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ABSTRACT 
Structural and Optical Properties of Eu doped ZnO Nanorods prepared 

by Pulsed Laser Deposition 

 

Abeer Alarawi  

 

 Nano structured wide band gap semiconductors have attracted attention of many 

researchers due to their potential electronic and optoelectronic applications. In this thesis, 

we report successful synthesis of well aligned Eu doped ZnO nano-rods prepared, for the 

first time to our knowledge, by pulsed laser deposition (PLD) without any catalyst. X-ray 

diffraction (XRD) patterns shows that these Eu doped ZnO nanorods are grown along the 

c-axis of ZnO wurtzite structure. We have studied the effect of the PLD growth 

conditions on forming vertically aligned Eu doped ZnO nanorods. The structural 

properties of the material are investigated using a -scanning electron microscope (SEM). 

The PLD parameters must be carefully controlled in order to obtain c-axis oriented ZnO 

nanorods on sapphire substrates, without the use of any catalyst. The experiments 

conducted in order to identify the optimal growth conditions confirmed that, by adjusting 

the target-substrate distance, substrate temperature, laser energy and deposition duration, 

the nanorod size could be successfully controlled. Most importantly, the results indicated 

that the photoluminescence (PL) properties reflect the quality of the ZnO nanorods. These 

parameters can change the material’s structure from one-dimensional to two-dimensional 

however the laser energy and frequency affect the size and the height of the nanorods; the 

oxygen pressure changes the density of the nanorods.   
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Chapter 1 
   Introduction  
 
 ZnO is an II–VI compound that has been studied since 1935. ZnO is a direct and 

wide-band gap semiconductor (3.37 eV), like GaN and ZnS, with large exciton binding 

energy (60 meV) that exceeds the room temperature thermal energy (25 meV). Owing to 

this favorable property, it is characterized by highly efficient exciton emission at room 

temperature [1]. ZnO is transparent to visible light and operates in the UV wavelength. 

ZnO band gap can be engineered by impurities (doping by Mg increases the band gap, 

leading to deep UV, whereas dopants such as Cd decrease the band gap, leading to blue 

emission) [2]. Several research groups attempted to improve its epitaxial growth 

technologies and nanostructure synthesis in order to produce high quality ZnO materials 

for optoelectronic and electronic devices [3]. Due to its unique electrical and optical 

properties, ZnO can have many potential applications, including gas sensors, UV photo-

detectors, high transmittance conductive oxide coating and bulk acoustic wave resonators. 

In addition, ZnO has significant industrial applications, such as in production of plastics, 

rubber, paints, batteries and cosmetics [4]. Furthermore, ZnO can be used in space and 

nuclear applications due to its high radiation resistance [4, 5]. It can be grown on different 

substrates, such as glass, silicon, and sapphire. ZnO plays a significant role in a wide 

range of biomedical, bio-safe and biocompatible applications. 

   

1.1   ZnO Nanostructure  

  Nanotechnology is the science or technology that studies materials at the nanometer 

scale. The national technology initiative defined nano-sized particles as 1 nm to 100 nm 

in dimension [6]. As nanomaterials possess an intermediate structure, between molecule 

and bulk, they have unique physical and chemical properties, distinct from those of their 

bulk form [6]. The physical properties of nanomaterials depend on the types of 

compounds, impurities, defects and the bond types. However, due to the quantum 

confinement within a nanostructure, the charges and electrons have confined behavior. 

This confinement causes discrete energy levels and wider band gap compared to the bulk 

semiconductors [7]. The quantum confinement of nanostructure is much larger than that 
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of the bulk, leading to structural distortions that arise because of the presence of a greater 

number of dangling bonds, which make nanostructures sensitive to chemical bonds and 

electrical environment changes [7]. In terms of structural properties, interatomic spacing 

in nanostructure and the bulk is different because the surface area and surface energy 

increase with decreasing particle size [8]. The change in structure as a function of particle 

size also affects the optical properties of the material. For example, the band gap 

increases as the particle size decreases (due to larger quantum confinement effect 

compared to a larger particle), leading to the inter-band transition shifting to a higher 

frequency. Owing to these characteristics, the emissions from semiconductor 

nanostructures can be adjusted by changing the nanostructure size [9].  

 Recently, ZnO nanostructures (such as nanowires, nanorods, nanotubes and 

nanoplates) have become the subject of extensive research due to their larger surface area 

to volume ratio compared to its bulk form. ZnO nanostructures are attractive candidates 

as components in photonic device applications, such as ultraviolet photodetectors, 

sensors, field effect transistors, intermolecular p-n junction diodes, and Schottky diodes. 

Consequently, due to the many applications and devices incorporating ZnO and its 

invaluable properties, ZnO is used as research material in this work. It is envisaged that 

devices based on ZnO will be the most functional in the near future [10-13]. This research 

has been performed with the aim of obtaining nanostructures using the “bottom-up” 

approach, without using catalysts or metal seeding/nanoparticles. As one aspect of this 

research, nucleation and growth processes were investigated for ZnO nanostructures 

grown by pulsed laser deposition (PLD), focusing on their unique physical, structural and 

optical properties resulting from their low dimensionality. 

1.2   Europium-doped ZnO  

 In 1896, French chemical scientist Eugène-Antole Demarçay discovered Europium 

(Eu), a rare earth element[8]. Eu is the most reactive rare earth element, with an atomic 

number of 63 and atomic weight of 151.964. Because of its red radiation, Eu is widely 

used in television screens and computers. This red rare earth emission is very sharp [14] 

and, unlike semiconductor band edge emission, it does not have strong temperature 

dependence because its emission is due to intra-4f transitions that are deeply buried by 6s 

and 5d levels. As a result, it produces a pure red line, which is ideal for devices operating 

at room temperatures [8].  
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1.3   Thesis objective and contents  

 The main objectives of this thesis are synthesizing ZnO nanorods using PLD 

without any catalyst and investigating the effects of PLD process conditions on the 

morphology and optical properties of ZnO nanorods. In addition, the structural and the 

luminescence properties of Eu-doped ZnO nanostructure are studied, while also 

attempting to understand the critical effects of the PLD growth conditions on these 

properties.   

 This thesis is comprised of six chapters. The introduction to the research reported in 

this study is provided in Chapter 1, while Chapter 2 presents a brief literature review, 

focusing on extant studies on the structural and optical properties of ZnO materials. In 

Chapter 3, the physical mechanism of ZnO growth, including nanostructure growth, is 

introduced, followed by a brief description of the nucleation theory. Chapter 4 presents 

the experimental techniques used in this work. The work performed on ZnO nanorods 

that includes the effect of the PLD growth conditions on obtaining high quality vertical 

ZnO nanorods and their structural and luminescence properties are presented in Chapter 

5. Finally, conclusions are given in Chapter 6.  
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Chapter 2   
   ZnO properties  
 

In this chapter, a brief summary of the structure, as well as the optical and electric 

properties, of ZnO will be reported.  

 

2.1   ZnO crystal structure 

 ZnO has a substantial ionic character, as do other II–a VI semiconductor 

compounds in which iconicity resides at the borderline between covalent and ionic 

semiconductors [10]. In the mixed ionic-covalent bonds, the shared electrons are located 

closer to the larger electronegative atom (anion) [15]. ZnO can be crystallized in three 

forms, namely as wurtzite (hexagonal), Zincblende (cubic) and rocksalt. The ZnO unit 

cells of these three structures are shown in Figure 2.1 [10].  

 

 

Figure 2.1. Units cells of three ZnO crystalline forms: (a) Cubic Zincblende, (b) 

hexagonal wurtzite [10], and (c) cubic rock salt structure [5].   

 

 Wurtzite ZnO: In this study, only wurtzite ZnO is of interest, as it is the most stable 

structure. The hexagonal unit cell is characterized by two lattice constants (a, c) (shown 

in figure 2.1), with the a/c ratio = 1.6333. The a-axis corresponds to the horizontal crystal 

direction, as shown in figure 2.1, whereas the c-axis direction is referred to as [0001] 

direction, perpendicular to the (1000) plane [10, 16]. Wurtzite ZnO structure has a space 

group P6!mc, comprised of two interpreting hexagonal closely packed (hcp) sub-lattices. 
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In each sub-lattice, one type of atom is displaced with respect to the others along three-

fold c-axis symmetry [10, 16], as shown in Figure 2.1 (b). In wurtzite ZnO, three surfaces 

and plane (0001), (1120) and (1100) are of particular importance. Their corresponding 

directions are [0001], [1120] and [1100], respectively. The {0001} is a basal plane, and is 

typically used in epitaxial growth [10]. These main directions and planes are shown in 

Figure 2.2 [13].  

  

 

Figure 2.2. The most important planes in the ZnO crystal structure [13]. 

 

 Many factors can play an important role in determining the lattice parameters of 

semiconductor materials [10], including (a) external and internal strain induced by 

substrate or impurities, (b) concentration of free electrons acting via deformation 

potential of a conduction band, and (c) concentrations of impurities and defects [10]. In 

wurtzite ZnO, the value of a-lattice constant varies from 3.2475 to 3.25 Å, while that of 

c-lattice constant varies from 5.2042 to 5.21 Å correspondingly the 𝑐 𝑎   ratio varies from 

1.593 to 1.6035 [10].  

 

 Zincblende ZnO: As the zincblende ZnO structure is metastable, it can be stable 

only in the heteroepitaxial growth [10]; when the material of substrate is different from 

that of the film [17]. According to the Hermann-mauguin notation, the symmetry 



	   16	  

structure of zincblende has F43m space group [10]. This structure is composed of two 

interpenetrating face-centered cubic (FCC) sublattices shifted along the body diagonal, as 

shown in Figure 2.1 (a). Each of four oxygen atoms in the unit cell is surrounded by four 

Zn atoms. This tetrahedral coordination formed by 4 nearest neighbors and 12 next 

neighbors is present in both wurtzite and Zinc blende structure. Consequently, the bond 

distance is identical in both crystalline forms [10].  

 

 Rocksalt ZnO: At high pressure (10 GPa), the structure of wurtzite ZnO (like other 

II-VI semiconductors) can be transformed to that of rocksalt (NaCl structure) [10]. As 

ZnO has space group Fm3m in this case, the rocksalt structure cannot be stabilized by the 

epitaxial growth [10]. 

 

2.2   Band gap structure 

 Figure 2.3 shows the band structure of wurtzite ZnO. ZnO is considered to possess 

a direct band gap because the top of the valence band (VB) and the bottom of the 

conduction band (CB) occur at the same momentum value (K= Γ), as shown in Figure 2.3 

[18]. Moreover, it has a wide energy gap, Eg = 3.44 eV at low temperatures (10K), with 

slightly lower value of 3.37 eV at room temperature [19]. Decreasing the temperature 

leads to contraction of the crystal lattice that causes more strength to interatomic bonds 

and results in a wider band gap [20]. 

 

Figure 2.3. The calculated band structure of wurtzite ZnO using density functional theory 

with generalized gradient approximation (GGA+U) [2].  
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2.3   Optical Properties  

Photoluminescence (PL)    

 Luminescence is a process that differs from reflection, refraction and scattering of 

the light. It is a radiative emission process that certain materials are capable of generating. 

PL occurs when the substance absorbs the excitation light and the energy of the light is 

transferred to an electron in the ground state (VB in semiconductors). Owing to the 

greater energy it possesses, this electron will move into an excited state (CB or 

impurity/defect level in semiconductors), followed by an electron-hole recombination that 

releases another photon, as shown in Figure 2.4 [21].  

 PL is an efficient process to study the optical properties of semiconductors [22]. PL 

technique assists in understanding several properties, including recombination 

mechanisms, determining the interference and impurity level of the semiconductors, 

identifying transitions near the band conduction and valence band edge, estimating the 

material quality [23], and classifying defects and impurity bands in the semiconductor 

band gap [24, 25]. 

 

2.3.1 PL Spectroscopy of Semiconductor Materials 

 Semiconductor emission can be described as band edge emission and defect-related 

emission. PL of semiconductor materials is categorized as either intrinsic PL or extrinsic 

PL, as shown in Figure 2.4. 

 Intrinsic optical properties of ZnO semiconductor are related to band-to-band 

transitions and excitons that occur between the electrons in the conduction band and the 

holes in the valence band. On the other hand, the extrinsic properties are associated with 

dopants or defects, which generate discrete electronic states in the band gap [22].  
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Figure 2.4. A diagram of radiative recombination process in a semiconductor, in (a) band-

to-band recombination, (b) neutral donor D0 to VB transition, (c) CB to neutral acceptor 

A0transition, (d) radiative recombination of FE, (e) radiative recombination of BE bound 

to D0, (f) DAP recombination with separation r and (g) deep level defect luminescence 

[26].  

 

 Band edge emission occurs by the radiative band-to-band transition in the 

semiconductor at relatively high temperatures, as shown in Figure 2.4 (a). An electron is 

excited in the CB and a hole is excited in the VB by the absorption of the photon to give 

rise to radiative recombination. At low temperatures, due to coulomb attractive force, 

excitons (electron-hole pairs) are formed, rather than band-to-band transition, as shown in 

Figure 2.4 (d). In extrinsic semiconductors, impurities are incorporated as either acceptors 

or donors, whereby PL occurs via defects states (defect emission) [27]. These 

mechanisms will be described in detail in the following sections. 

 

a) Band edge emission  

 Band edge emission contains exciton emission (including bound exciton and free 

exciton). Exciton emission can be either free (FE) or bound exciton (BE). The latter type 

refers to that associated with both neutral or charged donors and acceptors [29]. A 

Typical PL spectrum of ZnO is shown in Figure 2.6. 

 

I. Bound exciton (Frenkel): 

 When a semiconductor absorbs photon energy exceeding the band gap, a pair 

consisting of an electron (in the CB) and a hole (in the VB) is created by coulomb 

that is, the phosphorescence lifetime is much longer
(1ms to 10s) than the fluorescence lifetime
(0.1–10ns). However, a delayed fluorescence possesses
an exceptionally longer lifetime similar to the phospho-
rescence lifetime. It should be noted that the distinction
between fluorescence and phosphorescence is not
always clear. Sometimes, therefore, the delayed fluores-
cence is also called phosphorescence. Metal–ligand com-
plexes (MLCs), which contain a transition metal and one
or more organic ligands, possess rather large intersys-
tem crossing coefficient due to a large spin–orbit cou-
pling with the heavymetals and therefore display strong
phosphorescence. Accordingly, these MLCs display
intermediate lifetimes of 10ns to 10 ms, and, in particu-
lar, fac-tris (2-phenylpyridine) iridium (Ir(ppy)3) demon-
strates a very high internal QE. These organometallic
triplet emitters demonstrate very high EL efficiencies in
organic light-emitting devices.

Conceptually the HOMO state and the LUMO state
correspond to the valence band (VB) edge and the con-
duction band (CB) edge, respectively, in solids. PL of
semiconductors and ionic crystals is classified into two
categories, intrinsic PL and extrinsic PL. As shown in
Figure 1a, intrinsic PL occurs via the band-to-band
radiative transition in a highly pure semiconductor at
a relatively high temperature, where an electron is
excited in CB and a hole in VB by the absorption of a
photon, and then they radiatively recombine to give rise
to intrinsic PL. The band-to-band transition in indirect-
gap semiconductors such as Si and Ge is called an
indirect transition, which needs phonon assistance for
the momentum conservation. Direct-gap semiconduc-
tors suchasGaAsdonot alwaysneedphononassistance
for radiative transitions, and hence have a much larger
radiative recombination probability, that is, a much
higher QE, and are extensively applied to light-emitting
diodes and semiconductor lasers. At low temperatures,
however, an excited electron–hole (e–h) pair can form a
free exciton (FE) through its Coulomb attractive force
and then PL occurs through excitonic recombination
instead of band-to-band transition in the pure semi-
conductors (Fig. 1d); thus, PL from the FE is the
most intensive in the intrinsic semiconductor at low
temperatures.

In extrinsic semiconductors where impurities are
intentionally incorporated as donors or acceptors,
extrinsic PL occurs between an electron trapped by a

donor, that is, a neutral donor state D0 and a hole at the
top of VB (Fig. 1b) and between an electron at the bottom
of CB and ahole of the neutral acceptor state A0 (Fig. 1c).
Besides PL from FEs, various other excitonic recombi-
nation processes also occur. These are radiative recom-
bination of bound excitons (BEs), excitonic polarons,
self-trapped excitons, and excitonic molecules, which
often exist at low temperatures. BEs are formed by the
capture of an FE by a neutral impurity state (neutral
donor D0 or acceptor A0), ionized impurity state (ionized
donor Dþ or acceptor A"), or by a defect; Figure 1e
illustrates aBEcapturedbyD0orDþ .BE recombination
dominates over FE recombination for a less pure mate-
rial and shows a sharp line in the highly resolved PL
spectrumat a low temperature; this serves as a powerful
tool for the identification of impurities and defects. Both
FE and BE emission lines are often accompanied with
optical phonon replicas especially in indirect-gap
semiconductors such as Si, Ge, and GaP. Excitonic
recombination processes become more prominent in
semiconductor quantum wells, quantum wires, and
QDs, where the excitonic PL can be observed even at
much higher temperatures due to the increased exciton-
binding energy by quantum confinement. When both
types of impurities are present as compensated semi-
conductors, donor to acceptor pair (DAP) recombination
occurs through radiative tunneling as shown in
Figure 1f, where PL spectra occasionally reflect the sep-
aration of DAP, r.

In phosphors the excitation and de-excitation
mechanisms of impurities such as transitionmetals and
RE elements differ from those of semiconductors; the
impurities rather behave as individual atoms in the
hosts and energy transfer mechanisms play an impor-
tant role in the PL. Figure 1g shows the recombination
process for the deep-level PL, which involves a Shock-
ley–Read–Hall-type transition with a single deep level
within the bandgap, where either one of the two transi-
tions labeled as “1” and “2” is radiative. Actually, the
bandwidth of the deep-level PL results from the broad-
ened levels.

Amorphous semiconductors are different from ordi-
nary crystalline semiconductors in the existence of
band-tail-localized states, in which electrons and
holes are trapped and a portion of them recombines
geminately as excitons but the other recombines non-
geminately through radiative tunneling as distant

Conduction band (CB) 

D0        

A0        

D0

A0

D0

(or D+)

(g) (f) (e) (d) (c) (b) (a) 
Valence band (VB) 

Deep 
level 

1

2
r

Figure 1. Schema of radiative recombination
processes in semiconductors. (a) Band-to-band
recombination, (b) neutral donor (D0) to VB transition,
(c) CB to neutral acceptor (A0) transition, (d) radiative
recombination of FE, (e) radiative recombination ofBE,
which is bound to D0 (recombination of BE bound to
ionized donor Dþ is also possible), (f) DAP
recombination with separation r, and (g) deep-level
defect luminescence (either one of the two transitions
(1) and (2) is radiative).

2 PHOTOLUMINESCENCE SPECTROSCOPY
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interaction and forms a new particle called exciton. When an exciton is localized near an 

acceptor/donor it is called exciton bound to acceptor/donor, as shown in Figure 2.5 [24].  

 

II. Free exciton (Mott-Wannier):  

 When the radius of the exciton is large it is referred to as free exciton, in the sense 

that it is not localized near any atoms, as shown in Figure 2.5 [21, 28].  

 

III. Free-to-bound transition:  

 A free electron from the conduction band can be bound to an acceptor, as shown in 

Figure 2.4 (c). Similarly, a free hole from the valence band can be bound to a donor 

(Figure 2.4 (b)) [24]. Donor-acceptor pair recombination (DAP) is shown in Figure 2.4 

(e). 

 

 
Figure 2.5. Graphical representation of (a) bound exciton and (b) free exciton [21].  

 

b)   Defect bands 

 Deep level luminescence is a transition that occurs when some defect impurities 

create deep levels inside the band gap. Figure 2.4 (g) illustrates the recombination process 

of the deep-level luminescence [27]. 
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Figure 2.6. PL spectra of ZnO excitonic, donor acceptor pair (DAP) and deep level      

emission [30]. 

 

2.3.2   UV ZnO emission (band edge emission) 

 The ZnO band edge emission is UV centered at 368 nm [31], resulting from the 

wide ZnO band gap. In the band edge ZnO spectra at low temperatures (4-10 K), the 

bound exciton emission is most apparent, whereas free exciton predominates at room 

temperature [32]. In addition, PL band edge emission contains donor bound exciton and 

excitons bound to neutral acceptors a donor-acceptor pair transition as shown in Figure 

2.6 [32]. Table 2.1 illustrates the energy levels of different excitons. 

 

Table 2.1.  Emission energy of ZnO peaks at low temperature [22, 32]. 

Emission type Emission energy (eV) 

Donor bound exciton ≈  3.3628 

Acceptor bound exciton ≈  3.3564 

Donor –acceptor pair transition ≈  3.218 - 3.223 

Free exciton ≈ 3.377 [5] 

Bound exciton ≈ 3.3484 - 3.3693 
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Fig. 2! Photoluminescence spectrum of  bulk ZnO showing excitonic, donor acceptor pair (DAP) and 
deep level emission. The corresponding phonon replica with longitudinal optical phonons (LO) are indi-
cated (HeCd excitation). 
 

source-measurement unit as constant current source and Keithley Hall-effect card (type 7065). The Hall 
voltage was measured with a Keitley electrometer (type 617). Samples of 5 × 5 mm2 size had In ohmic 
contacts in the four corners (Van der Pauw geometry). The contacts showed ohmic behaviour over the 
whole temperature range. The samples could be measured from 4.2  up to 400 K in an Oxford He cry-
ostate. We used state of the art bulk ZnO crystals, O-face, from Eagle-Picher, CRYSTEC and ZnO single 
crystals (see Table 3) grown from the vapor phase without or with intentional doping (Na, Li). For de-
tails see Tomzig et al. [8]. 
 Magneto-optical properties of the excitons are examined by polarizazion dependent photolumines-
cence at low temperatures. The measurements were performed in Faraday and Voigt configurations as 
well as for different angles between the magnetic field and the c-axis of the crystal. 

3 Experimental results 

3.1 Undoped ZnO: general features 

The luminescence from bulk ZnO (#1, see Table 3 for more details) extends from the band edge to the 
green/orange spectral range (an overview spectra is shown in Fig. 2). Very common is a broad band 
centred around 2.45 eV extending from the blue into the green range. The lines dominating the spectra 
originate from bound exciton (BE) recombinations (excitons bound to neutral donors (D0X) and/or ac-
ceptors (A0X)) followed by longitudinal optical (LO) phonon replicas with an energy separation of 
72 meV. In some samples a donor-acceptor-pair (DAP) transition is found, the chemical identity of the 
acceptor Ax is unknown. The transition energy is around 3.22 eV again followed by phonon replicas (see 
Fig. 2). There is no definite assignment of the bound exciton recombinations to a specific donor or ac-
ceptor, they are numbered I0 to I11 in the early work of Reynolds et al. [29]. The prominent lines in the 
bulk ZnO  are the bound excitons positioned at 3.3628, 3.3608 and 3.3598 eV (labeled in Fig. 3 as I4, 
I6.8). At 3.357 eV another bound exciton (I9) can also be observed. The free exciton emission with the  
A-valence band (FXA) positioned at 3.375 eV can already be seen. At lower energies from 3.34 to 
3.31 eV further recombination lines appear. It is the region where one can expect the two-electron satel-
lite (TES) recombination lines of the neutral donor bound excitons. During the recombination of an exci-
ton bound to a neutral donor the donor final state can be the 1s state (normal D0X line) or the 2s, 2p state 
(TES-line). The energetic distance between the D0X and its TES is consequently the difference between 
the donor energies in the 1s and 2p states, which is 3

4 of the donor binding energy (ED) in the hydrogenic 
effective-mass-approach (EMA). Therefore, by determining the position of the TES the related donor  



	   21	  

2.3.3   Defect Emission   

 Figure 2.7 shows the defect energy levels within the ZnO band gap that can be 

influenced by both optical absorption and emission processes [33]. Several peaks in the 

visible spectral region can be identified in the PL spectra of ZnO, which correspond to the 

defect states in the band gap (405, 420, 446, 485, 510, 544, 583 and 640 nm) [32]. Figure 

2.7 shows a graphical representation of the defect energy states (levels) in the ZnO band 

structure.  

 

Figure 2.7. Defect energy (states) levels in ZnO band gap, where the peak at 3.377 eV is 

attributed to bound exciton, with the remaining peaks corresponding to different defects 

in ZnO [32].  

 

 Green band emission centered at ≈535 nm [34] is the most common band emission 

and is attributed to oxygen vacancies (Vο) and zinc interstitial defects (Zni) located at the 

surface of the ZnO material [32, 35]. Similarly, orange-red emissions centered at ≈540 

nm [32] are attributed to oxygen interstitials (Oi) and zinc vacancies (VZn) [32] [36]. 

Finally, violet defect emission is attributed to the presence of shallow (Zni) defects 

centered at ≈435 nm [29, 32].  

 

2.4   Doping in ZnO  

 Doping refers to the process of adding impurities (foreign atoms) into the host 

material. The aim of impurity doping is to optimize the physical properties of the material 

[7], and it can thus be an effective way of controlling the electrical conductivity, optical 

luminescence and magnetic properties [37]. For example, in terms of its conductivity, 
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stoichiometric ZnO is classified as insulator. Thus, effective utilization of native defects 

(such as Zni, Vο [38], or addition of Al dopants, can increase the ZnO conductivity by 

about 10 orders of magnitude [19].  

 

2.4.1   n-type doping   

 Zinc oxide is a naturally n-type semiconductor. The intrinsic defects that can be 

responsible for the n-type conductivity, formed during deposition, include Zni and VO 

[33]. In practice, n-type ZnO semiconductors are easily obtained by, for example, doping 

with various impurity materials, including group-III elements (Al, Ga, In), and traditional 

metals (Pb, Mn, Fe, Ni, Co). When combined with the ZnO lattice, these dopants form 

shallow donor levels [33]. 

 

2.4.2   p-type doping   

 Unlike n-type, p-type ZnO is difficult to produce. These difficulties arise due to 

many factors, including the tendency toward n-type conductivity, low-energy native 

defects compensating the attempted p-type dopant (such as Zni or VO) and some of the 

centers of compensation [10].  

 

 Many elements can be used in doping ZnO, where they will act as acceptors. 

Group-I elements (Li, Na and K), copper (Cu) silver (Ag), Zn vacancies and group-V 

elements (such as N, P and As) can create deep acceptors [19].  

 

2.4.3   Doping with Rare Earth Elements  

 Since the 1970s, rare earth (RE) doped ZnO has been widely utilized for different 

photoelectronic applications, which led to significant improvements in semiconductor 

technology. Rare earth elements (RE) are fifteen metallic elements of the lanthanide 

series, as shown in Figure 2.8 [39]. Their name refers to the difficulty of obtaining these 

materials in commercially viable concentrations. RE are classified into two subgroups:  

light rare earth elements (LRE) comprise the first five elements (La- Sm) and the heavy 

rare earth elements (HRE) comprise the elements (Eu - Yb), as well as yttrium. Despite 



	   23	  

its low atomic weight, yttrium is classified as HRE, based on its properties [40]. In the 

periodic system depicted in Figure 2.8, positions of these elements (lanthanide series) are 

highlighted.  

 In this study, only Eu-doped ZnO grown on a-sapphire is considered. Figure 2.9 

shows the red emission of Eu3+ in Eu-doped ZnO due to intra 4f transitions (from 5D0 to 
7Fn levels) [41] .  

 

 

Figure 2.8. Position of the rare earth elements in the periodic table[36]. 

 

 

Figure 2.9. Photoluminescence spectra of Eu-doped ZnO grown on sapphire [42]. 

 Eu-doped ZnO thin films present Eu red emission, demonstrating energy transfer 

from the host to the dopant ions. Moreover, previous studies have shown that Eu-doped 
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ZnO could gain high luminous efficiency, indicating that Eu-doped ZnO is a promising 

material for lighting and flat panel display applications. 

 In general, electrons can be excited by two methods, either via direct electron 

excitation, or by indirect excitation through carrier-mediated energy that is transferred 

from the semiconductor host to the electrons [38]. 

Direct excitation: By using an optical pumping source, such as photoluminescence (PL) 

excitation, the electrons will excite directly [38]. 

Indirect excitation: If the photon energy is greater than the band gap, the host transfers 

the energy via the recombination of an electron-hole pair at the carrier trap. In this case, 

coulomb force attracts the free electron or hole to the trap, as a positive or a negative 

charge, to produce a bound exciton [38], as shown in Figure 2.10.   

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Shows indirect energy transfer from a semiconductor host to the electron 

ions. 
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Chapter 3  
   ZnO Growths  
 

This chapter presents ZnO deposition technique based on pulse laser deposition (PLD) 

method and its growth mechanism.  

 

3.1   Introduction 

 ZnO can be grown by several techniques on different substrates, such as glass, 

sapphire (Al2O3) and diamond, including lattice-matched substrates, such as a-sapphire 

and (0001) ScAlMgO4, which have 0.8 and 0.09% lattice mismatch with (0001) ZnO, 

respectively. High quality ZnO nanowires and nanorods are mainly fabricated by various 

chemical and physical vapor deposition techniques [10], such as metal-organic chemical 

vapor deposition (MOCVD), thermal evaporation, metal-organic vapor phase epitaxy, 

PLD, molecular beam epitaxy (MBE) and sputtering [40].  

 In general, there are two types of epitaxial thin films namely, homo-epitaxial and 

heteroepitaxial [43]. Homoepitaxial growth is achieved when the deposited material is the 

same as that of the substrate, such as n-Si on Si substrate. This process is used to produce 

high quality films, especially if the material will be doped by impurities due to the 

absence of the line defects (extended defects or dislocations) [44]. Heteroepitaxial growth 

is the process of depositing a material onto a substrate that has atoms of different types 

[43]. In heteroepitaxial growth, as lattice mismatch between the film and substrate is 

viable, it can produce low quality materials with line defects [43,44].  

 

3.2   Substrates  

       In ZnO, heteroepitaxial growth can be achieved using different lattice-mismatched 

(CaF2, Si, GaAs, c-Al2O3) and lattice-matched substrates (ScAlMgO2, a- Al2O3). Closely 

lattice-matched substrates are preferred when growing high quality ZnO. For example, a-

sapphire substrate is preferable for ZnO heteroepitaxial growth. The strain and dislocation 

density can be reduced significantly by growing (0001)-oriented ZnO on the (1120) a- 

Al2O3 [10]. These benefits stem from the lattice match between a-sapphire and (0001) 

ZnO, with only 0.08% mismatch [42]. In Table 3.1, the structural properties of different 
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substrate types that can be used for ZnO deposition are presented [10]. In the present 

study, a-sapphire substrate was primarily used. However, for comparison, in some 

deposition conditions, ZnO and c-sapphire substrates were also employed.  

 

Table 3.1. Lattice parameters of different substrates for ZnO [10]. 

 

 

3.2.1   Sapphire Substrate  

 Sapphire (Al2O3) is a ceramic material that is crystallized in both rhombohedral and 

hexagonal structures, with a unit cell volume of 84.93 Å3 and 254.79 Å3, respectively 

[10]. Figure 3.1 shows the difference between two sapphire Al2O3 lattice structures. The 

focus of the present study is on hexagonal Al2O3, as it is a suitable substrate for 

(hexagonal) wurtzite ZnO. In particular, a-Al2O3 is of interest, due to its small mismatch 

with ZnO grown along the c-axis [10]. Hexagonal sapphire has 30 ions in the total form 

of the lattice, with 12 Al3+ and 18 O2- ions [10].  

Substrate 

Material 

Crystal structure Lattice parameter 

(nm) 

Lattice mismatch 

(%) 

Space 

group 

ZnO Hexagonal a =0.3249 

c = 0.5206 

0 P6!mc 

c-𝐴𝑙!𝑂! 

a-𝐴𝑙!𝑂! 

Hexagonal a = 0.4754 

c = 1.299 

~32 

0.08 

R3c 

 

GaAs Cubic/Zincblende a = 0.5653 − F43m 

GaN Hexagonal a = 0.3189 

c = 0.5185 

-1.9 P6!mc 

MgO Cubic/rocksalt a = 0.4216 − Fm3m 
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Figure 3.1. Rhombohedral (a) and hexagonal (b) sapphire unit cell where the gray       

atoms are for Oxygen and the dark atoms are for Al [10]. 

 
While sapphire substrates can be cut in several orientations, the most important ones are 

c, r, a, and m [45], as shown in Figure 3.2. The c-plane cut is achieved along [0001] 

direction, which is the basal plane for hexagonal structure, as shown in Figure 3.2, where 

the a-plane cut is along [11𝟐0] direction [46].  

 
 

 

Figure 3.2. Orientation of sapphire planes [47]. 

 
 3.3   Growth process  

 In this study, PLD is used to deposit ZnO nanostructure and thin film on a-sapphire 

Neocerra PLD system (Neocerra, USA) employing KrF excimer laser (λ=248 nm) in the 

core labs facility at KAUST. As the PLD technique will be described in detail in Chapter 

Figure 2.5 A schematic diagram of the Al2O3 sapphire unit cell,
there are six oxygen layers in the unit cell, the distances between
the various atomic layers change as shown in the figure. The
oxygen ions form a pseudohexagonal lattice. The small Al ions
occupy the octahedral sites. (Courtesy of P. Ruterana.)

Figure 2.6 The unit cell of sapphire: (a) rhombohedral unit cell;
(b) hexagonal unit cell. Smaller spheres are for O and large
ones are for Al. (Courtesy of Q. Wang.)

86j 2 ZnO Growth
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4, only the general growth mechanism and the physics background are presented here. 

The deposition process occurs in the following sequential steps: (i) The transferring of the 

ionized species from the target and adsorbed on the substrate surface. (ii) Diffusion 

process of species occurs before their incorporation to the film. (iii) The diffused species 

attract each other and are attracted by the substrate surface to form bonds of the created 

materials (films or nanostructures). (iv) Nucleation takes place. As the initial aggregation 

of the material continues, it increases the film’s thickness or grows nanostructured 

crystals.  In order to create the desired structure and properties, controlling many kinetic 

processes, such as surface diffusion, surface energy and nucleation are important. Each of 

the aforementioned processes is described briefly in the following sections.  

 

3. 3.1   Surface diffusion  

  Surface diffusion is defined as the mobility of the species of grown materials from 

the surface to the whole material. It is important in determining the structure and the 

crystallinity of grown materials for both film and nanostructure depositions because, via 

surface diffusion, the adsorbed species can move to the most active sites and create the 

material structure [48].  

 

3.3.2   Surface energy (γ) 

Surface energy determines if the materials will be formed as films or nanostructures. 

In thermodynamics, surface energy is defined as the energy required for creating a unit 

area in the new surface. The stability of any system or material is defined by the state 

with the lowest Gibbs free energy, the minimum energy required for the system to 

complete its process spontaneously. As a result, materials tend to minimize the total 

surface energy [48]. The surface energy can be defined as a function of Gibbs energy [43]: 

                 γ = (∂ G/ ∂A) n, T, P                         (3.1), 

where G is the Gibbs energy, A is the area, n is number of atoms T is the temperature, and 

P is the pressure. Surface energy can be also defined as the energy required for the 

surface atoms to occupy to their original positions (ideal surface positions) when their 

surface energy is at the minimum. It can thus be defined as [43]:  

    γ = ½ Nb ε Pa                    (3.2), 
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where Nb is  the number of broken bonds, 𝜀 is the bond strength, and Pa is the surface 

atomic density (the number of atoms per unit area on a new surface).  

 

3.3.3   Nucleation   

  During deposition on a substrate, nucleation behavior is strongly influenced by the 

surface energy of the substrate γ, which determines the final structure of the materials 

(e.g., one-dimensional (1-D), two-dimensional (2-D) or three-dimensional (3-D) growth). 

Of particular interest here are the surface energy of the substrate (γs), the surface energy 

of the grown crystal (γc) and the interference energy between the surface and the substrate 

(γi). These three values depend on the material’s crystallographic orientation, atomic 

reconstructure (the atoms in the surface have a different structure than those in the bulk), 

chemical composition and atomic scale roughness, as well as the growth conditions (e.g., 

the energy of the deposited ionized species and the growth temperature). Three types of 

nucleation processes can be recognized during the growth process [48]:  

(i) 2-D Smooth growth (Frank van der Merwe process/method): In this process, the 

deposited species cover or wet the substrate completely, which leads to 2-D or film 

deposition, as shown in Figure 3.3 (a). This process occurs when the substrate surface 

energy is greater than the sum of the free surface film and the film interface energy γi + γc 

< γs. For this kind of growth, strong bonding between the film and the substrate is 

required, as the aim is to reduce γi [48].  

(ii) 3-D nucleation (the Volmer-Weber process/methods): In this process, while the 

film does not cover or wet the substrate, it forms 3-D islands, as shown in Figure 3.3 (b). 

As no bonding takes place, in this case, the total surface energy is given by γi = γc+ γs 

[48].  

(iii) Island formation (Stranski-Krastanov growth): In this case, the island formation 

commences before one or few monolayers of deposit material cover the substrate surface, 

as shown in Figure 3.3 (c) This kind of growth is induced by stress due to the lattice 

mismatch between the substrate and the deposited species [48].  
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Figure 3.3. Three different growth mechanisms: (a) Franc-van-der Merwe or 

layer-by-layer growth, (b) Volmer-Weber or island growth, and (c) Stranksi-

Krastannov [48].  

 

  The growth of film or nanorod structures can be achieved by manipulating one of 

the surface energies (γi or γc). For example, if γi decreases, the film substrate bonding 

increases, which leads to wet deposition and a formation of a film. This bond is affected 

by the chemical reactivity between the film and the substrate atoms, as well as between 

the atoms of the deposited materials [48]. 

The relationship between the area and the surface energy of the deposited material 

is important because the surface energy of the grown crystal is different depending on the 

structure [43]. Therefore, in PLD deposition, by controlling the growth kinetics, it is 

possible to change the ZnO structure. In this study, the deposition parameters such as 

temperature, pressures, and laser energy and the target-substrate distance can be changed 

with the aim of controlling the diffusion, growth type and the final structure of ZnO. 

These processes will be described in the subsequent chapters.  

 

3.4   ZnO Nanostructures  

   ZnO nanostructures can be divided into four groups: (i) 3-D structures, such as a 

bulk structures (nucleation); (ii) 2-D structures, such as thin films and monolayers (these 

Frank-van-der-Merwe
(a)

Volmer-Weber
(b)

Stranksi-Krastanov
(c)

substrate substratesubstrate

Figure 2.3: Schematic illustration of the three different growth modes Frank-van-der-
Merwe or layer-by-layer growth (a), Volmer-Weber or island growth (b) and Stranski-
Krastanov (c).

fore involve substrate temperatures just below the critical value for desorption. On the
other hand, the diffusion length can also be limited by high fluxes of impinging growth
species, essentially burying diffusing adsorbates by the next layer of deposited material.
In Fig. 2.2, this is denoted as the burial regime. The buried molecules still contribute to
the growth of the structure, but are likely to be incorporated as defects, thus resulting in
reduced crystallinity of the final product. A more detailed discussion with derivations of
the mentioned dependences of surface diffusion can be found in chapter 5 of the book by
Smith [77].

Nucleation

After the adsorption of growth species on the substrate surface, crystal growth can pro-
ceed in different ways depending on the surface energies of the substrate γsub and the
growing crystal γc as well as the interface energy between the two, γi. In general, three
growth modes are identified [80] which are shown schematically in Fig. 2.3. In the first
case, the sum of surface and interface energies of the growing crystal is lower than the
substrate surface energy γc + γi ≤ γsub. Correspondingly, minimization of surface en-
ergy drives the deposited material to cover or ”wet” the substrate surface completely, thus

12
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structures have two dimensions that exceed the nanometric size range [49]); (iii) 1-D 

structures (with dimensions within the nanometric size range), such as nanorods, 

nanoneedles, nanotubes and nanowires; and (iv) 0-D (or dimensionless) structures, also 

known as atom clusters [15]. Various types of ZnO nano- and microstructures reported in 

the literature are shown in Figure 3.4 [13].  

 

  

Figure 3.4: Different ZnO nanostructures and microstructures [50]. 

 

3.4.1 One-dimensional nanostructures  

 In this study, ZnO 1-D nanostructure is presented. Thus, the methods that are used for 

synthesizing this 1-D structure will be described in this section.  

 

I. Spontaneous growth:  

  This method is employed in this present work. It is known that its success depends 

on the reduction of Gibbs free energy or chemical potential. Gibbs free energy is realized 

by phase transformation, chemical reaction or release of stress. For a given material and 

particular growth conditions, in spontaneous growth, defects and impurities affect the 

final morphology of the material. There are three techniques by which spontaneous 

growth can be achieved, which are differentiated by the spontaneous growth mechanism: 
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evaporation–condensation, vapor-liquid-solid (VLS or SLS) growth, and stress-induced 

recrystallization [42].  

 

II. Template-based synthesis:  

 This is a general method used to fabricate nanorods, nanowires and nanotubes of 

polymers, metals, semiconductors and oxides. Templates with various nanosized channels 

are used to grow nanotubules and nanorods. Template-based synthesis incorporates 

chemical deposition methods, such as electroplating and electrophoretic deposition, 

colloid dispersion, melt, or solution filling conversion with chemical reaction [51].  

 

I. Electro-spinning:  

  This approach is also known as electrostatic fiber processing, as it was originally 

used for generating ultrathin polymer fibers. It uses electrical forces to produce polymer 

fibers of nanometer-scale diameters. This phenomenon occurs when the electrical forces 

at the surface of a polymer solution or melt overcome the surface tension and cause an 

electrically charged jet to be ejected [15].  

 

II. Lithography  

  This is a top-to-bottom post-growth method that can be used to fabricate 

nanostructures after growing thin films. Its main application is in fabrication of nanowires 

with diameters ranging from 10 nm to 100 nm [52]
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Chapter 4  
   Experimental Techniques 
  
In this chapter, the PLD technique used in this work for growing ZnO nanostructures is 

described. The background and the working principle of several characterization 

techniques employed as a part of this study are also presented, namely scanning electron 

microscopy (SEM), x-ray diffraction (XRD) and photoluminescence (PL).  

 

4. 1   Pulsed laser deposition (PLD)    

  The PLD technique was first used in 1980 as a film deposition technique, based on 

physical evaporation [53]. The PLD process is based on a plasma plume of highly 

energetic ionized species created (atoms and ions evaporated from the target) by 

interacting with a high-energy laser beam [54]. This interaction takes place inside a 

vacuum chamber. Figure 4.1 shows a standard PLD setup, which includes a pulsed laser 

beam focused onto a material target by using a group of optical lenses. Material target is 

sintered powder of different materials used for deposition. Light-matter interaction occurs 

between the focused pulsed laser beam and the target’s surface to generate ionized 

species (plasma plume) [54].  

 

 
Figure 4.1. Pulsed laser deposition setup [5] . 

	  	  Pulsed	  Laser	  
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4.1.1   PLD deposition mechanism  

 The full PLD process is realized in the following sequence:  

1. The interaction between the laser and the surface target. In this stage, the laser is 

focused onto the target surface under specific conditions (substrate temperature, 

laser energy density, pulse duration, pressure, the distance between the substrate 

and the target) that are determined before starting the deposition process. Species 

(atoms and ions) are dissociated from the target and are ablated out by 

stoichiometry. The rate of the ablation depends on the pulsed laser density [53].  

2. Kinetic motion of the ablated materials: In this step, the ablated species tend to 

move toward the substrate according to the gas dynamics law [53]. The substrate 

temperature and the laser spot size determine the uniformity of the film growth, 

while the distance between the target and the substrate controls the spreading of 

the ablated species [53].  

3. Decomposition of the ablation species onto the substrate: The high-energy ablated 

species hit the substrate surface, whereby they sputter some of the surface atoms 

to create collision region. This region acts as a source for condensation of 

particles. The creation of the film starts when the rate of condensation is higher 

than the arrival rate of particles supplied by sputtering [53].  

4. Nucleation followed by epitaxial growth on the substrate takes place as the final 

step [53].   

 

a)  Advantages of PLD  

 The following beneficial characteristics make PLD favorable relative to other 

deposition/growth techniques:  

• PLD is a clean technique and capable of producing multilayer films at low cost 

compared to other common techniques such as MOCVD and MBE [55]. 

• Controlled stoichiometric transferring of material from the target to the 

substrate; energetic species that is generated in the plasma background gas; and 

the ability to create multi-cation films (such as ZnMgO or Eu ZnO) by using 

single stoichiometric target [56].  

• This approach is versatile, because several types of materials can be deposited 

using PLD, such as metals, polymers, semiconductors, and ceramics [55].  
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• Controlling the growth conditions and laser energy can be easily optimized in 

the deposition process. In addition, each component in the plume has a similar 

deposition rate and energy [55].  

• PLD can ease manipulation of target, substrate rotation and multi target 

deposition.   

 

b)  Disadvantages of PLD  

 The aforementioned advantages notwithstanding, PLD also has the following 

drawbacks: 

•   Thin film growth by PLD is size-limited, due to the limited laser spot size and the 

small cross-section of the ablation plume (around one cm2) [55].   

• The thickness is difficult to monitor and control. The plume of the ablated 

material is highly forward directed, which causes poor coverage [55].  

• Splashing or creating droplets or big particles of the target material on the 

substrate surface [55].  

 

   

4.2    Scanning Electron Microscope (SEM)  

 In this study, SEM is employed in the investigations of the surface morphology. 

When using an electron microscope, microstructure of the materials at higher 

magnification and resolution can be achieved than that by conventional optical light 

microscope, as the wavelength of electrons is much smaller than that of visible light [57].   

 

4.2.1   Background 

a)  Resolution of the Electron microscope  

  The microscope resolution ΔR is defined as the shortest distance between two 

points inside the specimen that are perceived in the image [58]. Higher resolution can be 

achieved by shorter wavelengths, using materials with a greater refractive index, and 

placing samples closer to the lens, as described by the expression below [58]:   

                  ∆R = !.!"!
!! !"#!

                                         (4.1)  
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Where λ is the wavelength of the radiation used, rm is the refractive index of the medium 

and rm sin θ refers to numerical aperture. Numerical aperture is equal to the sin of the half 

angle θ of the cone of rays coming to focus, multiplied by the reactive index [59]. For 

example, if the microscope light has the wavelength in the visible light range (i.e., 400-

800 nm) and ΔR= 200 nm, the relationship between the wavelength and the electron 

energy that can be used to calculate the length can be expressed as [58]:   

                                                                            𝜆 = !

  (!!°!")
!
!    

 = !

[!!°!" !! !"
!!°!!

]
!
!
  (4.5) 

 

 

Figure 4.2.Various signals generated during interaction between the electron beam and 

the specimen [58].  

 

b)  Electron Specimen Interaction  

  Figure 4.2 shows various types of signals that can be generated by electron-matter 

interaction [58]. In this study, secondary electron (SE) and back-scattered electron (BSE) 

images are utilized, as the aim is to examine the surface morphology only.  

 When a high-energy (several keV) electron beam hits the specimen surface, the beam 

scattering occurs, generating BSE and SE, which are used as a signal source for surface 

imaging. Figure 4.3 illustrates the interaction volume of electrons and specimen atoms 

under the surface [57].    
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In Figure 4.3, the interaction zone according Monte Carlo simulation prediction is 

shown. It is pear-shaped and its volume depends on the electron beam voltage and 

material atomic number (Z) [60].  

  SE scans provide information on the area near the specimen surface (5-50 nm), 

while BSEs can be used to obtain detailed structure of the deeper level (about 50-300 

nm). Figure 4.4 shows the difference between BSE and SE scans [58]. 

 

 

Figure 4.3. Interaction volume between the electrons and the specimen atoms under the 

surface [57].  

 

 

Figure 4.4. The difference between the excitation mechanism of SE and BSE [58].  
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4.2.2  SEM microscope setup  

  SEM consists of an electron gun, which is located in the top of the column. This 

gun generates electrons and accelerates them within the 1-30 keV energy range. 

Electromagnetic lenses and apertures are used to focus the electron beam and form a 

small spot size (1-100 nm) on the material surface [58]. High vacuum is required to avoid 

any scattering of the electron beam by the air. Figure 4.5 describes SEM components 

[58].  

 

 

 

Figure 4.5. Scanning electron microscope components [57].  

4.3   X-ray diffraction (XRD) 

X-rays are electromagnetic waves with energies ranging from about 100 eV to 10 

MeV. Their wavelengths range from about 10 to 10-3 nm [61]. X-rays are produced when 

high-speed electrons accelerated by a high-voltage field collide with a metal target [57].  

X-ray diffraction is a technique used to determine the crystal structure of materials. It 

enables determination of the chemical compounds based on their crystalline structure 

[57].   1 

BRIEF INTRODUCTION TO SCANNING ELECTRON MICROSCOPY (SEM) 
 
Summary 
The quality and resolution of SEM images are function of three major parameters:                   
(i) instrument performance, (ii) selection of imaging parameters (e.g. operator control), 
and (iii) nature of the specimen. All three aspects operate concurrently and neither of 
them should or can be ignored or overemphasized. 
 
Image formation in the SEM 
 One of the most surprising aspects of scanning electron microcopy is the apparent 
ease with which SEM images of three-dimensional objects can be interpreted by any 
observer with no prior knowledge of the instrument. This is somewhat surprising in view 
of the unusual way in which image is formed, which seems to differ greatly from normal 
human experience with images formed by light and viewed by the eye.  

The main components of a typical SEM are electron column, scanning system, 
detector(s), display, vacuum system and electronics controls (fig. 1).  

The electron column of the SEM consists of an electron gun and two or more 
electromagnetic lenses operating in vacuum. The electron gun generates free electrons 
and accelerates these electrons to energies in the range 1-40 keV in the SEM. The 
purpose of the electron lenses is to create a small, focused electron probe on the 
specimen. Most SEMs can generate an electron beam at the specimen surface with spot 
size less than 10 nm in diameter while still carrying sufficient current to form acceptable 
image. Typically the electron beam is defined by probe diameter (d) in the range of 1 nm 
to 1 µm, probe current (ib) – pA to µA; and probe convergence (α) – 10-4 to 10-2 radians.  

Figure 1 
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 The crystallographic planes in the material diffract the incident X-ray beams, as 

illustrated in Figure 4.6. In the example below, the two incoming beams (A and A’) are 

deflected by two crystal planes. When Bragg’s Law is satisfied, the deflected waves will 

be in phase, i.e., they will meet the following condition: nλ = 2d sin θ [61].  

 

 

Figure 4.6. Graphical representation of the diffraction planes (Bragg’s Law) [62]. 

 

 

Figure 4.7. XRD diffraction setup [63]. 

 

 By calculating the path differences between the two beams, the Bragg’s law can be 

obtained, as the path difference depends on the incident angle (θ) and the spacing 

between the parallel crystal planes (d). The XRD diffraction setup consists of an X-ray 

source, a sample stage and a detector, as shown in Figure 4.7 [63]. 

 XRD characterizations allow us to study information such as the quality of the 

materials, the crystal structure of the materials, the orientation of the crystals, the type of 
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the crystal lattice, the lattice parameters, the chemical compositions of the materials and 

the strain in the materials [61].  

 

4.4   Photoluminescence (PL)  

4.4.1 Photoluminescence setup  

  Photoluminescence set up consists of the laser beam passing through the lenses, 

allowing it to focus onto the sample and excite the electrons in its material. The PL signal 

thus emitted from the sample passes through the lenses, which focus the emission onto a 

monochromator attached to a CCD detector, used to detect and record the PL spectra. 

Finally, the detector output is transferred to a computer, where the analysis is performed 

[24]. Schematic of the PL set-up is shown in Figure 4.8.   

 

 

 

 

 

                                             

                                            

Figure 4.8. A standard PL setup [24]. 

 

2 SURFACES

PL depends on the nature of the optical excitation.
The excitation energy selects the initial photoexcited
state and governs the penetration depth of the incident
light. The PL signal often depends on the density of
photoexcited electrons, and the intensity of the inci-
dent beam can be adjusted to control this parameter.
When the type or quality of material under investi-
gation varies spatially, the PL signal will change with
excitation position. In addition, pulsed optical exci-
tation provides a powerful means for studying tran-
sient phenomena. Short laser pulses produce virtually
instantaneous excited populations, after which the PL
signal can be monitored to determine recombination
rates.

Because PL often originates near the surface of
a material, PL analysis is an important tool in the
characterization of surfaces. The utility of PL for
this purpose is derived from its unique sensitivity
to discrete electronic states, many of which lie near
surfaces and interfaces. Using the techniques noted
above, the nature of these states can be probed in
detail. The energy distribution and density of interface
states can be ascertained by studying the excitation
intensity dependence of the PL spectrum. The presence
of surface adsorbates alters the intensity of the PL
signal. When the states serve as long-lived traps, the
depth of the trap can be determined by observing
thermal activation in temperature-dependent PL. In
fact, even if interface states are nonradiative, which is
usually the case, the states alter the time-resolved PL
of radiative transitions in the material. Nonradiative
traps dominate the transient PL signal at low carrier
density.

PL is simple, versatile, and nondestructive. The instru-
mentation that is required for ordinary PL work is
modest: an optical source and an optical power meter
or spectrophotometer. A typical PL set-up is shown in
Figure 1. Because the measurement does not rely on
electrical excitation or detection, sample preparation
is minimal. This feature makes PL particularly attrac-
tive for material systems having poor conductivity or
undeveloped contact/junction technology. Measuring the

Laser

Spectrometer

Lens

Sample

Photo-
detector PL

Figure 1 Typical experimental set-up for PL measurements.

continuous wave PL intensity and spectrum is quick
and straightforward. On the other hand, investigating
transient PL is more challenging, especially if recombina-
tion processes are fast. Instrumentation for time-resolved
detection, such as single photon counting, can be expen-
sive and complex. Even so, PL is one of the only
techniques available for studying fast transient behavior
in materials.

Because PL can be used to study virtually any surface
in any environment, it can be used to monitor changes
induced by surface modification in real time. For exam-
ple, unlike most surface characterization techniques, PL
is generally not sensitive to the pressure in the sample
chamber. Hence, it can be used to study surface prop-
erties in relatively high-pressure semiconductor growth
reactors. Although PL does depend quite strongly on tem-
perature, liquid helium temperatures being required for
the highest spectral resolution, room-temperature mea-
surements are sufficient for many purposes. In addition,
PL has little effect on the surface under investigation.
Photoinduced changes and sample heating are possible,
but low excitation can minimize these effects. In situ
PL measurements do require optical access to the sam-
ple chamber. Yet, compared with other optical methods
of characterization like reflection and absorption, PL is
less stringent about beam alignment, surface flatness, and
sample thickness.

The advantages of PL analysis listed above derive from
the simplicity of optical measurements and the power
to probe fundamental electronic properties. The chief
drawback of PL analysis also follows from the reliance on
optical techniques: the sample under investigation must
emit light. Indirect-bandgap semiconductors, where the
conduction band minimum is separated from the valence
band maximum in momentum space, have inherently
low PL efficiency. Nonradiative recombination tends
to dominate the relaxation of excited populations in
these materials. This problem can be augmented by
poor surface quality, where rapid nonradiative events
may occur. Nevertheless, once a PL signal is detected,
it can be used to characterize both radiative and
nonradiative mechanisms. Although it may not be
possible to identify directly the nonradiative traps via
PL, their signature is evident in several types of PL
measurements.

Another shortcoming of PL is the difficulty in estimat-
ing the density of interface and impurity states. When
these states have radiative levels, they are readily iden-
tified in the PL spectrum, and the size of the associated
PL peaks provides a relative measure of their presence
in the sample. However, measuring the absolute density
of these states is a far more formidable task and typically
requires an exhaustive analysis of the excitation intensity
dependence of the PL signal.
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Chapter 5  
   Results    
 
This chapter presents the main results obtained in the present study. It commences with 

the description of the target preparation and the PLD conditions used for obtaining 

undoped ZnO and Eu-doped ZnO nanostructures. The structural (XRD and SEM) and 

luminescence properties of these materials will be presented before concluding the 

chapter with a discussion of the results obtained and the key findings.  

 

5.1   Sample Preparation and Deposition 

5.1.1 Target preparation  

 First, the Eu-doped ZnO and undoped ZnO PLD targets were prepared for use in 

the PLD depositions in our laboratory. This process consisted of several steps, namely 

measuring the powder quantity as per the stoichiometry (determining number of atoms in 

one Mole of material), powder mixing, pressing and sintering. More specifically, first, 

based on the ZnO1-x Eu2O3 x formula, a predetermined amount of Eu2O3  (Sigma Aldrich, 

Europium (ΙΙΙ) oxide, 99.999%) was added to a predetermined amount of ZnO (Sigma 

Aldrich, Zinc oxide, 99.999%, Trace metals basis) to prepare Eu-doped ZnO mixed 

powder. While these calculations depend on the atomic weights of the constituent cations, 

oxygen weight is ignored, because it is difficult to determine its percentage precisely 

when the target preparation process occurs in the air. The main objective here is to ensure 

high quality of target fabrication. ZnO and Eu-doped ZnO ceramic pellets were sintered 

at 1050°C for 24 hours to prepare the PLD targets. The density of the doped (0.2 wt% Eu2 

O3) doped ZnO target, is 5.18 g/cm3, which gives a target diameter of 26.5 mm with a 

thickness of ~ 3 mm. The density of the Eu ZnO (0.15 wt% Eu) target is 5.11 g/cm3, 

which produces a target diameter of 26 mm with a thickness of 2 mm. While the target 

quality is dependent on the characteristics of the homogeneous mixture of the constituent 

oxides, ZnO and Eu2O3 and its density must be close to the theoretical density of pure 

ZnO (5.61 g/𝑐𝑚!). Empirical evidence suggests that a target with density 90% to 95% of 

that of pure ZnO is ideal for PLD ablation.  
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5.1.2  The target mixture calculation 

 In the present study, the commonly used ceramic target method is adopted. In this 

approach, the target size of 1 in × 1 in × 1 in and the minimum thickness of 3 mm are 

deemed desirable, along with a smooth surface and an immaterial shape. It should be 

noted, however, that the quality of the deposited thin film is influenced by the sintering 

conditions of the target [5]. In Tables 5.1 and 5.2 the calculation and results obtained for 

the target concentrations are presented. This process consisted of the following steps: 

a) Calculating the number of Moles using the formula. Zn1-x Eu2O3 x. 

b) Multiplying the result obtained in (a) with the molar mass of each compound in 

order to obtain Molecular × Wt.  

c) Multiplying the results obtained in (a) with the value calculated in (b), yielding the 

oxide weight (in grams) and the total for all mixed compounds.  

d) Dividing the weight (in grams) obtained above for each compound by the total 

weight, in order to derive the weight percentage (wt%). 

 

Table 5.1. Calculation for Eu (0.2 at%) doped ZnO target: 

Oxide Mole per 

formula 

 

Mol × Wt 

(G/Mol) 

Total oxide 

weight 

(G) 

Total 

weight 

(Wt.  %) 

For 10 g 

calculated 

(G) 

ZnO 0.998 81.39 81.23 99.14 9.91 

Eu2O3 0.002 351.92 0.7044 0.86 0.086 

Total 

(mixture) 

- - 81.93 99.99 9.99 

 

Table 5.2. Calculation for Eu (0.15 at%) doped ZnO target:  

 

Oxide Mole per 

formula 

Mol × Wt 

G/Mol 

Total oxide 

weight 

(G) 

Total 

weight 

(Wt.  %) 

For 10 g 

calculated 

(G) 

ZnO 0.9985 81.39 81.27 99.35 8.94 

𝐸𝑢!𝑂! 0.0015 351.92 0.53 0.64 0.058 

Total - - 81.79 99.99 8.99 
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5.1.3  PLD deposition process 

  In this work, a NEOCERA PLD chamber and the Lambda Physik KrF UV excimer 

laser (𝜆= 248 nm) were employed. In the experimental deposition, two Eu-doped ZnO 

targets with different nominal Eu concentrations (Eu2O3= 0, 0.15 wt% and 0.2 wt%) and 

Al2O3 on a-plane (11-20) substrates (from Surface Net GmbH, Germany) of 5 ×5 ×5.5 

mm3 in dimensions were used under similar PLD conditions. For each target, the effect of 

each growth parameter on the structural properties of the materials was studied, aiming to 

obtain nanostructures without a catalyst, thus improving on the currently available PLD 

methods. In order to achieve a comprehensive analysis, several deposition sets were 

prepared systematically. In each set, only one deposition parameter was changed, while 

the others remained fixed, thus facilitating the investigation of the effects of each 

deposition parameter on the material structure. The main objective here was to fully 

understand the conditions required for producing ZnO nanorods. The parameters that 

were investigated included growth temperature (Tg), laser energy (EPLD), laser frequency 

(fPLD), oxygen partial pressure (PO2) and the distance (D) between the target and the 

substrate in the PLD chamber during the deposition. This systematic approach required 

about four months to complete and yielded approximately 40 samples. All the deposition 

sets are presented in Table 5.1. 

 Once each set (e.g., temperature dependence set) was deposited, the structure 

morphology was investigated via SEM, allowing the selection of the most optimal 

conditions for the production of the best nanostructure morphology in this particular set. 

This served as the input into the subsequent set (e.g., frequency dependence). By testing 

effects of each parameter sequentially, good quality Eu-doped ZnO nanorods structure 

was achieved in the final step. In these investigations, the results of the previous study of 

Eu-doped ZnO, conducted by the same research group, were used as the initial 

conditions. In Tables 5.3-5.7, the conditions used for obtaining each sample set in the 

present study are presented.  

 Having to complete this extensive work in only four months was a challenge, as 

many difficulties needed to be overcome. For example, obtaining the desired structure for 

Eu-doped ZnO nanorods was difficult, despite the fact that our research group has already 

successfully obtained vertically well-aligned ZnO nanorods using PLD. To our 

knowledge, this has never been accomplished before without using catalyst/nano seeding 

or modifying the PLD chamber. As many other important research projects were 

conducted in the PLD lab at the same time, it was not always available to carry out the 
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depositions described above. The issue was further compounded by the fact that, at each 

deposition, the chamber and the PLD filters were cleaned and the laser energy measured, 

in order to ensure that the results were reproducible and the desired structure was 

obtained.  

 

Table 5.3.The PLD conditions for set 1 (only the distance D was changed).  

 

Sample 

set 

Growth 

temperature 

Tg, (°C) 

Pressure 

PO2, 

(mTorr) 

Distance 

D, (cm) 

Laser 

energy 

EPLD, (mJ) 

Laser 

Frequency 

fPLD, (Hz) 

Number 

of pluses 

 

1 650 35 10 300 10 30000 

 - - 12 - - - 

 - - 5 - - - 

 

 

Table 5.4.The PLD conditions for set 2 (only the temperature Tg was changed).  

 

Sample 

set 

Growth 

temperature 

(Tg, °C) 

Pressure 

(PO2, 

mTorr) 

Distance 

(D, cm) 

Laser 

energy 

(EPLD, mJ) 

Laser 

Frequency 

(fPLD, Hz) 

Number 

of pluses 

 

2 650 35 10 300 10 30000 

 600 - - - - - 

 700 - - - - - 

 

 

 

 

 

 



	   45	  

Table 5.5.The PLD conditions for set 3 (only the laser frequency fPLD was changed). 

 

Sample 

set 

Growth 

temperature 

(Tg, °C) 

Pressure 

(PO2, 

mTorr) 

Distance 

(D, cm) 

Laser 

energy 

(EPLD, mJ) 

Laser 

Frequency 

(fPLD, Hz) 

Number 

of pluses 

(Npulses) 

3 650 35 10 300 10 30000 

 - - - - 15 - 

 - - - - 5 - 

 

Table 5.6.The PLD conditions for set 4 (only the laser energy EPLD was changed). 

 

Sample 

set 

Growth 

temperature 

(Tg, °C) 

Pressure 

(PO2, 

mTorr) 

Distance 

(D, cm) 

Laser 

energy 

(EPLD, mJ) 

Laser 

Frequency 

(fPLD, Hz) 

Number 

of pluses 

(N pulses) 

4 650 35 10 300 10 30000 

 - - - 325 - - 

 - - - 350 - - 

 - - - 400 - - 
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Table 5.7.The PLD conditions for set 5 (only the pressure PO2 was changed). 

 

Sample 

set 

Growth 

temperature 

(Tg, °C) 

Pressu

re 

(PO2, 

mTorr) 

Distance 

(D, cm) 

Laser energy 

(EPLD, mJ) 

Laser 

Frequenc

y 

(fPLD, Hz) 

Number 

of pluses 

(N pulses) 

5 650 35 10 300 10 30000 

 - 15 - - - - 

 - 50 - - - - 

 - 75 - - - - 

 - 100 - - - - 

 

  

 The morphology of the ZnO materials obtained was studied by using FEI Nova 

Nano microscope SEM in the KAUST core lab. SEM provides immediate feedback on 

the optimized conditions for the nanostructure production. All PL measurements were 

carried out at liquid nitrogen temperature (77 K), employing 325 nm laser (KIMMON 

Ltd.), with the power output of about 1.6 mW after the lens. For XRD, X-ray diffraction 

(XRD) θ-2θ scans with a scan step of 0.002 ˚θ (Bruker D8 Discover, λav=1.5418 Å) were 

employed.  

 

5.2.  The Effects of Growth Conditions 

In this section, the effects of changing each deposition parameter on the obtained ZnO 

structure are discussed.  

 

a) The effect of target-substrate distance (D) 

The findings of the previous studies conducted by our group indicate that changing 

the target-substrate distance D had a significant effect on the material structure and can 

transfer the material structure from 2-dimensional to 1-dimensional. In order to better 

understand this phenomenon, this project commenced by setting the experimental 
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conditions to those reported in Table 5.3 (set 1). This enabled studying the material 

structure dependence on the distance D. The SEM images shown in Figure 5.1 provide a 

visual record of the effect of D on the Eu-doped ZnO (0.15 wt% Eu) material structure. 

As can be seen, the most optimal conditions that produce well-aligned vertical Eu-doped 

ZnO nanorods (of a hexagonal structure) are obtained at D = 10 cm, as shown in Figure 

5.1 (d). To our knowledge, this is the first time that such a high quality Eu-doped ZnO 

structure was obtained at a target-substrate distance of 10 cm, using standard PLD 

without catalyst. Liu and colleagues had studied the effect of changing the distance from 

5 to 12 cm on the ZnO nanorods morphology [39]. However, the results the authors 

reported were obtained by modifying the PLD chamber to work under very high oxygen 

pressure (the reported background pressure ranged from 25 to 20 Torr, whereas the 

standard PLD chamber works in the mTorr range) [49]. Their findings suggest that, by 

increasing the distance, nanorods of larger size can be obtained than is possible with 

continuous film-like structures [39]. In this study, increasing the distance to D = 12 cm 

was sufficient for producing higher density nanorods, as shown in Figure 5.1 (e). 

However, the nanorods obtained under these conditions are not well aligned and do not 

exhibit hexagonal structure, which may imply lower crystal quality. 

 Figure 5.1 (a) And 5.1 (d) depict the results obtained at D = 5 and 11.5 cm, 

respectively, both of which indicate the presence of random nanostructure features. On 

the other hand, Figures 5.1 (b) and 5.1 (c) (obtained at D = 9.5 cm and 10 cm, 

respectively) show quantum dot-like structure. Based on these findings, D = 10 cm was 

chosen as the optimal distance and served as the input value for the subsequent deposition 

set. Figure 5.1 (f) shows a 45° tilt view of the optimized sample that growth at 10 cm 

substrate-target distance. The length of the nanorods ranged between (83-86) mm and the 

width ranged between (60-69) mm. 

 

 

 

 

 

 

 

 



	   48	  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. SEM top-view of Eu- doped ZnO (0.15 wt%) at various target-substrate 

distances (D): (a) D = 5 cm, (b) D = 9.5 cm, (c) D = 10 cm, (d) D = 11.5 cm, and (e) D = 

12 cm, where (f) shows a 45° tilt view of the optimized conditions at 10 cm. 

 

  Figure 5.2 shows the PL spectrum of Eu-doped ZnO (0.15 wt%) nanostructures 

deposited at different distances D = 5, 10 and 12 cm, corresponding to samples shown in 

Figures 5.1 (a), 5.1 (c), and 5.1 (e), respectively. All samples were measured under the 

same PL conditions. The main peak centered at 372.9, 369.60 and 375.32 nm (for target-

substrate distances of 5, 10 and 12 cm), respectively, is attributed to the ZnO band edge 

emission [64]. The redshift of the band edge emission obtained for the samples obtained 

a	   b	  

c	   d	  

e	   f	  
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at D = 5 and 12 cm is most likely due to the blue defect band overlapping with the band 

edge emission. On the other hand, the sample obtained with the optimized distance (D= 

10 cm) shows a sharp ZnO band edge emission with no defect band. Moreover, the much 

narrower full width half maximum (FWHM), compared to two other samples (D = 5 and 

12 cm), is indicative of a greater crystal quality, given that empirical evidence suggests 

that a broader band edge emission is associated with lower crystal quality. The two red 

sharp peaks at ~ 550 and 620 nm are due to Eu3+ emission, arising from 5D0 à 7F1 and 
5D0 à 7F2 transitions, respectively [64]. These results may indicate that Eu3+ ions can be 

incorporated into the ZnO nanorods. The spectra of samples obtained with the distances 

of 5 cm and 12 cm show a broad defect band centered at 500 nm, which can be attributed 

to point defects, such as oxygen and zinc vacancies or interstitials [65]. No Eu3+ emission 

is observed in these samples, confirming low crystal quality. The Eu3+ emission is 

suppressed because the energy transferred from the ZnO host to Eu3+ ions is insufficient, 

due to the high density of defects [65]. Therefore, the PL measurements concur with the 

previously obtained SEM results, confirming that the sample grown at D = 10 cm exhibits 

the highest crystal quality.  

 

 
Figure 5.2. PL spectrum illustrates the substrate-target distance effects. 
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b) The effect of temperature (Tg)  

 In this set, as previously explained, the optimized conditions obtained in the 

previous set are used as input. In other words, the distance D = 10 cm remained constant, 

while the substrate temperature Tg changed in order to study its effects. The PLD 

deposition conditions pertaining to the Eu-doped ZnO (0.15 wt%) used in set 2 are shown 

in Table 5.4. As can be seen in the SEM images shown in Figure 5.3 (a-c), changing Tg 

had a significant effect on the structure of Eu-doped ZnO materials. Although the 

temperature was not changed significantly (in each step, 50°C increments were made), 

profound effects on the Eu ZnO structure were observed. For example, at 600°C, granular 

film was obtained, as shown in Figure 5.3 (a). On the other hand, the nanorod density 

decreased as the Tg increased, whereby film-like structures could not be observed at 

higher temperatures. This is evident in Figure 5.3 (b), which shows a separated vertically 

aligned nanorod structure obtained at Tg = 650°C, while very short nanorods of lower 

density (exhibiting hexagonal quantum dot-like structure) were obtained at Tg= 700°C,𝑎𝑠 

shown in Figure 5.3(c). These results are in accordance with those reported in previous 

work examining Tg effects on the characteristics of the ZnO nanostructures [1, 2]. For 

example, Liu studied formation of poorly aligned nanorods under extreme conditions, 

created by modifying the PLD chamber to work at extreme oxygen pressure in a range of 

0.25 to 20 Torr [39]. Liu reported that at low temperature (400°C) the film obtained had 

rough surface and a lump-like structure. However, by increasing Tg to 500°C, Liu was 

able to obtain nanorods of continuous morphology, capable of forming film-like 

structures. A further increase of Tg to 700°C resulted in isolated hexagonal crystals, 

enabling formation of nanorods. At 780°C, Liu reported that the nanorods lost their 

alignment and, once again, resumed the continuous film structure [39]. In a similar study, 

Henley et al. observed changes in nanorod structure as the temperature changed. They 

reported that the rods formed at Tg of 350°C had large diameter, thus resembling close-

backed nanorods [66]. Thus, based on these findings, and the results obtained in the 

present study, it is evident that the nucleation process required for nanorod formation can 

occur at 600°C < Tg < 700°C [66]. This clearly indicates that the substrate temperature is 

the most important growth parameter.  
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Figure 5.3. SEM images for set 2, corresponding to Eu-doped ZnO (0.15 wt% Eu): (a) 

film-like structure obtained at 600°C, (b) nanorods formed at 650°C and (c) quantum dot-

like structure visible at 700°C. 

 

  In Figure 5.4, low temperature (77 K) PL spectra corresponding to the three Tg 

conditions, namely Tg= 600, 650 and 700°C, are shown. At each temperature, the band 

edge emission (at ~369 nm) is sharper, compared to those observed when distance D was 

changed. Moreover, no shift in the band edge emission can be seen as Tg increases. The 

PL spectra obtained for the samples grown at 600 and 700°C show two peaks in the band 

edge emission (369.23, 369.14 and 369.6 nm), which are due to free and bound exciton, 

respectively [35]. However, the spectrum obtained for the sample grown at 650°C (which 

corresponds to the optimized conditions), does not show the bound exciton peak. On the 

other hand, the red sharp emission of Eu3+ ions is shown at 610 nm [65] in this sample 

only. This result clearly indicates that energy is transferred from bound exciton of the 

host ZnO to Eu3+ intra-4f levels [14]. Moreover, the fact that compared to other 

conditions, no significant band defects were observed in the sample grown at 650°C 

indicates its higher crystal quality. On the other hand, the broad defect band centered at 

550 nm is most pronounced for the film-like sample grown at 600°C. Finally, the FWHM 

for the sample deposited at 600°C is narrower (3.25 nm) than that measured for those 

grown at 650 and 700°C (3.98 and 3.53 nm, respectively). As the PL spectrum further 

confirms the conclusions derived from the SEM results, the deposition at 650°C is chosen 

as the optimal temperature condition. Therefore, the optimized conditions in set 2 are the 

same as those in set 1.  

a	   b	   c	  



	   52	  

 

Figure 5.4. PL spectra of set 2 for Eu-doped ZnO (0.15 wt%) samples. 

 

c) The effect of laser frequency (fPLD) 

 The aim of the sample set 3 is to investigate the effects of changing the deposition 

duration (fPLD) on the formation of Eu ZnO nanostructures. The deposition conditions 

examined in this set are presented in Table 5.5. As can be seen in the SEM images shown 

in Figure 5.5 (a-c), modifying the fPLD did not result in any significant changes in the 

structure of Eu ZnO (0.15 wt% Eu) nanorods. However, empirical evidence indicates that 

the pulse duration is an important determinant of the nanorod length and diameter. The 

three images presented in Figure 5.5 confirm that the length of the Eu ZnO nanorods 

decreases and their diameter increases as fPLD decreases. For fPLD = 15 Hz, the nanorod 

length ranges from 69 to 143 nm and its diameter equals 36.8 nm, as shown in Figure 5.5 

(a). The nanorod length decreases significantly at 10 Hz, ranging between 54 and 98 nm, 

while the diameter increases (60.5-68.9 nm), as shown in Figure (5.5.b). Finally, when 

fPLD is reduced to 5 Hz, as is clearly visible in Figure 5.5(c), no nanorods are formed, as 

quantum dot-like structure is observed, rather than the hexagonal nanostructure. The 

effect of fPLD on the nanorod morphology was previously studied by Liu who found that 

increasing the fPLD from 5 to 10 Hz resulted in larger rod size, which resembled a 

continuous film [39]. Hartanto et al.  Also studied the effects of deposition time (10 to 

300 s) on nanorod growth. The authors reported that at 10 s, only islands of thin film 

covered the substrate [67]. 
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Figure 5.5.The effect of frequency fPLD on Eu-doped ZnO (0.15%wt) nanostructure 
characteristics: (a) 15 Hz, (b) 10 Hz and (c) 5 Hz. 
 

 The low temperature PL spectra (77 K) corresponding to the samples obtained at 

15, 10 and 5 Hz is shown in Figure 5.6. As can be seen, only the free exciton peaks are 

visible in all three cases. However, a blue shift in the ZnO band edge peak is observed as 

fPLD decreases, which is centered at 373.3, 369.6 and 368.9 nm, for 15, 10 and 5Hz, 

respectively. This blue shift increases as the length of the nanorods increases and the 

diameter decreases, a phenomenon most likely due to carrier confinement effect [35]. It is 

known that the exciton feature experiences blue shift as the carrier confinement increases. 

The spectra presented in Figure 5.6 also indicate that the sample deposited at f!"#  = 15 

Hz produces a broader band edge emission (FWHM = 8.73 nm) compared to the 

remaining two (3.67 and 4.12 nm, corresponding to 10 and 5 Hz, respectively). The 

broadening of the band edge emission can be due to the ZnO emission contribution from 

the ZnO layer underneath the nanorods, as the density of the nanorods produced at 15 Hz 

is lower than that obtained at 10 Hz. The defect band at 450 nm, which can be due to Zni, 

can be due to the emission contribution of the nanostructure, which starts to predominate 

as the density of the nanorods increases with fPLD [35]. In addition, a broad defect band at 

550 nm is observed for the sample deposited at 5 Hz. Based on these findings, it can be 

concluded that 15 Hz and 10 Hz yield similar results and either fPLD can be chosen as the 

optimized condition. Thus, the decision to adopt a specific laser frequency is primarily 

driven by the desired nanorod size.  

a	   b	   c	  
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Figure 5.6. PL spectrum showing the effects of laser frequency on the optical properties 

of Eu- doped ZnO (0.15 wt%) nanorods.   

 

d) The effect of laser energy (EPLD) 

 In the sample set 4, the effect of laser energy EPLD on the formation of Eu ZnO 

nanorods is investigated. Previously, Ye Sen [68] studied the effect of the EPLD on the 

ZnO nanorods at laser energy 𝐸!"# = 15, 25, 45 and 80 mJ and at incident fluences F = 

4.6, 11 and 20 Jcm-2. The authors reported that at F= 4 Jcm-2, nanorods of length =200 

nm and diameter = 10 nm could be obtained. However, when the fluence energy 

increased to F = 11 Jcm-2, the nanorod length reduced, while the diameter increased 

(ranging from 30 to 50 nm). The authors thus concluded that greater laser energy 

corresponded to shorter nanorod length, while increasing the diameter [68].  

Table 5.6 shows deposition conditions used to produce the set 4 samples. The effect 

of laser energy on ZnO Eu (0.15 wt%) is shown in SEM images presented in Figure 5.7 

(a-d). As can be seen, the sample deposited at 300 mJ (the laser energy that was used in 

the preceding sets) shows vertical well-aligned nanorods characterized by hexagonal 

structure Figure 5.7 (a). As the EPLD increases to 350 mJ, while the structure quality of the 

vertical nanorods is maintained, their density increases Figure 5.7 (c). As the EPLD 

increases to 400 mJ, the nanorod diameter decreases figure 5.7 (d).  
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Figure 5.7. SEM images for Eu-doped ZnO (0.15 wt% Eu) nanorods deposited at 

different laser energy EPLD (a) 300 mJ, (b) 325 mJ, (c) 350 mJ and (d) 400 mJ.   

 

 Figure 5.8 shows the PL spectra corresponding to these samples, obtained at low 

temperature (77 K). As can be seen, the ZnO band edge peaks are located at 376.2, 373.8, 

373.8 and 369.7 nm, for the samples grown at EPLD= 400, 350, 325 and 300 mJ, 

respectively. The obvious shift of the band edge peak can be due the broadening of the 

peak, as the FWHM decreases with the increase in EPLD. More specifically, the FWHM of 

the samples deposited at 400, 350, 325 and 300 mJ is measured at 11, 15.87, 10.52 and 

3.99 nm, respectively. This variation may imply the emission contribution from the ZnO 

layer underneath the nanorods. The intensity of the defect band also increases as the EPLD 

increase, which is in agreement with the band edge trend. The Eu emission is only 

observed in the sample deposited at 300 mJ. 

 

a	   b	  

c	   d	  
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Figure 5.8.PL spectrum of the effect of the laser energy EPLD on the optical properties of 

Eu- doped ZnO (0.15 wt%) nanorods.    

 

e) The effect of pressure  (Po2) 
 In the sample set 5, the objective is to investigate the effects of changing the partial 

oxygen pressure (Po2) during PLD deposition. Table 5.7 shows the growth conditions 

used in this set, while the SEM images presented in Figures 5.9 (a-e) provide visual 

evidence of the effects of different 𝑃!! conditions on the formation of the ZnO Eu (0.15 

wt%) nanorods. As can be seen, increasing the pressure results in the formation of 

nanorods of greater density [39]. This outcome is likely due to the greater oxygen 

pressure producing rougher samples, which may lead to the formation of nano-nucleation 

centers and thus higher-density nanorods [39]. Zuniga-preez et al. [69] studied the effect 

of Po2  on high pressure pulsed laser energy, as well as the structural properties of ZnO 

nanorods. In their work, the authors observed that at low pressure, the nanorod growth 

rate was reduced, while ZnO nanowires started to form at pressures near 200 mbar. Thus, 

they concluded that the pressure and the number of pluses play a significant role in the 

nanowire growth control. In addition, Liu modified the PLD chamber to work at a 

significant deposition pressure (1-25 Torr) to find that contentious film can be produced 

at lower Po2, while separated nanorods can be formed at significantly higher pressure (25 
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Torr) [39]. Finally, increasing the Po2  above 20 Torr leads to larger nanorods, which may 

form continuous film. These results indicate that determining the optimal Po2    is 

significant for controlling the nanorod density. However, the exact Po2  values will depend 

on the application. 

 

 

 
 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. SEM images of Eu-doped ZnO (0.15 wt%) samples grown at different Po2: (a) 

15, (b) 35, (c) 50, (d) 75 and (e) 100 mTorr. 

  

The image part with relationship ID rId64 was not found in the file.
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  Figure 5.10 shows the low temperature (77 K) PL spectra corresponding to the 

samples grown at different Po2.    As can be seen, at 100, 75, 50, 35 and 15 mTorr, the band 

edge peak of ZnO is located at 367.2, 368.9, 373.3, 369.8 and 375.9 nm, respectively. 

Moreover, the samples grown at 100, 75 and 35 mTorr show sharper ZnO band edge 

peaks compared to those obtained at other Po2.  The defect band is only found at 50 and 75 

mTorr pressure conditions, as no significant defect band is visible at 15, 35 and 100 

mTorr, indicating high crystal quality. Based on the SEM and PL measurements, it can be 

concluded that 35, 75 and 100 mTorr are the best conditions for nanorod growth. The 

FWHM for the samples deposited at 100, 75, 50, 35 and 15 is 3.1, 3.3, 15, 3.99 and 21.06 

nm, respectively. 

 

 

Figure 5.10.PL spectra of Eu-doped ZnO (0.15 wt% Eu) nanorods grown at 15, 30, 50, 75 

and 100 mTorr.  

 

f) The effect of Eu concentration  

In this section, the effect of changing the Eu concentration on the formation ZnO 

nanorods is discussed. Figure 5.11 (a-c) shows the SEM images of the samples grown at 

different Eu concentrations while keeping the pressure at 35 mTorr. The nanorods grown 

under the optimized conditions used in the previous sections are presented in Figure 

5.11(b). As can be seen, when undoped ZnO samples are grown under similar PLD 
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conditions, no nanorods, Figure 5.11(a), are formed, as only a lump-like surface is visible. 

On the other hand, samples grown at higher Eu concentration (0.2 wt%) show continuous 

film structure. This finding suggests that nano-nucleation density increases with 

increasing amounts of Eu dopants, as their presence assists in increasing the nanorod 

density, leading to the formation of a continuous film.  

Figure 5.12 shows the effect of Po2 for these three targets. As Po2 increases to 50 

mTorr, a different response is observed for each material. Undoped ZnO is shown in 

Figure 5.12 (a); Eu-doped ZnO (0.15 wt %Eu) is depicted in Figure 5.12 (b); and Eu-

doped ZnO (0.15 wt %Eu) is presented in Figure 5.12 (c). These results are compared to 

those obtained at 35 mTorr. As can be seen, samples with higher Eu concentrations are 

characterized by film-like structure, with grains smaller than those observed in undoped 

ZnO.  

 

Figure 5.11.SEM images for various ZnO materials: (a) undoped ZnO, (b) Eu-doped ZnO 

(0.15 at %) and (c) Eu-doped ZnO (0.2 at %) at 35 mTorr.  

 

 

 

 

 

 

 

a	   b	   c	  
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Figure 5.12. The structures obtained at 50 mTorr are shown below: (a) pure ZnO oxide 

(b) Eu-doped ZnO  (0.15 at %) and (c) Eu-doped ZnO (0.2 at %wt).  

    

  In line with the previous sets, low temperature (77 K) PL spectra of the samples 

grown at 35 mTorr were obtained and are presented in Figure 5.13. Broader band edge 

emission is observed for undoped ZnO and Eu ZnO (0.2 at % Eu), compared to Eu ZnO 

(0.15 wt % Eu) nanorods. However, a weak defect band is observed in all three samples. 

The PL spectra corresponding to these samples grown at 50 mTorr are shown in Figure 

5.14. It is evident that, for the samples grown under greater pressure, weaker and broader 

band edge peaks are observed compared to those grown at 35 mTorr. This finding 

indicates that the materials obtained at 50 mTorr are of a lower crystal quality, which is in 

agreement with the results of SEM imaging. Therefore, it can be concluded that (0.15 

wt%) is the optimal Eu concentration, when combined with the previously chosen PLD 

conditions and the target preparation adopted in this study.    

a	   b	   c	  
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Figure 5.13. The PL for ZnO nanorods at different Eu concentrations and at 35                

mTorr.   

 

 

Figure 5.14. The PL for ZnO with different Eu concentrations at 50 mTorr.  

 

 In conclusion, based on the experimental sets in which a wide range of PLD and 

target preparation conditions was explored, D = 10 mm, Tg = 650 °C, EPLD = 300 mJ-350 

mJ, and fPLD = 10 Hz are the most optimal conditions for nanorod growth (using 30,000 

pulses).   
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5.3   XRD results  

 Finally, XRD measurements were carried out in order to estimate the growth 

orientation of the materials. Although TEM measurements are necessary for determining 

the exact structure of the ZnO nanostructure, this was not possible in this work due to the 

limited laboratory access during the period of the four months of my research. Thus, only 

XRD was performed, whereby pure ZnO and Eu-doped ZnO nanorods (with different Eu 

concentrations) were examined. These were grown on a-sapphire at 35 mTorr and were 

dominated by the (002) reflection. Figure 5.15 shows 2-theta scans corresponding to the 

optimized undoped and Eu-doped ZnO nanostructures for different Eu compositions. The 

(002) peak is located at 34.77°, 34.7° and 34.6° for Eu-doped ZnO samples 

(corresponding to 0, 0.2 and 0.15 at% Eu), respectively. All other peaks correspond to 

those of the substrate (sapphire Al2O3). Therefore, these ZnO nanostructures are highly c-

axis oriented. The ZnO (002) peak is sharper for undoped ZnO compared to that obtained 

for doped ZnO, which indicates that the former produces better crystal quality. This 

outcome likely arises because of Eu incorporation (i.e., replacement of Zn by Eu atoms in 

the lattice) and may cause crystal distortion due to its much larger atom size compared to 

that of Zn [70] .  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15. 2-theta scan of undoped ZnO and Eu-doped ZnO (0.15, 0.2 wt%) at 35 

mTorr. 
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Chapter 6    
   Discussion  
 
In this chapter, a brief overview of the work on ZnO nanorod growth by PLD without 

catalysts is presented. This is followed by a discussion of the effects of different 

conditions adopted during the PLD process on the morphology and optical properties of 

the ZnO nanorods. In particular, the main observations that arose during the experimental 

work conducted in this study are discussed and compared to the previous findings.  

 

6.1   Introduction 

 Mitsuhisa Kawakami reported that he successfully synthesized the ZnO nanorods 

by nanoparticle assisted PLD without catalyst. In this study, the growth conditions 

included extremely high oxygen pressure of around 5-10 Torr (that can be achieved by 

modifying PLD system, as the standard PLD system works in mTorr range.) [71], 

with the very small target-substrate distance of 2 cm. Nanorods have c-axis orientation, 

and are typically grown to have a diameter of 300 nm and a length of 6 µm. Moreover, 

the PL spectrum obtained at room temperature demonstrated an intense, narrow UV 

emission band and only very weak visible emission, indicating that the quality of ZnO 

nanorods was very high [71]. Hartanto reported on the work on the nanoparticles formed 

in the laser ablation plume, which was transported onto the substrate to grow the 

nanorods [67]. The nanorods obtained by this approach had 300 nm diameters and a 

length of 6 µm [67]. Liu reported that c-axis oriented nanorods grown on both sapphire 

and silicon substrates by PLD techniques without catalyst were affected by the choice of 

the deposition parameters [39]. They have demonstrated that, by adjusting the pressure 

and the substrate temperature in the range of 5-20 Torr and 550-700°C respectively, the 

size of the nanorods could be successfully controlled [39].   

 Perez reported that he and his colleagues had successfully grown tilted (30°) 

ordered ZnO nanowires on m-plane sapphire by catalyst-free PLD [69]. The authors 

proposed that the total number of pulses and the oxygen partial pressure could have a 

significant effect on the nanowire length and diameter. In this work, the optical properties 

of the nanowires were improved by modifying the partial pressure [69].  
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 Guo and his group reported that they had successfully synthesized vertically aligned 

ZnO nanonails on annealed sapphire substrate by nanoparticle-assisted pulsed-laser 

deposition (NAPLD) at comparatively high argon gas pressure without catalyst [72]. 

Their XRD and SEM results showed that each of the uniquely shaped ZnO nanonails 

consisted of a hexagonal rod shaped “rot”. Furthermore, when the optical properties of 

the ZnO nanonails were examined, it was evident that at room temperature, they exhibited 

a strong ultraviolet (UV) emission at 390 nm, accompanied by negligible visible 

emission. These findings indicated that in highly oriented ZnO nanonails, the 

concentration of oxygen vacancies is very low [72].   

 Ryo Nishimura published the results of a study in which ZnO nanorod arrays were 

successfully grown on a Si (100) substrate by PLD [11]. The growth was performed by 

first dispersing the ZnO powder on the Si substrate, before annealing it to form seeds for 

nanorod growth. In this work, two processes (annealing and off-axis PLD) were 

employed and their differences analyzed. In this context, the term “off-axis” indicates that 

the substrate is positioned away from the position typically used in the PLD approach 

[11].  

 Varanasi reported that ZnO nanorods were grown on Si and sapphire substrate, in a 

modified PLD system with a large chamber, with or without the seed layer [73]. A wide 

variety of seed materials were used, including Au, Cr and BaSrTiO3 (BST) and the results 

obtained in each case were compared in order to identify the most optimal growth 

conditions. The author reported that the choice of the substrate and seed material affected 

the alignment of ZnO nanorods. More specifically, nanorods grown on sapphire showed 

the best alignment, when Cr or BST were used as seed layers [73]. Therefore, all of these 

previous studies obtained ZnO nanorods by catalyst, nanoparticles seeding or modifying 

the PLD chamber.  

 

6.2   Discussion  

 In the present study, SEM imaging revealed that changing the temperature 

significantly affected the morphology of the ZnO nanorods produced. At 650°C, for 

example, isolated hexagonal crystal nanorods could be observed. However, above and 

below 650°C ZnO nanorods lost their ordered alignment and their structure resumed the 

continuous film quality. Similarly, increasing the pressure above 35 mTorr resulted in 
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greater distribution of the nanorods. As a result, the nanorods aggregated together to form 

continuous film again. By extending the growth rate (deposition duration), it was possible 

to obtain nanorods of greater length. It is noteworthy that substrate distance D has a 

significant effect on the resultant nanorod structure. The experiments performed while 

changing P, T, and ƒ indicated that these factors also played a role in nanorod formation, 

albeit to a lesser degree. For PLD, the optimum distance for obtaining high quality 

nanorods was found to be 30 mm, as film was the resulting structure at all other distances. 

As a part of the experimental process, the desired plume length was obtained by adjusting 

(D) according to the variation in the pressure. However, the findings obtained confirmed 

that distance was not affected by temperature [39]. 

 We believe that these nanostructures occurred though nano-nucleation. The main 

effect is the surface energy of the grown materials, the interface and the substrates, as 

shown in chapter 3. Many factors can control the surface energy to produce the nanorod 

nucleation and growth of the crystalline films in the PLD. However, empirical evidence 

indicates that the temperature, material type, substrate properties and density, and the 

degree and energy of the ionization species in the plume have the greatest effect [39]. The 

substrate temperature and supersaturation are the main thermodynamic factors implicit in 

the growth mechanism, whereby the latter depends on the pressure and the laser energy. 

Low deposition rate is found to result in the creation of large nuclei. Consequently, 

isolated patches of the film that coalesce together are created on the substrate. As the 

supersaturation increases, the nucleus size tends to decrease, until it reaches an atomic 

diameter. This results in a 2-D layer. Excessive supersaturation is not favorable for 

growing nanorods because when the substrate is incompletely wetted, the layer-by-layer 

nucleation tends to occur [39]. In their work, Liu and Ong [74] reported that for 

producing discontinuous film, low deposition rate and high substrate temperature are 

required. This is in good agreement with the results obtained in the present study, where 

continuous film was obtained at high temperature, due to the unbalanced liquid/solid 

ratio. For the same reason, continuous film was produced at low deposition rate [39].  

  It should be noted that each surface of wurtzite ZnO consists of several planes, such 

as (1010), (1120), (1011) and (0001), all characterized by different surface energy. 

According to the available data, the highest surface energy is associated with (0001), 

while that corresponding to (1120) lower than [7]. Based on these findings, it is evident 

that a substantial surface energy gain can be obtained from producing nanorods, rather 
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than thin films. Moreover, due to the reduced surface area of ZnO (0001), the total 

surface energy is minimized [7]. Using substrate with high isotropic surface energy can 

enable 1D ZnO nanorod growth because, during the initial growth, ZnO nuclei can occur 

randomly across the entire substrate surface. As a result, the nanorods characterized by a 

reduction in the surface formation energy are produced. Using highly anisotropic surface 

energy allows the growth mode and morphology of ZnO to be successfully controlled [7]. 

 

6.3   Conclusion  

 In summary, as was shown in the work reported thus far, the PLD parameters must 

be carefully controlled in order to obtain c-axis oriented ZnO nanorods on sapphire 

substrate, without the use of catalyst. The experiments conducted in order to identify the 

optimal growth conditions confirmed that by adjusting the target-substrate distance, 

temperature, laser energy and deposition duration, the nanorod size could be successfully 

controlled. Most importantly, the PL properties reflect the quality of the ZnO nanorods. 

 In the future, this work will continue by studying the effects of the various substrate 

types on the characteristics of the ZnO nanorods obtained. Moreover, work on stabilizing 

the energy of the laser beam for all the conditions will be performed by changing the 

glass filter periodically (as and when needed) and measuring the energy of the beam 

before each deposition.  
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At least one paper will be published from this project.  
 
1- Abeer Alarawi, S. Venkatesh, I S Roqan, "Obtaining catalyst-free well-aligned vertical 

high quality Eu-doped ZnO nanorods fabricated by standard PLD" to be submitted. 

 

 


