from the X-ray diffraction data  
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grown at low temperatures contain more imperfections than those grown at higher TS. 

Surprisingly, only the former films demonstrate p-type conductivity after the annealing 

procedure as will be shown below. 

4.2.3. PL measurements

The low temperature (77K) PL spectra (Figure 4.8) contain “green” band in energy range 

(2.1-2.5) eV, which is attributed to the defects in ZnO and the UV band edge emission. One 

can see that the “green” band is dominated as compared with UV band in PL spectra of the 

two samples grown at Ts=350°C.  

 

 

Figure 4.9 presents the details of the band edge PL. Preliminary identification of the PL lines 

observed is the following. The spectra of the annealed buffer layer demonstrate neutral donor-

bond exciton band (D0X), free exciton line (FE) and the LO-replicas of the free exciton line 

[164]. The spectra of N-doped samples contain D0X line, band of emission of excitons bound 

to neutral acceptors A0X at energy 3.345eV and 3.352eV [165]. After annealing at 700°C for 

30 minutes in air, the line at 3.35eV which we associated with A0X transitions became more 

clears. The spectrum of the sample grown at 350°C demonstrates additional line at 3.316eV, 

which is close to the two-electron satellite transitions associated with the neutral-bond exciton 

at 3.36eV [166].   

Figure 4.8: PL spectra of undoped ZnO and N-doped ZnO at 77 K. (PL measurements 
by Prof. S. Ivanov Ioffe Institute, St. Petersburg, Russia)  
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The spectra of all N-doped samples contain band at (3.3-3.309) eV which may be related to 

the excitons bond to structural defects[166]. In the energy range (3.230-3.240)eV broad line is 

observed for N-doped samples, this line is very close to DAP transitions[165];[167].

4.2.4. SIMSmeasurements
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Figure 4.10: SIMS profiles of N-doped ZnO films as a function of substrate 
temperature. (SIMS measurements by Prof. S. Ivanov Ioffe Institute, St. 
Petersburg, Russia)  

Figure 4.9: Details of the band edge PL spectra of undoped ZnO and N-doped ZnO 
at 77 K. (PL measurements by Prof. S. Ivanov Ioffe Institute, St. Petersburg, Russia)  
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To determine the concentration of nitrogen dopant in our film, we used secondary ion mass 

spectrometry (SIMS). In a SIMS measurement, the surface of the sample is bombarded by 

primary ions (typically Cs+, O-, or O+), emitting secondary ions. Secondary ions are 

separated in a mass spectrum analyzer to yield information about the concentrations of 

specific elements. By digging a flat-bottom crater in the sample surface and analyzing the 

secondary ions from different depths, one can generate concentration profiles for different 

elements. Figure 4.10 shows the SIMS profile of a about 400 nm thick N-doped grown ZnO 

film, deposited on an (0001) sapphire substrate. The nitrogen concentration for sample grown 

at 350°C is quite uniform throughout the depth at about 1×1018 atoms/cm-3. The N 

concentration in the film decreases with increasing Ts, which may be due to the fact that the 

zinc atoms prefer to bind with oxygen than nitrogen at higher Ts due to larger binding energy 

of O–Zn bond. It is noticeable that the difference in N concentration becomes almost 

neglidble for Ts= 400°C or higher. 

4.2.5. Electrical characterization

For the electrical characterization of the layers both CV and Hall measurements were 

employed. The parameters of the nitrogen-doped layers were compared with those of the 

undoped film. The results of the CV measurements for the ZnO:N films before and after 

annealing are summarized in Table 1. One can see that as-grown ZnO:N films are generally 

compensated except for MBN36, but some show p-type after the annealing. It is seen from the 

data that the lower TS, the higher N-flow rate and the slightly O-rich conditions are favorable 

for achieving p-type conductivity in RS MBE using O-N gas mixture in a single plasma cell. 

One should mention that in the majority of the layers the frequency-dependent behavior of the 

p-type conductivity was observed. Undoped samples demonstrate usually n-type conductivity 

with the net carrier density around 1x1018cm-3.

To verify the obtained results, Hall measurements were performed. The standard Van der 

Pauw geometry was used. Undoped sample showed n-type conductivity with the net electron 

density of 3x1018cm-3 and mobility = 40 cm2/Vs (300K). ZnO:N layers demonstrated 

principally different behavior. All of them were grown atop an undoped buffer layer. To 

define properly a contribution of the buffer layer to measured electrical characteristics of the 

ZnO:N films, we assumed that the ZnO buffer layer and ZnO:N film are connected in parallel. 
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To verify the obtained results, Hall measurements were performed. The standard Van der 

Pauw geometry was used. Undoped sample showed n-type conductivity with the net electron 

density of 3x1018cm-3 and mobility = 40 cm2/Vs (300K). ZnO:N layers demonstrated 

principally different behavior. All of them were grown atop an undoped buffer layer. To 

define properly a contribution of the buffer layer to measured electrical characteristics of the 

ZnO:N films, we assumed that the ZnO buffer layer and ZnO:N film are connected in parallel. 

Figure 4.11 presents the resulting dependences of the carrier concentration and mobility on 

the sample temperature (T) for MBN36 film before and after annealing. The as-grown film 

shows p-type conductivity, although only at T above 200K, while the n-type conductivity is 
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Figure 4.11: Carrier concentration (left column) and mobility (right column) for 
the MBN36 film before and after annealing. Electrons are marked with filled 
symbols and holes with empty ones.  (Hall-effect measurements by Prof. S. Ivanov 
Ioffe Institute, St. Petersburg, Russia)  
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observed at lower T that can be related to conducting through the n-type buffer layer. The 

annealed samples exhibited clear p-type in the wide temperature ranges. At T = 300K the 

following parameters were demonstrated by MBN36 sample annealed at the temperature of 

700°C and 800°C: p = 1x1017 cm-3, = 55 cm2/Vs and p = 3x1017 cm-3 , = 25 cm2/Vs,

respectively. The former hole mobility value could be slightly overstated due to the influence 

on measurements of the buffer layer via vertical dislocations shunting a p-n junction, that 

cannot be taken into account in the used simplest model.  

The obtained results can be explained in the frame of the compensating defect formation 

models in ZnO, developed in the number of papers and based on the first-principle 

calculation[143];[168]. In these works it was shown that donor-type defects (such as Zni, VO,

(N2)O) have rather low formation energy and that net p-type doping requires a delicate balance 

between the necessity of high dopant solubility and low concentration of compensating donor 

defects. We suggest that in our experiments the main compensation mechanism via the point 

defects Zni and VO is overcome by the slightly O-rich conditions which still does not suppress 

significantly proper N incorporation in O vacancies, while the low TS and as high as possible 

N flux facilitate the N incorporation. The formation of (N2)O donors expected under the RF-

plasma conditions is assumed to be partly eliminated by the annealing. The rough surface 

morphology appears to be a positive factor also, as it provides a much larger density of 

surface dangling bonds for N incorporation as compared to the flat one. However the worse 

structural quality obviously prevents obtaining LED devices due to the shortage of a p-n 

junction by the vertical edge dislocations. 
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5. ZnO/ZnMgO heterostructures

Excitons in ZnO-based quantum well heterostructures exhibit high stability compared to bulk 

semiconductors or III–V QWs due to enhancement of the binding energy and reduction of the 

exciton–phonon coupling [169][170]caused by quantum confinement. Due to these effects, 

excitons are expected to play an important role in many-body processes such as laser action 

and nonlinear absorption of ZnO QWs even at room temperature. In principle the threshold 

for lasing using biexcitons is expected to be ever lower than that using an exciton-exciton 

scattering process[172]. There is a great potential in the possibility of using biexcitons as a 

laser action mechanism for UV wavelengths and room temperature operation because of their 

large binding energy in ZnO (12-16 meV) and ZnO quantum wells (more than 30 meV)[171]. 

There are only a few papers on the coherent optical properties of excitons and biexcitons in 

ZnO[173][174][175]. A detailed study of excitons and biexcitons in ZnO quantum wells 

(QWs) is thus important for understanding the optical properties of these wide band gap 

heterostructures, especially in view of their potential application to ultraviolet–blue 

optoelectronic devices [176]. This chapter presents the growth and characterisation of 

ZnxMg1-xO layers, single ZnO/ZnMgO quantum well structures grown on ZnO layers and 

ZnO nonorods to fabricate ZnO/ZnxMg1 xO quantum well structures and superlattices, it is 

important to produce a smooth film surface and high interface flatness. ZnO/ZnxMg1-xO

heterostructures were grown on 300 nm ZnO epiwafer produced using the MBE growth 

system (see chapter 3) and ZnO nanorods fabricated using the grown in collaboration with 

Augustine Che Mofor, who operates the vapour-transport system.. 

5.1. Growth of ZnMgO layers

The growth of ZnO and Zn1-xMgxO layers with up to 30% Mg (determined prior to growth 

using a quartz crystal monitor) was carried out on ZnO quasi-substrate in the same MBE 

system described in chapter2. First, a high quality ZnO layers with thickness of 300 nm was 

grown on 2-inch (0001) sapphire substrate (see chapter 3). These ZnO layers were then used 

as wafers for the growth of ZnMgO without additional cleaning. One quarter of the 2 inch 

ZnO wafer is employed for each ZnMgO growth experiment. The growth rate of ZnO was 

determined by the oxygen flow rate and growth was carried out under matrial-rich condition. 

The Mg composition was controlled by changing Mg deposition rate. Prior the growth of 

ZnMgO layers, RHEED oscillations were obtained from ZnO quasi-substrate (Figure 5.1a). 

Then Zn1-xMgxO growth started at 450°C, also RHEED oscillations were obtained from 
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ZnxMg1-xO layers. Figure 1b shows the RHEED oscillations detected during Zn0.9Mg0.1O

growth at a substrate temperature of 450°C on ZnO wafer. Figure 5.1 (c and d) show the 

Atomic force microscope (AFM) images of the 300 nm thick ZnO and a 200 nm Zn0.9Mg0.1O

surfaces. The scan area is 2 m 2 m. The root mean square (rms) roughness values 

determined from the scans are 0.26 nm and 0.7 nm of as grown 2-inch ZnO layers and 

Zn0.9Mg0.1O layers, respectively. 

Single phase ZnxMg1 xO (x  0.30) thin films having wurtzite structure and c-axis orientation 

have been prepared on high quality ZnO wafer. At Mg composition higher than 30%, RHEED 

pattern change from wurzit to rocksalt, as verified by RHEED and XRD analysis. As the 

sample was rotated around its axis, each RHEED pattern was repeated every 60° which 

proves the hexagonal wurtzite structure of the ZnxMg1 xO (x  0.30) growing films. 

Figure 5.2a shows the x-ray scan from a Zn0.9Mg0.1O film both the first (0002) and the 

second (0004) order diffraction peaks for the ZnMgO layers are clearly seen. This indicates 

Figure5.1: a) RHEED specular spot intensity oscilllations on 00 rod on <1-100> 
azimuth on ZnO, arrows indicate where the growth is interrupted.  
b) AFM image of 200 nm Zn0.9Mg0.1O layers grown on ZnO epiwafer with rms value of 
roughness is 0.7 nm. 
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that the ZnMgO film is oriented to c-axis of the hexagonal wurtzit structure. Figure 5.2b 

shows the XRD rocking curve of the same sample (0002) diffraction peak. The FWHM of 

the (0002) rocking curve is as small as 36 arcsec, implying little tilt in the c-planes. These 

properties of the (0002) diffraction peak indicate the extreme ordering along the (0001) 

growth direction of Zn0.9Mg0.1O as a consequence of well controlled layer-by-layer epitaxial 

growth.
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For the ZnxMg1 xO, the length of the c-axis evaluated from XRD measurements decreases 

with increasing Mg content (Figure 5.3c). Figure 5.3a shows PL spectra of ZnxMg1 xO (0 x

0.22), taken at 13 K, where single phase thin films could be grown. With increasing Mg 

composition, the PL peak shifted to higher energy. Although the PL spectrum of ZnO (x=0) is 

dominated by the neutral donor bound-exciton (D0X) at 3.355 eV, free excitons XA can be 

clearly observed at 3.374 eV. As the Mg content is increased, the intensities of emission 

positioned at the higher energy side of DX emission increase [177], concluding that excitons 

are hardly captured by impurities (figure 5.3b). This might be caused by the localized states 

since excitons in ZnO are more sensitive to local inhomogeneities due to its small Bohr 

radius. Thus, ZnxMg1 xO films can be considered not only as barrier layers for the ZnO active 

layer, but also as an ultraviolet light emitting material, the luminescence energy of which can 

be tuned from 3.37(x=0) to 3.9 eV (x=0.3) by adjusting the Mg content.

Figure5.2: a) XDR scan from a Zn0.9Mg0.1O film both the first (0002) and the 
second (0004) order diffraction peaks are clearly seen 

b) XRD rocking curve of (0002) diffraction from the same sample (FWHM = 36 
arcsec)
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The critical point for using ZnO/ZnMgO quantum wells as an active region of a UV laser is 

the quality of the ZnMgO barriers. To fabricate ZnO/ZnxMg1 xO quantum well structures and 

superlattices, it is important to produce a smooth film surface and high interface flatness. By 

using a 300 nm high quality ZnO wafer, the surface of the ZnMgO alloy becomes as smooth 

as that the pure ZnO film. This surface roughness is very good for fabricating superlattice and 

quantum well structures.  

5.2. Heterostructures

Heterostructures are formed from multiple heterojunctions, and thus a many of possibilities 

exist. If a thin layer of a narrower-bandgap material (A) say, is sandwiched between two 

layers of a wider-bandgap material (B), as illustrated in Figure 5.4 then they form a double 

heterojunction. If layer (A) is sufficiently thin for quantum properties to be exhibited, then 

such a band alignment is called a single quantum well. If any charge carriers exist in the 

system, whether thermally produced intrinsic or extrinsic as the result of doping, they will 

attempt to lower their energies. Hence in this example, any electrons (solid circles) or holes 

Figure5.3: (a) PL spectra of ZnO and ZnxMg1-xO (x up to 0.22) measured at 13 K 
excited by the 325.0 nm line of a HeCd, (b) the band gap evaluated from PL 
measurements, and (c) c-lattice length constant evaluated from XRD measurements 
dependence on the Mg content.(PL measurments by M. Al-Suleiman Institute of 
Semiconductor Technology,Braunschweig) 
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(open circles) will collect in the quantum well (see Figure 5.4). Additional semiconductor 

layers can be included in the heterostructure, for example multiple quantum wells or 

superlattices, as shown in Figure 5.4(right). The difference between the latter is the extent of 

the interaction between the quantum wells; in particular, a multiple quantum well exhibits the 

properties of a collection of isolated single quantum wells, whereas in a superlattice the 

quantum wells do interact.  

The motivation behind introducing increasingly complicated structures is an attempt to tailor 

the electronic and optical properties of these materials for exploitation in devices.  

5.3. Quantum confinement in semiconductors

One of the important features of semiconductor nanostructures is the flexibility of controlling 

and designing the properties of such materials [178][179], [180], including controlling the 

size [181][182], constructing artificial structures [183], [184] and using various doping 

[185]or some of the postgrowth techniques, such as intermixing [186]. Such nanostructures 

exhibit structural, electronic and optical properties that are unique and different from both 

macroscopic materials and isolated molecules. In nanostructures, normally 1 to 50 nanometers 

in scale, the dimensions are commensurate with the de Broglie wavelength of the charge 

carriers; so that quantum confinement effects become important and the properties of the 

semiconductors are significantly modified.  Advanced semiconductor growth techniques, such 

as MBE and MOCVD, allow fabrication of various semiconductor nanostructures or low 

dimensional structures. Such low dimensional structures include (i) quantum wells (QWs), 

Figure 5.4: The one-dimensional potentials V(z) in the conduction and valence bands 
for typical single quantum well(left)and multiple quantum well or superlattices (right). In 
this work: A  ZnO; B  ZnMgO 



99

where the charge carriers are confined along the growth direction z but free to move in the 

other two directions x and y, (ii) quantum wires, where the charge carriers are confined in two 

directions and only allow one dimension motion, and (iii) quantum dots (QDs), where the 

charge carriers are confined in all three directions. Strong inter band transitions are possible in 

these low dimensional structures because there is a probability of a strong overlap between 

the wave functions of the electrons and holes. Figure 5.5 compares the density of states as a 

function of energy in different dimensional materials, bulk, quantum well, quantum wire and 

quantum dot.  

In a quantum well system, due to the one dimensional confinement of electrons, the electron 

and holes energy levels can be found from the solution of the Schrödinger equation for an 

infinitely deep potential well, with the forms: 

       (5.1)

      (5.2) 

Where,  is the effective mass of the electron;  is the effective mass of the hole; and the 

dependence of the energy levels on  is the quantum size effect.  

The concept of a ZnO/ZnMgO quantum well can be explained with the fundamental 

understanding of a potential well. In this case, ZnO is sandwiched between two ZnxMg1-xO

barriers. The emission energy from such a quantum well can be represented as: 

Figure 5.5: Density of states as a function of energy in bulk, quantum wells, quantum 
wires and quantum dots. Ec and Ev indicate the bottom of the conduction band and the 
top of the valence band, respectively. 
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Ewell = Eg,ZnO + Ee + Eh + R       (5.3)

Where, Ee and Eh are given by (5.1) and (5.2). R is the resultant energy due to other effects 

whose energy contribution is either to be subtracted or added to the emission energy. Without 

considering such effects like piezoelectric fields that can lead to the Quantum Confined Stark 

Effect (QCSE), and exciton binding energies due to their low and insignificant magnitude, the 

first order emitted energy (n=1) from the ZnO/ZnxMg1-xO quantum well can be calculated as: 

       (5.4) 

This shows that the quantum well peak should be expected on the right of the ZnO peak on a 

photoluminescence spectrum and that the emitted energy is inversely proportional to the 

square of the well width L.

5.4. Fabrication of ZnO/ZnMgO SQWs

5.4.1. ZnO/ZnMgO SQWs on ZnO layers

Employing the good quality of both ZnO and ZnMgO layers achieved.  First, a high quality 

ZnO layer with thickness 300 nm was grown on 2-inch (0001) sapphire substrate. These ZnO 

layers were then used as wafers for the growth of QWs structure without additional cleaning. 

One quarter of the 2 inch ZnO wafer is employed for each single QW growth experiment 

first Zn0.85Mg0.15O barrier of 50 nm thickness was grown at 450° C, followed by the ZnO well 

of width 0 5 nm and terminated with another 50 nm Zn0.85Mg0.15O barrier (Figure 5.6a). The 

heterostructure of the ZnO/ZnMgO was also studied by XTEM microscopy. Figure 5.6b 

Figure 5.6: ZnO/ZnMgO Schematic SQW structure (right) and XTEM micrographs 
from the ZnO/ZnMgO SQW structure (left)
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shows the XTEM micrograph of 3nm SQW.  One can clearly see the ZnO SQWs sandwiched 

between two Zn0.85Mg0.15O barriers. PL measurements data were prepared by Mohamed Al-

Suleiman, Institute of Semiconductor Technology, Technical University Braunschweig.  

Figure 5.7 presents the low-temperature PL spectra of Zn0.85Mg0.15O/ZnO SQW with different 

well width (LW). These PL spectra include two types of prominent emission peaks. As the 

thickness of the ZnO SQWs decreases, the corresponding emission peaks (marked by arrows) 

exhibit a blueshift due to the quantum size effect. For example, a blueshift of 32 meV in a 4.7 

nm wide quantum well has been detected, which corroborates pretty well with the theoretical 

Figure 5.8: PL spectra of a Zn0.85Mg0.15O/ZnO/Zn0.85Mg0.15O SQW sample with well 
width of 2.3 nm at various temperatures. The SQW peak energy shows an S-shaped shift 
with increasing temperature as indicated by the corresponding arrow.

Figure 5.7: PL spectra of Zn0.85Mg0.15O/ZnO SQWs at 13 K with different well widths (LW).  
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calculations [187]. The second peaks at higher energies remain in the same position and thus 

are attributed to emission from the Zn0.85Mg0.15O barrier layer. The high quality of the SQWs 

reflected by the small FWHM of their peaks of down to 12 meV.

Figure 5.8 shows PL spectra of the 2.3 nm SQW as a function of temperature. As the 

temperature increases the SQW peak energy first shows a redshift relative to the band gap and 

then it shifts to higher energies, exhibiting a socalled “S-shaped” behavior [189],[190]. This 

behavior can be explained within the model of localized excitons [190]. At the lowest 

temperatures, excitons are localized even in shallow lateral potential fluctuations, which are 

due to the roughness of the ZnMgO/ZnO interfaces. When the temperature increased, excitons 

from shallow lateral potential fluctuations are delocalized, diffusing to regions with larger 

well widths and hence lower transition energies (redshift). Excitons localized in regions with 

wider well widths start to dominate at intermediate temperatures. As the temperature increases 

further (70> T>150) K, carriers have enough thermal energy to reach higher energies of the 

bandtail states caused by potential fluctuations due to alloy and interface fluctuations 

(blueshift). At even higher temperatures (T >150 K), the shift of the PL emission is mainly 

determined by the temperature dependent band gap energy according to the Varshni 

equation[191].

As is well known, monolayer fluctuations cause a broadening in the PL peak emission[192], 

[193]. Table 5.1 compares the values of the FWHM of four SQWs PL peaks and the change 

of the exciton confinement energy ( E) caused by assumed 1 ML fluctuation in the well 

width. The parameters used for this calculation taken from [187]. The FWHM values are 

comparable to the expected broadening caused by a 1 ML well width fluctuation. 

Well width (nm) 4.7 2.3 1.5 1.1 

FWHM (meV) 12 16.1 19.2 26.15 
E (1 ML) (meV) 10 17.5 21 29.5 

5.4.2. ZnO/ZnMgO SQWs on ZnO nanorods

The same technologies used before to fabricate ZnO/ZnMgO SQWs on ZnO layers were 

employed to fabricate the same heterostructures on nanorods grown with the vapour transport 

Table 5.1: The change of the exciton confinement energy caused by 1 ML fluctuation in 
well barrier in comparison with the PL peaks FWHM of the SQWs and. 



103

method. The nanorod samples were first thermally treated at 800° C for 40 minutes without 

oxygen flow to get rid of any surface contaminant. Followed by 30 minutes heating in an 

oxygen plasma overpressure of 3.1×10-5 Torr to create an oxygen-terminated surface that is 

known to favour ZnO growth. Then the first Zn0.85Mg0.15O barrier of 50 nm thickness was 

grown at 450° C, followed by the ZnO well of width 0 4 nm and terminated with another 50 

nm Zn0.85Mg0.15O barrier. The thickness of the ZnO and Zn0.85Mg0.15O structures is deduced 

from calibration results obtained using a quartz crystal monitor in the reactor. These 

thicknesses correspond with values calculated from reflection high-energy electron diffraction 

(RHEED) oscillations obtained during the growth of ZnO layers (chapter 3). The nanorod 

samples were characterised after MBE growth using SEM and photoluminescence. Figure 5.9 

shows a sketch of the quantum well structure and an SEM image of ZnO nanorods on a 6H-

SiC substrate after the growth of quantum well structures[188].

Figure 5.10a shows PL spectra taken at 13 K for ZnO nanorods with single quantum wells of 

3.5nm width. While donor-bound excitons (D0X)-related peak around 3.36 eV from the main 

ZnO nanorods dominates in intensity, the Zn0.85Mg0.15O barriers show a much weaker PL 

peak at 3.61 eV. Another peak appears between these two peaks. This additional peak at 3.421 

eV is correlated with recombination in the 3.5 nm thick quantum well sandwiched between 

Zn0.85Mg0.15O barriers. Despite the relatively low intensity of this quantum well peak, its 

FWHM of less than 15 meV is the least value known to have been reported so far in the 

literature[194].

Figure 5.9: Scanning electron microscopy image of ZnO nanorods after the growth of 
ZnO/ZnMgO quantum well structure 
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Together with three other samples with quantum well widths of 2, 2.5 and 5 nm, the 

corresponding emitted energy was noted and plotted as a function of well width in the inset on 

Figure 5.10a. Taking the effective mass of electron and holes to be me=0.28m0 and 

mh=0.59m0, respectively, the emitted energies were calculated as in [35] for the same well 

width. The calculated values were larger than the measured values, with a discrepancy 

ranging from 1% for the 5 nm quantum well to 10% for the 2 nm quantum well. This effect 

has been reported for quantum well structures [35]. Temperature-resolved PL measurements 

between 60 and 280 K show the QW peak around 3.44 eV with very slight red shift for 

increasing temperature. A relatively slow thermal quenching of the quantum well peak as 

opposed to the ZnO D0X peak is additional evidence of quantum structures [195]. 

In order to check the possibility of quantum confinement emanating from  quantum well 

structures unintentionally grown directly on the 6H-SiC substrate, the post-growth of a 2 nm 

quantum well structure was carried out on a nanorod sample with a free SiC area, i.e., a 

section covered with nanorods and the other section is simply the SiC surface. A very thin 

layer was also observed on the SiC surface after the quantum well growth. This surface was 

characterised separately using photoluminescence. The absence of a peak which completely 

rules out the possibility of quantum confinement from structures on the SiC surface. 

Moreover, starting the growth of Zn0.85Mg0.15O directly on 6H-SiC without accommodating 

for lattice mismatch would not lead to a Zn0.85Mg0.15O layer of high crystal quality and 

minimal surface roughness that can hold subsequent layers and guarantee a sharp interface. 

Figure 5.10: (a) Photoluminescence spectrum obtained from a sample with 3.5 nm 
quantum well (QW). A very narrow QW peak is noticed at 3.421 eV. The quantum size 
effect was also notable (see inset). (b) Temperature-resolved PL measurement on a sample 
with 2 nm quantum well. The QW peak appears at 3.44 eV and exists above 280 K. 
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Even though good quality ZnO/Zn0.85Mg0.15O heterostructures would not grow on the (11-20) 

plane of c-axis oriented nanorods, the possibility of a cap-like growth of the quantum well 

structures on the top end of the ZnO nanorods does not rule out. 

5.5. Recombination dynamics in ZnO/ZnMgO SWQs

The recombination dynamics, essential for the lasing, is governed by the carrier transfer 

toward the active region and the balance between radiative and nonradiative processes, 

dependent on structural defects. For the wurtzite ZnO QWs, where the defect density may be 

significant, different decay times of PL have been reported so far, from very fast ~ tens of 

picoseconds up to hundreds of picoseconds in multiple QW structures3. Thus the intrinsic PL 

decay time constant in the ZnO QWs is not well established. It is worth mentioning that the 

decay of the QW PL has been previously considered as a single exponential process [187], 

while bulk ZnO exhibits a biexponential decay with characteristic decay times of t1 1 ns and t2

14 ns for the fast and slow components, respectively [196].  

The possibility to achieve room temperature stimulated emission in a ZnO/ZnMgO separate 

confinement double heterostructure (DHS) having such SQW as an active region and analyze 

conditions which are necessary for that is to be prove. The study has been performed using a 

TRPL spectroscopy at 1.8 K, and PLE described before (section 3.00).Lasing properties were 

investigated using a 266 nm line of the 4th harmonic of a modelocked Nd: yttrium aluminum 

garnet laser. The optical cavity for lasing was formed by cleaved facets in a similar way for 

all samples. The laser beam was focused into a stripe on the surface of the 0.8–1.0 mm long 

samples, while the stimulated emission was detected from the cleaved edge. 

Two sets of the SQW samples have been grown on (0001) Al2O3 [112]. The first set consists 

of the simple SQW structures, while the second comprises the DHSs. Both types of structures 

show full width at half maximum values in a w-scan for the (0002) reflex in the range of 25-

36 arcsec.  Beginning investigation of the SQWs, which comprise a high temperature MgO 

nucleation layer providing a two-dimensional growth mode of the following part of the 

structure, and a 200-nm-thick ZnO buffer capped with a 100-nm-thick ZnxMg1 xO layer 

with the Mg content of 0.13–0.15. The wells with width varied from 1.0 to 5.0 nm were 

inserted in the center of the top layer. Selected spectra of the low temperature PL measured in 

the SQWs are presented in Figure 5.11a. 
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These structures are thin; therefore, the PL in the ZnO buffer can be excited when the carrier 

capture in the QW is inefficient, like in the narrow 1.0–1.5 nm QWs. The energy of the SQW 

PL bands exhibits a gradual lower-energy shift with the increase in the QW width. By 

compare the experimental data with the exciton energies calculated within the envelope wave-

function approximation, using a variational approach with a single-parameter variational 

function for a quasi-two-dimensional exciton in a rectangular QW. 

The ratio of the conduction- and valence-band discontinuities is taken as 0.65:0.35; other 

material parameters are taken as in Ref. [197]. One can see that the calculated dependence is 

generally consistent with the experimental points (Figure 5.11a, inset). The agreement is quite 

good for the exciton peaks in absorption, which are reproduced by the PLE spectra. Some 

Figure 5.11: PL spectra measured in SQWs of different widths. “QW,” “B,”and 
“ZnO” denote emission from the well, barrier, and ZnO interface layer, respectively. 
The Mg content is 15% in the 1.5 and 3 nm QWs and 14% in the 4.5 nm QW. The inset 
presents a calculated well-width dependence of the exciton energy shown together 
with experimental PL (squares) and PLE (stars) data. (b) PL decay curves 
corresponding to the QW and B peaks. Thedotted lines are fits done with the following 
fast and slow times, t1 / t2 (ns):(1.5 nm) QW (0.2/1.8), B (0.2/3); (3 nm)QW (0.25/ 
1.6), B (0.3/1.5); (4.5 nm) QW (0.25/ 0.7), B (0.3/1). (PLE and PL decay 
measurements by Prof. A. Toropov, Ioffe Institute, St. Petersburg, Russia)
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dispersion in the data is related to certain inaccuracy in the determination of the well width 

and Mg content in the ZnMgO barrier as well as strain, which was not taken into account.

Figure 5.11b presents the characteristic decay curves monitored within either QW or barrier 

emission peaks. The PL decay is obviously not exponential. Here a fit done using two 

exponents is presented, like it has been done previously for the bulk material,4 with the slow 

characteristic time t2 also being in the nanosecond range. In the thinnest wells (1–1.5 nm) the 

main part of the QW emission rapidly decays with the fast time t1=100–200 ps. In the wider 

wells (2–3 nm), t1 is as long as 250–350 ps. This value, being among the longest 

reported[187], evidences the improved material quality. With the further increase of the well 

width up to 4.5 nm, the decay again starts to be faster, presumably due to strain-induced 

deterioration of the structural quality. The highest ratio of the QW-to-barrier emission 

intensities has been observed simultaneously with the fastest decay of the barrier emission, 

which is suggestive of the efficient carrier transfer to the well (see, e.g., the 1.5 nm QW). 

However, the PL intensity is maximum with the well width of 2–3 nm, which corresponds 

approximately to the maximum exciton binding energy.6 These findings permit us to 

conclude that such 2–3 nm width is the best choice for the SQW DHSs lasers. The structures 

have been designed for optical pumping. They comprise a 15-nm-thick ZnO buffer layer 

followed by a 120–290 nm-thick Zn0.82Mg0.18O cladding layer and a 105-nm-thick 

Zn0.91Mg0.09O waveguide layer. The 2 or 3 nm wide SQW were inserted into this top layer 

at a distance of 60–65 nm from the surface. The low-temperature (20 K) PLE spectra of these 

structures clearly demonstrate a pronounced excitonic peak, which confirms their high quality 

Figure 5.12a. The stimulated emission has been recorded at room temperature at a threshold 

excitation power density of about 650 kW/cm2. The small volume of the single QW is 

responsible for the relatively high threshold. In the case of multiple QWs of similar structural 

quality, it can be significantly lowered. The stimulated emission appears at ~3.20 eV, while 

the excitonic feature in the room-temperature PLE spectrum is near 3.38 eV (Figure 5.12). 

Such an energy separation is higher than anticipated for any reported mechanism [198]. Note 

that the lasing in the ZnO buffer layer is excluded due to its small thickness (15 nm) in DHSs. 

Presumably, the lasing recombination process involves the localized states in the QW. 
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The lasing is achieved in the 3 nm QW DHS, but not achieved in the 2 nm one. The TRPL 

images registered in the time domain of 2.2 ns (Figure 5.13) exhibit the basic reason for that. 

In the 2 nm QW sample, the PL bands from both barrier and well are broadened and partly 

overlap. The overlapping distribution of the densities of states in the QW and barrier permits 

not only the capture of carriers from the barrier to the QW but also the reverse process-

tunneling of carriers from the QW to the barrier states. At room temperature the thermal 

escape of carriers from the deeper states makes the situation dramatically worse. A 

preliminary TEM study reveals in this 2 nm QW DHS numerous inversion domains, with a 

density an order of magnitude higher than that in the 3 nm structure. Respectively, the 

intensity of the x-ray diffraction peak decreases twice in both -2 , and -scans with 

insignificant broadening, which indicates structural deterioration induced by the inversion 

domains. It has been previously demonstrated [199], that the intersection of inversion 

domains with QWs produces specific carrier localization sites, since the growth rate and, 

consequently, the well widths are different for the materials of opposite polarity. This results 

in a fluctuating potential profile, because even one monolayer width variation can shift the 

exciton energy up to 30 meV in the 2 nm QW.  

Figure 5.12: (a) PL (1) and PLE (2) spectra measured in a 3 nm SQW DHS. The room 
temperature PLE spectrum is monitored from the “green” PL peak (2.393 eV) for the 
sake of better resolution. (b) RT spectra of stimulated emission measured at the excitation 
power density (from bottom to top): 436, 674, 872, and 1079 kW/cm2. The inset presents 
the PL intensity dependence on the excitation power.(Pl, and PLE measurements by Prof. 
A. Toropov, Ioffe Institute, St. Petersburg, Russia)  
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Strongly different recombination dynamics in these two DHSs had observed. Figures 5.13c 

and 5.13d show the decay of the emission in the barriers (B) and QWs at the energies 

corresponding to free (FX) and localized (LX) excitons. These exciton states were identified 

by temperature dependent PL measurements, as it was previously reported[200]. The temporal 

evolution of the emission in the 3nm QW satisfies the scenario of an efficient carrier transport 

toward the LX states. Namely, the FX intensity drops significantly in the time domain of ~50 

ps, while the LX intensity rises during this time. The barrier emission intensity is an order of 

magnitude lower than that in the well. This indicates that the excited excitons are captured by 

the QW rather than recombine within the barrier. On the contrary, in the 2 nm QW structure, 

the respective PL intensities differ only by a factor of 2, and the decay curves at the selected 

energies are almost similar, presumably, due to the overlapped distributions of the localized 

states in the QWs and barriers. In our experiments with the 1.0–4.5 nm SQWs, Features 

characteristic for the strong quantumconfined Stark effect has not observed, such as the QW 

Figure 5.13: TRPL images (a) and (b) and selected decay curves (c) and (d) 
ecorded in the 3 and 2 nm SQW DHSs at the wavelengths marked as B, FX, and LX 
in the images. For the 3(2) nm well they correspond to: B [3.514 (3.497) eV], FX 
3.420(3.457) eV], and LX [3.400(3.424) eV]. (TRPL and PL decay measurements by 
Prof. A. Toropov, Ioffe Institute, St. Petersburg, Russia)  
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PL lines below the bulk ZnO band[201] and a spectral shift of the PL maximum in the TRPL 

images due to the screening of the fields by photoexcited carriers.

It has been demonstrated previously that in the case of low Mg composition the intrinsic 

electric fields are weak [202]. Indeed, the maximal shift of the exciton energy induced by the 

intrinsic electric fields can hardly exceed 10 meV for 3 nm wide QW with 12% Mg in the 

barrier. It is worth noting that with the weak fields much larger optical gain can be realized to 

promote lasing. In summary, the recombination dynamics in the SQWs which are wider than 

the exciton Bohr radius resembles that in the bulk material. A small energy dispersion of 

radiative states, low defect density, and efficient carrier transfer toward an active region are 

the key prerequisites to obtain stimulated emission at room temperature in the ZnO/ZnMgO 

SQW DHS with low Mg content in barriers.  



111

6. Summary

In semiconductor research a reliable epitaxial growth technique for growing high quality thin 

films and heterostructures is necessary. In the case of ZnO one of the main difficulties is the 

absence of suitable substrate material for ZnO epitaxial growth. Although special oxide 

material (for example ScAlMgO4) and ZnO bulk crystal can serve as lattice matched 

substrates, the quality of the substrates themselves, the size of the available wafer, and the 

expense do not encourage to use these lattice matched substrates for ZnO epitaxial growth. In 

the current research, a widely used low cost commercial substrate sapphire was employed to 

develop a reliable epitaxial growth technique and growth process for ZnO. The versatile 

epitaxial growth technique, molecular beam epitaxy (MBE) equipped with a rf-plasma source 

was developed for growth and various characterizations methods were conducted to obtain a 

fundamental understanding in both the epitaxial processes and material properties of ZnO thin 

films and heterostructures. 

Employing a thin HT MgO buffer layer prior to ZnO growth is the key to overcome the very 

large mismatches between c-Al2O3 substrate. Wetting the surface of Al2O3 substrate with a 

few MgO monolayers, lowed the surface energy, so that the lateral growth of ZnO is 

promoted at the initial growth stage. MgO can be grown in the same chamber as ZnO without 

any contamination problem. These advantages make the growth procedure of a HT MgO 

buffer fast and easy. The growth temperature and the growth rate of MgO buffer are found to 

be important to improve the ZnO heteroepitaxy. An intermediate spinel layer in epitaxial 

relation with the sapphire substrate as well as with the HT MgO buffer layer is formed in the 

early stage of growth during the deposition of the MgO at 700°C. It was found that the 

combination of these two layers is useful for the progressive reduction of the ZnO overgrown 

with the sapphire substrate.Annealing experiments reveal that as soon as the spinel layer is 

formed at about 700°C, it remains stable at least up to 1000°C, and even it is extended in 

thickness.  

By recording and analyzing RHEED intensity oscillations, the growth kinetics has been 

investigated. Flat surface morphology and layer-by-layer growth has been achieved. The 

stoichiometry has been deduced by analyzing the growth rate as a function of Zn and O fluxes 

for various growth temperatures. It is found that the sticking coefficient of oxygen radicals is 

less dependent on the substrate temperature than that of Zn. The stoichiometric condition 

shifts to larger Zn flux at higher growth temperature. The kink rZnO values determine the 

activated O-flux supplied by the RF plasma source at TS=500°C, 400W and a given O2-flow
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rate. It equals 0.5±0.05 Ås-1 per sccm. Absolute Zn values versus TS, defined as 

Zn=rZnO(T)/rZnO(max), where rZnO(max) is recalculated from the Zn flux measured by a 

quartz monitor, using Zn/ZnO molar mass and density ratios. 

Ex-situ characterization of the grown ZnO layers indicate that the surface morphology and 

crystal quality of the ZnO films grown on sapphire by MBE using either oxygen plasma cell 

or H2O2 as an oxidant can be extensively improved by using an HT MgO buffer.  

ZnO layers reveal strong variation of surface morphology versus the O/Zn flux ratio. The 

most flat surface morphology of ZnO is obtained when the ratio is within the 0.7-1 range. The 

growth under O-rich conditions leads to formation of hexagonal pyramids and at higher O/Zn 

ratios to a 3D growth with the top layer formed by perfectly c-oriented columnar structures of 

50-100 nm in a diameter. It was also possible to recover the initial 3D growth mode to the 2D 

one by employing the Zn-rich growth conditions at O/Zn=0.4-0.6. 

Structural characterizations by high resolution X-ray diffraction (HR-XRD) and transmission 

electron microscopy (TEM) indicate a dramatic reduction in defect density in the ZnO 

epilayers grown with an HT MgO buffer. By using TEM, it was found that the dominant 

extending defects are edge, screw and mixed-type dislocations along c-axis. The main defects 

were threading dislocations. This is resulted from the well controlled layer-by-layer growth, 

since only the edge-type dislocation is able to accommodate the lattice mismatch, while the 

screw type dislocation forms much related to the initial nucleation environment.The 

microstructure of ZnO epilayers has been studied by HR-XRD. The full width at half 

maximum of the (0002) reflection, 0.007 degree, is much smaller than that of the (10-10) 

reflection, 0.27 degree revealing the micro-twist dominates the mosaicity, while micro-tilt is 

much less important.This pronounced difference of the rocking curve widths between the 

(0002) and (1010) reflections strongly indicates that the density of pure edge threading 

dislocations is greater than that of pure screw dislocations. 

Optical characterizations reveal that exciton plays an important role in ZnO. At room 

temperature free exciton recombinations dominate the photoluminescence. The ZnO epilayers 

reveal well resolved low temperature PL excitonic spectra with a dominant bound exciton 

 line (3.355 eV) possessing a ~2 meV half-width and a peak of free A exciton at 3.374 

eV. The low-energy tail extending from the excitonic emission peaks due to the lattice 

deformation is significantly reduced, which allows the observation of two electron satellites 

and LO-phonons replicas of free and bound excitons. Variation of growth stoichiometry from 

O-rich to Zn-rich results in the pronounced quench of the acceptor-bound part of the excitonic 
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band, as well as the strong intensity redistribution of donor-bound lines which seems to be 

attributed to a change in the point defect density. Temperature dependence of PL spectra 

between 6K and room temperature every 30 K under the same excitation conditions was 

performed. Slowly decreases coming at 300K to about one third of the intensity at 6K. This 

corresponds to the activation of non-radiative channels in the capturing and recombination 

processes. This result was confirm by decay time measurements. PL mapping of 2 inch ZnO 

epilayer shows high lateral homogeneity from PL intensity distribution and PL FWHM 

distribution.

Hall-effect measurements and Electrochemical profiling (ECV) were used to characterize the 

electrical properties of ZnO samples. Hall-effect measurements indicated n-type behavior 

with carrier concentration of 2.0x1016 cm-3 and  mobility of approximately 96 cm2/Vs. ECV 

profile versus depth measured for the top 2.5 m thick sample gives surface carrier 

concentration is 2.0x1016 cm-3 increasing to a maximum value of 1.0x1018 cm-3 the 

semiconductor/substrate interface. 

P-n heterojuntions and mesa structures comprising MBE n-ZnO layers and CVD p-4H-SiC 

laser were manufactured and investigated. Electrical properties of the mesa diodes have been 

studied with Hall measurements, and current-voltage measurements (I-V). I-V measurements 

of the device show good rectifying behavior, from which a turn-on voltage of about 2 V was 

obtained.

With the excitation of O and N gas mixture in a single plasma cell, followed by the sample 

annealing procedure. P-type ZnO:N layers with a net hole concentration 3x1017 cm-3 using 

was measured. The combination of low growth temperature, slightly O-rich conditions and 

post-growth annealing is shown to be effective way to obtain p-doping. Further efforts are 

necessary to improve structural quality of the low-temperature p-type ZnO:N films. 

Optical properties of ZnO based II-VI heterostructures and quantum structures have also been 

studied. The surface roughness of ZnxMg1 xO was as low as 0.7 nm. The optical band gap 

and photoluminescence peak can be turned to larger energy with the same high crystallinity 

and without significant change in the lattice constant. The prominent PL peaks related to the 

SQW show a systematic blueshift with decreasing well width, which is consistent with the 

quantum size effect. The SQW-related emission peaks exhibit an S-shaped (redshift-blueshift-

redshift) behaviour with increasing temperature, which is in contrast with that ascribed to 

band gap shrinkage (redshift). The observed behavior is discussed in terms of localization at 

lateral interface potential fluctuations. For T >70 K the integrated PL intensity is thermally 



114

activated with activation energies much less than the band offsets. It is argued that the 

dominant mechanism leading to the quenching of the ZnO SQW-related PL is due to the 

thermionic emission of excitons out of the lateral potential minima caused by potential 

fluctuations, such as interface fluctuations by 1 ML. Stimulated emission has been achieved at 

room temperature in a separate confinement double heterostructure having a 3 nm wide SQW 

as an active region. It has been found that a critical parameter for the lasing is the 

inhomogeneous broadening of both QW and barrier emission bands. 

MBE process for ZnO has been developed where high quality ZnO epilayers and 

heterostructures can be grown by molecular beam epitaxy on sapphire substrate. For nitrogen 

doping of ZnO, Oxygen and nitrogen were activated in the single plasma cell. No 

reproducible and reliable experimental results on the achievement of p-type conductivity 

achieved. Stimulated emission has been achieved at room temperature. 
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