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ABSTRACT 

High Quality Zinc Oxide Thin films and Nanostructures Prepared by Pulsed 

Laser Deposition for Photodetectors 

Tahani Hassan Flemban 

Zinc oxide (ZnO) semiconductors have been utilized by many researchers, due to its unique 

properties beneficial for functional devices. In particular, gadolinium (Gd)–doped ZnO 

exhibits high ferromagnetic and electrical properties, which is attributed to defect/impurity 

bands mediated by Gd dopants. In this dissertation, I study the effects of Gd concentration, 

oxygen pressure using pulsed laser deposition (PLD), and thermal annealing on the optical 

and structural properties of undoped and Gd-doped ZnO films and nanostructures. 

Moreover, as the growth of practical ZnO nanostructures-based devices without catalyst, 

while presently challenging, is highly important for many applications. Thus, for the first 

time, a novel method is developed for growing well aligned ZnO nanorods (NRs) by 

optimizing PLD conditions using Gd-doped ZnO target without any catalyst in a single 

step. This study shows that, both the lattice orientation of the substrate and the Gd 

characteristics are significant in enhancing the NR growth. Our findings reveal that precise 

control of the NR density can be achieved by changing the oxygen partial pressure. 

Furthermore, due to the Gd incorporation, these NRs possess favorable electrical properties 

with a significant mobility of 177 cm2 (V.s)-1 compared to that reported in literature. 

Nonetheless significant challenges need to be overcome to achieve reproducible and stable 

p-type ZnO for commercial applications. Hence, several attempts based on n-type ZnO 

grown on foreign p-type substrates were made to achieve high-performance devices and 
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overcome the issues arising when p-type doped ZnO is employed. Moreover, Growth of 

ZnO nanostructures on a foreign p-type substrates does not require a lattice-matched p-

type substrate. Thus, for the first time, PLD conditions are improved to grow high quality 

ZnO nanotubes (NTs) with high optical, structural and electrical properties on a p-type Si 

(100) substrate without catalyst for high-performance devices. A fabrication of high 

performance UV photodetector (PD) based on ZnO NT/p-Si is demonstrated with superior 

responsivity (up to ~ 101.2 AW-1) compared to that reported in literature. This new and 

simple method demonstrates that the PLD system has a significant potential for improving 

the performance of materials used in a wide range of electronic and optoelectronic 

applications. 
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Chapter 1: Introduction  

 

 Background 

ZnO has received a great attention of researchers and practitioners during the past 

decades. The number of scientific publications focusing on ZnO thin films has increased 

from a few hundred in 2000 to more than three thousand in 2014, as shown in Figure 1-1. 

In addition, the number of studies on ZnO nanostructures, those pertaining to ZnO 

nanowires (NWs), nanorods (NRs), and nanotubes (NTs) in particular, has also increased 

significantly, due to the much greater application of one-dimensional (1D) relative to three-

dimensional 3D structures. The growing interest in these nanomaterials is due to the novel 

and unique properties of ZnO, such as wide and direct band gap (3.4 eV) in the UV spectral 

region and large exciton energy (60 meV) at room temperature (RT) compared to other 

wide band gap semiconductors.1-2 In particular, the polar surface of ZnO is very stable and 

has been used to induce the formation of different nanostructure types such as NWs,3-4 

NRs,5-6 nanosprings,7 nanobelts,7 nanorings,8 NTs,9 and nanohelices.7, 10 The extraordinary 

properties of 1D ZnO arrays, such as NRs, NWs, and NTs, have led many researchers to 

pursue synthesis and doping, with the goal of obtaining high-performance nanoscale 

devices,1 such as photovoltaic systems,11-13 field emitters,14-15 solar cells,16-19 

photodetectors,20-22 photoelectrochemical water splitting applicatins,23 and 

nanogenerators.24-26 Furthermore, given that ZnO is transparent in the visible wavelength 

range, it is a promising candidate for optoelectronic applications operating at RT, such as 

UV light emitting diodes (LEDs), UV laser diodes, and transparent electrodes.1 In addition, 

due to the places of the oxygen and zinc ions in the ZnO unit cell and the asymmetry of the 
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hexagonal lattice around the unit cell center, the wurtzite phase of ZnO shows a finite 

dipole moment along the hexagonal c-axis. ZnO is thus a piezoelectric material with 

potential applications in a wide range of devices, such as sensors,20, 27 piezotronic devices 

,and nanogenerators.24-25 Furthermore, ZnO has other significant industrial applications, 

including in production of plastics, rubber, paints, sunscreen and cosmetic.28  

 

Figure 1-1: Histogram of the number of ZnO publications with the term “ZnO NRs, 

NWs, and NTs”, or “ZnO thin films” (years between 2000 - 2017). Source Science 

citation index (Web of Science), ISI Web of Knowledge: search date October 18th, 2017. 

The rare earth (RE) elements (Lanthanide Series) are the 15 elements of the 

Periodic Table from lanthanum (La, atomic number 57) to Lutetium (Lu, atomic number 

71). In the past, the main goal of starting the research in the field of RE doped 

semiconductors was investigating Erbium-based optoelectronics for optical fiber 

communication networks operating at 1.5μm.29 Doping ZnO with RE3+ ions enables further 
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electrical, optical, and magnetic applications due to the unique character of the partially 

filled 4f shells.30-32 Yang et al.31 reported on a light-emitting diode prototype based on RE-

doped ZnO, capable of emitting across all wavelengths in the entire visible region. This 

design could be applied in several photonic and optoelectronic devices, such as 

waveguides, lasers and white light emitting diodes. For ZnO materials, the trivalent RE3+ 

ions are found to favorably occupy substitutional or slightly displaced Zn sites.33-35  

 

 Objective of the Dissertation 

The dissertation, focuses on developing pulsed laser deposition (PLD) methods to 

produce undoped and RE3+ doped ZnO materials of high optical and structural quality, 

including, thin films, ZnO NRs and NTs using conductive and/or transparent substrates. 

This dissertation comprises of eight chapters. The study background and 

dissertation objectives are presented in Chapter 1. Chapter 2 provides a brief introduction 

on ZnO properties, synthesis technique, and growth mechanisms of nanostructures and thin 

films.  Experimental techniques used in this work are described briefly in Chapter 3. In 

Chapter 4, the experimental results pertaining to identifying the influence of the intrinsic 

point defects on the structural and optical properties of Gd-doped ZnO thin films. In 

Chapter 5, the demonstration of the new PLD method for synthesizing vertically well-

aligned ZnO NRs grown on sapphire by conventional PLD without catalyst in one step and 

the optical and structural properties. Chapter 6 reports on the optimization of PLD 

conditions required for growing high quality ZnO NTs on conductive substrate p-Si, which 

is the original contribution of this study. The fabrication and the properties of the high 
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responsivity photodetector based on p-Si/ZnO NT heterojunctions are described in Chapter 

7. Chapter 8 introduces the conclusions and suggestions for future work. 
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Chapter 2: Material System 

This chapter will present the crystal structure of ZnO. The optical properties of both 

intrinsic and extrinsic ZnO will be introduced. A brief review of the properties of Gd-doped 

ZnO will be given. The chapter will conclude with a description of methods used for growth 

in this study. 

 

 ZnO Crystal Structure 

ZnO has different kinds of crystal structures, i.e., NaCl rocksalt, zinc blende and 

wurtzite.2 The zinc atom is surrounded by four oxygen atoms located at the corners of a 

tetrahedron, and vice versa. In ZnO crystal, Zn2+ and O2- planes are formed alternately 

along the c-axis (the [0001] direction). The zinc-blende ZnO structure is stabilized by 

growth on cubic substrates only, whereas the rocksalt structure can be obtained at relatively 

high pressures.2 The wurtzite crystal structure represents the most commonly observed 

phase in ZnO thin films and nanostructures.2 This dissertation focuses on wurtzite 

(hexagonal) crystal structure. A schematic illustration of the ZnO wurtzite crystal structure 

is shown in Figure 2-1. 
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Figure 2-1. ZnO crystal structures (wurtzite structure).36 

Wurtzite ZnO has a hexagonal unit cell with two lattice parameters, a = 3.2494 Å 

and c = 5.2038 Å, in the ratio of c/a = 8/3 = 1.633, and belongs to the space group of 𝐶6𝜈
4  

or P63mc. In an ideal wurtzite, the structure is composed of two interpenetrating hexagonal 

closely packed (hcp) sublattices, each of which consists of atoms of the same type displaced 

with respect to each other along the threefold c-axis by u = 3/8 = 0.375, in fractional 

coordinates (the u parameter is defined as the length of the bond parallel to the c axis, 

expressed in units of c).2 It is known that, in hexagonal unit cells, the crystallographic 

planes and directions are often given as four-digit Miller indices (h k i l). Examples of the 

most common low-index lattice planes and vectors are illustrated in Figure 2-2. As this 

four-digit system is over-determined, for the explanation of lattice planes, the index i can 

be calculated from the mutual three-digit system (h k l) as i = −(h + k).37 ZnO {0001} 

planes have the highest surface energy of all low-index planes of the wurtzite ZnO crystal, 

as shown by ab-initio calculations.38 The corresponding values are summarized in Table 
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2-1. Surface energy plays an important role in the nucleation and growth processes which 

is discussed later in this chapter. 

   

Figure 2-2. The most common low-index lattice planes and vectors.39  

Table 2-1. Surface energy values calculated using the local density approximation. 

Crystal planes Surface energy (J/m2) 

(101̅0) 2.3 

(112̅0) 2.5 

(0001)/(0001̅) 4.3 

  

 Optical Properties of ZnO 

ZnO has a direct wide band gap (its band gap energy (Eg)3.37 eV at 300 K). Figure 

2-3 shows the calculated band structure of wurtzite using density functional theory with 

generalized gradient approximation (GGA+U).  
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Figure 2-3. (GGA+U) band structure in wurtzite ZnO.40 

 The ZnO emission spectrum is characterized by near band edge emission (NBE) 

as shown in Figure 2-4. The NBE consists of a sharp UV emission peak centered at ~367 

nm (~3.37 eV) at 4 K, which is due to the band-to-band transition (the electrons in the 

conduction band and the holes in the valence band). The NBE peak also consists of excitons 

(electron-hole pairs) emission that can be free to move through the crystal as well as bound 

exciton emission that can be bound to donors or acceptors (in both neutral or charged 

states).41 The broad emission band located in the visible region (400 -600 nm) is attributed 

to the presence of intrinsic and/or extrinsic defect states located at deep level as shown in 

Figure 2-5. The optical and electrical properties of ZnO can be altered due to the changes 

in these deep level defects in the crystal structure of ZnO. The point defects, which play an 

important role in the optical properties of ZnO, strongly depend on the growth conditions 

and methods. Therefore, it is crucial to understand the influence and the origin of the 

impurities and point defects in the material.1, 42-43 Several research groups have proposed 

different origins for these deep level defects, such as oxygen vacancies (VO), interstitial 
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oxygen (Oi), zinc vacancies (VZn), interstitial zinc (Zni), oxygen anti-site (OZn) and zinc 

anti-site (ZnO).43 

 

Figure 2-4. PL spectrum of ZnO showing exciton lines, donor-acceptor pair ( DAxP ), and 

their phonon replicas. The broad emission band is centered at ∼ 2.45 eV.41 

 

Figure 2-5. Schematics of energy levels for ZnO at 15 K.44 

 

https://www.google.com.sa/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwiYoof72vTWAhVEXhQKHbFQCPoQjRwIBw&url=https://www.researchgate.net/figure/224602567_fig2_FIG-2-PL-spectrum-of-ZnO-showing-exciton-lines-33-34-eV-donor-acceptor-pair&psig=AOvVaw0jp6WkhJhfyAyK1pPf06ph&ust=1508147919709261
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 Gadolinium (Gd) Doped ZnO 

The reason behind studying ZnO doped with Gd is the important combination of 

optical and magnetic properties, which have attracted many researchers. Gd3+ emission was 

investigated in the UV region as the lowest Gd3+ level is 6P7/2 of partially filled 4f shells at 

~3.9 eV (~318 nm).45 In addition, Gd exhibits a ferromagnetic behavior with a Curie 

temperature at RT.46-47  

 Another interesting phenomenon that has been observed in Gd-doped ZnO is a 

Kondo-like effect, occurring due to a coupling between carriers and localized spin.48 More 

specifically, the electrostatic tuning of Kondo effect in Gd-doped ZnO was demonstrated 

for electrical-double layer transistor applications.33 

 In extant studies, Gd-doped/implanted ZnO has been shown to exhibit RT 

ferromagnetic behavior that has been attributed to defect/impurity bands mediated by Gd 

dopants.33-34, 49-52 X-ray absorption spectroscopy revealed that, in Gd-doped ZnO samples, 

Gd remains in Gd3+ state, whereas Zn atom remains in Zn2+ state.33, 52 Near edge X-ray 

absorption fine structure spectra at the O K-edge and Gd M5,4-edges indicated that Gd 

atoms replace Zn sites.33, 52 Therefore, incorporation of Gd dopants creates a donor band 

below the conduction band maximum (CBM). Due to the donor band created near the 

CBM, a shift in the Fermi level occurs, and the material conductivity increases.51-52  

 Gd dopants do not reduce the optical efficiency of ZnO, as Gd is characterized by 

deep UV emission above the ZnO band gap of ~ 318 nm.53 Another interesting 

phenomenon that has been observed in Gd-doped ZnO is a Kondo-like effect, occurring 

due to coupling between carriers and localized spin.48  
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 Growth Technique  

2.4.1. PLD Technique and Previous Works 

PLD technique is a simple and cost-effective physical vapor deposition technique 

that is appropriate for preparing high-purity samples by stoichiometric transfer of the target 

material to the substrate. In addition, PLD systems make controlling the structure and 

composition via suitable conditions during deposition easy,54 while also facilitating the 

deposition of multilayered and/or compositionally graded structures.55 PLD technique is 

considered as an important method for synthesizing ZnO materials.56 Recently, PLD 

application scope has been extended to NRs and NWs, and special deposition setups have 

been established for their growth.57 

In PLD setup, a pulsed laser beam is used to evaporate target material, creating a 

plasma plume of ionized species. Subsequently, the ablated species escape from the target 

and condense on the substrate, which is mounted on a heater above the target surface at a 

particular distance (Figure 2-6). The deposition process takes place in a vacuum chamber, 

in order to minimize particle scattering, and the chamber is equipped with three 

independent gas inlets with mass flow controller, thus providing stable pressure inside the 

chamber. The substrate temperature, laser spot size on the target, and the distance between 

substrate and the target determine the quality and the structure of the material growth. 

Furthermore, the target is pre-ablated extensively prior to deposition to avoid 

contamination.58 
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Figure 2-6. Schematic diagram of the PLD system employed in this work. 

 The majority of previous work employing PLD system focused on growing ZnO 

NRs or NWs under high pressure (several Torr) and/or using a metal layer as a catalyst on 

substrate. Premkumar et al.59 achieved synthesis of ZnO NRs with round tips using 

commercial PLD under high oxygen pressure (~ 7 Torr). Varanasi et al.60 used substrates 

with metal (Au, Cr) and BaSrTiO3 (BST) as seed layers to grow ZnO NRs. Lorenz et al.61 

synthesized MgxZn1-xO NWs on gold-covered sapphire (Al2O3) in a high-pressure PLD 

chamber consisting of a T-shaped quartz glass tube using argon background gas pressure 

(~ 18-150 Torr). Lin et al.62 demonstrated another method for growing MgxZn1-xO NWs 

using PLD by fabricating a ZnO seed layer on silicon before switching to the conditions 

for the two-step NW growth. Dongqi et al.63 fabricated a ZnO seed layer on InP substrate 

by PLD at 300 oC for 10 min before depositing ZnO NR arrays at 400 oC for 90 min under 

~ 225 mTorr oxygen pressure.  
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2.4.2. PLD Conditions for Nanostructures without Catalyst  

In this work, standard PLD system without chamber modification was employed 

using much lower pressure compared to that reported in the previous works without catalyst 

or seeding layer. The PLD (Neocera, Pioneer 240) system used in this study is equipped 

with a krypton fluoride (KrF) excimer laser (λ = 248 nm). The laser frequency, target-

substrate vertical distance, substrate temperature, and partial oxygen pressure were fixed 

at 10 Hz, ~5 to 9 cm, 650 ˚C ,and 15 to 100 mTorr, respectively. Figure. 2-6 shows the 

PLD setup used for the growth of ZnO thin films, NRs, and NTs. 

I carried out the sample growth of the works that described in this dissertation, 

using KAUST thin film laboratory.  

 

 The Growth Modes 

2.5.1. Nucleation Mechanism 

Crystal growth of nanostructures can be controlled, depending on the surface 

energies of the substrate (γs) and the growing nucleation (γn), as well as the interface 

energy between the two (γi). In overall, three growth modes are recognized, which are 

shown schematically in Figure. 2-7:64  
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Figure 2-7. Schematic illustration of the three different growth modes (a) Frank-van-der-

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

Krastanov.64 

(i) In the layer growth, the sum of surface energies of interface and the growing 

nucleations are equal the substrate surface energy, i.e., γs = γi + γn. The deposited 

material in this case covers or “wets” the substrate surface totally, thus resulting in 

layer-by-layer or Frank-van der Merwe growth (Figure 2-7a).  

(ii) For island growth, the deposited material doesn’t wet the substrate, with γs < γi + 

γn. The system total energy is decreased by accumulation of deposited species and 

subsequent nucleation of three-dimensional islands, as schematically shown in 

Figure 2-7b. This is the Volmer-Weber growth mode.  

(iii) In the island-layer growth, island formation starts once one or few monolayers of 

deposited material cover the substrate surface (Figure 2-7c). This growth mode is 
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persuaded by stress due to lattice mismatch between the substrate and the grown 

material and is mentioned to as Stranski-Krastanov growth.64 the surface energy of 

substrate in this mode exceeds the combination of both surface energy of interface 

and growing nucleations, i.e., γs > γi + γn. 

2.5.2. Growth Kinetics Energy 

In PLD system, it is possible to change the ZnO structure by controlling the growth 

kinetic energy of species (E).65 

 𝐸 = 𝐸𝑜𝑒−
𝑑

𝜆,           2-1 

where E is the initial energy of the charged species escaping from the target, d is the 

distance between the target and the substrate ( ~9 cm), and λ is the mean free path of the 

ablated species (the plasma) traveling towards the substrate in the PLD chamber, which 

can be defined as65 

 𝜆 = 𝑘𝑇/√2𝜋𝑑𝑜
2𝑃,          2-2 

where do is the diameter of the gas molecule, T is temperature, P is the background 

pressure, and k is Boltzmann constant. Therefore, λ increases with decreasing P, and thus 

the kinetic energy of species on the substrate E decreases exponentially as P increases. 

In this study, the deposition conditions, such as temperature, pressures, and laser 

energy and the target-substrate distance were changed with the aim of controlling the 

diffusion, growth type and the final structure of ZnO. These processes will be described in 

the result chapters (Chapters 4, 5 and 6). 
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Chapter 3: Experimental Techniques  

In this chapter, the experimental techniques used in the present study for optical, 

structural and electrical characterizations of ZnO thin films and nanostructures will be 

briefly described. 

 

 Structural Characterization 

3.1.1. X-ray Diffraction  

X-ray diffraction (XRD) technique is one of the important structural tools that used 

to identify material elemental compositions, preferred growth direction, lattice parameters, 

grain sizes, and crystal quality.37 The XRD setup involves a beam source, a stage and a 

detector, as shown in Figure (3-1a). As depicted in Figure 3-1b, X-ray beam is reflected by 

parallel planes, whereby constructive interference ocurrs only when Brag’s law is fulfilled; 

i.e., when the following condition is satisfied:66 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 ,          3-1 

where λ is the beam wavelength, d is the spacing between parallel planes,  is the incident 

beam angle, and n is an integer number. For wurtzite structure, lattice parameters are 

determined using the spacing distance d of {ℎ𝑘𝑙} planes and Miller indices as:66  

(
1

𝑑ℎ𝑘𝑙
)

2
=

4

3
(

ℎ2+𝑘2+2ℎ𝑘

2𝑎2 ) +
𝑙2

𝑐2
 ,       3-2 

In this work, XRD (Bruker D8 Discover high resolution XRD with CuKα and λ = 

1.5406 Å) was used for all measurements. The sample was mounted on a rotating stage 

using double-sided tape. However,  offset correction was required during the alignment 
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procedure. After the initial alignment and positioning of the sample took place,  -2 

measurements performed. Intensities of the reflected x-ray radiation were recorded for the 

preferred range of  and 2 angles. Each observed peak corresponds to a set of planes 

perpendicular to the sample surface. The spectra provide information about the crystal 

structure, thin film texture, grain size, and lattice parameters.37  

I carried out -2 measurements of all samples in this work. Long range 2- scans 

(rocking curves) and extended bond method were performed by M. C. Sequeira and Dr. K. 

Lorenz in Instituto Superior Tecnico, Portugal. 

 

Figure 3-1. Schematic of (a) XRD setup, and (b) Bragg’s law.66 

3.1.2. Scanning Electron Microscope  

Scanning electron microscopy (SEM) technique is used to investigate materials 

morphology. The SEM setup employed in this study is shown in Figure 3-2. Firstly, 

electrons are generated within an appropriate source for example, thermionic source, or 

field emission gun (Schottky gun), and are accelerated by large electric field (1−10 kV). 

The momentum of the electrons is controlled to determine de-Broglie wavelength (λ = h/p), 
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which is a significant factor limiting the microscope resolution. The accelerated electrons 

pass through a set of electromagnetic lenses, apertures, and scan coils, which focus the 

electron beam and allow a small spot size (1−100nm) to be located on the sample surface. 

The electrons scattered by the atoms and molecules in the sample are of two types: (i) 

secondary electrons (SE) produced by inelastic scattering at the sample surface (5−50nm), 

which can be used to investigate surface morphology, and (ii) backscattered electrons 

produced by elastic scattering in the deep levels of sample structure (50-300nm), which 

help elucidate the compositional contrast based on the atomic number (Z) of the elements. 

High vacuum system is used to avoid electron scattering by atmosphere gas.67 

In this study, I employed SEM (FEI Nova Nano 630) operating at 5 kV to 

investigate the surface morphology of samples. 

 

Figure 3-2. Schematic of the SEM setup. 
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3.1.3. Transmission Electron Microscope  

Transmission electron microscopy (TEM) is used for a more detailed 

characterizations with resolutions down to the atomic level, thus assisting in revealing the 

crystal structure, crystal orientation, and structural defects. TEM apparatus requires 

electron source, condenser system, specimen, and imaging system. In TEM, an electron 

beam is generated by the source and is focused toward the specimen using condenser 

lenses, aperture, and objective lenses, whereas projective lenses are used to guide the 

transmitted beam through a thin sample slice onto a fluorescent screen (Figure 3-3).  

 

Figure 3-3. Schematic of the TEM setup. 
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The acceleration voltages of electrons should be in the order of few hundred kV, 

and the sample thickness should be < 100 nm to ensure that the electron beam can be 

transmitted through the specimen. Therefore, sample preparation for TEM measurements 

is a critical task that is carried out by focused ion beam (FIB)in SEM. TEM resolution can 

be improved down to the atomic level when functioning in the high-resolution mode 

(HRTEM). In this mode, image contrast is created through the interference between the 

transmitted and diffracted electron waves. Therefore, HRTEM image can be considered as 

an interference pattern of diffracted and incident electron waves in the image plane, 

providing information on local variations in the crystal structure, lattice defects such as 

stacking faults and dislocations, and growth directions.67 

 

Figure 3-4. The interaction mechanisms of an electron beam with a specimen.67 

One of the advantages of SEM and TEM is that these imaging techniques produce 

a wide range of signals from specimen, as shown in Figure 3-4. Some of these signals, such 

as characteristic X-rays, are used to provide a chemical information and details about 

specimen composition. The characteristic X-rays or Auger electrons are generated when 
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the incident electrons transfer some of their energy to an atom in the specimen and one of 

its electrons is ejected leaving a hole in the inner shell. This hole is recombined by an 

electron from an outer shell, whereby the atom returns to the ground state. The energy 

produced as a result of this process can be released as a characteristic X-ray (Figure 3-5), 

or can be transferred to an electron in an outer shell, which is subsequently ejected as Auger 

electron. Chemical compositions of a specimen can be determined using these 

characteristic X-rays. This characterization technique is called energy dispersed X-ray 

spectroscopy (EDS). In addition, electron energy losses during inner and outer shell 

transitions are useful for detecting the elemental compositions of the specimen. Therefore, 

electron energy loss spectroscopy (EELS) is used as a complementary technique to EDS 

for identifying chemical compositions.67  

 

Figure 3-5. Characteristic X rays. 
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In this work, TEM (Titan-HRTEM) was used to study the structural properties of 

ZnO NRs and NTs. The TEM samples (lamella) were prepared using FIB SEM by Ms. 

Ecaterina Ware from Imperial College London, UK. The HR-TEM images were taken by 

Dr M. A. Roldan from the KAUST Core Laboratory. Fast Fourier transform (FFT) of the 

selected area was employed to study the structural properties and growth direction. 

Dislocations were investigated using inverse fast Fourier transform (IFFT) from plane 

spots at FFT after applying the masking process provided by the Digital Micrograph 

software. EELS was used as a complementary technique to EDS for identifying chemical 

compositions of the studied samples. I have analyzed all images of HR-TEM using Gatan 

microscopy suite software including FFT and IFFT analysis.  

 

 Optical characterization 

3.2.1. Photoluminescence  

Photoluminescence (PL) spectroscopy is based on exciting the sample using laser 

beam energy greater than the band gap of semiconductor. This results in the creation of 

free electrons and holes in the in conduction and valence band, respectively. The sample 

emission due to radiative electron-hole recombination is dispersed with a high-resolution 

monochromator, and is detected by charge couple devices (CCD) as shown in Figure 3-6. 

http://www.google.com.sa/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwj_k8r-hNTWAhWDHxoKHbCBD1MQFggkMAA&url=http%3A%2F%2Fwww.gatan.com%2Fproducts%2Ftem-analysis%2Fgatan-microscopy-suite-software&usg=AOvVaw31b8vmE7q1BP_j0HurPpZj
http://www.google.com.sa/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwj_k8r-hNTWAhWDHxoKHbCBD1MQFggkMAA&url=http%3A%2F%2Fwww.gatan.com%2Fproducts%2Ftem-analysis%2Fgatan-microscopy-suite-software&usg=AOvVaw31b8vmE7q1BP_j0HurPpZj
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Figure 3-6. Schematic of PL setup. 

In this work, I contributed in setting up the PL technique in Prof. Iman Roqan’s 

Laboratory. I carried out the PL measurements using He-Cd laser (325 nm) with 8 mW 

beam power. The samples were mounted in a He-closed cycle cryostat system for low-

temperature PL measurements (6.5 K). The spectra were detected by Andor spectrograph 

with a UV-visible charge-coupled device (CCD) camera to detect and analyze the PL 

spectra. Moreover, Micro-photoluminescence (µPL) was carried out at 77 K using a Horiba 

JY LabRAM Aramis spectrometer with an LMU-15x-NUV lens in a Linkam THMS600 

stage, while a 325 nm (He-Cd) laser served as the excitation source. 

3.2.2. Time Resolved Photoluminescence Spectroscopy  

Time resolved photoluminescence (TRPL) spectroscopy one of the most significant 

optical characterization techniques for the study of the carrier dynamics of materials. As 

ultrafast pulsed laser is used as the excitation source, the PL spectrum can be identified at 

different times (the decay time of the carriers). A streak camera can detect the PL spectrum 

at different time points at a range from picoseconds to nanoseconds. In this study, Coherent 
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Ti:Sapphire ultrafast pulsed laser system (Mira 900D) was used. A Coherent diode-pumped 

solid-state continuous wave laser (Verdi DPSS 532 nm) was used to pump the Ti:Sapphire 

laser. In addition, the third harmonic generator (THG) provided extra wavelength tuning 

capability to UV, which was used in our study to excite our samples by a UV wavelength 

(266 nm). The sample was held in a helium cooled cryostat to keep the sample in evacuated 

atmosphere. Finally, the streak camera can measure time, wavelength, and PL intensity. It 

is used to detect ultra-fast light phenomena (Figure 3-7). The light incoming to the streak 

camera is controlled and focused onto the photocathode of the streak tube through the 

horizontal slit and lenses. The photocathode converts the incident photons to a number of 

electrons proportional to the intensity of the incident light and accelerates the 

photoelectrons through a chamber onto a micro channel plate (MCP). The MCP converts 

the photoelectrons into an optical image shown on the phosphor screen.68 

 

Figure 3-7. Schematic of TRPL set up. 
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In this work, my colleague Idris Ajia performed temperature-dependent of time 

TRPL experiments with a Hamamatsu Synchroscan streak camera in Prof. Iman Roqan 

Laboratory. I have just analyzed the data of the experiments. Third-harmonic of a mode-

locked Ti:Sapphire femtosecond pulsed laser (λ = 266 nm) with a pulse width of ~150 fs 

and an average pulse power intensity of ~2.1 kW cm-2 (with a 76 MHz repetition rate) was 

used to excite the samples. The spectra of the emitted from the sample is measured by a 

Princeton Instruments spectrograph attached to a UV-sensitive Hamamatsu C6860 streak 

camera with a temporal resolution of ~2 ps. The samples were mounted in a variable-

temperature closed-helium cryostat for measurements in the 4−300 K temperature range. 

3.2.3. Transmission Measurement 

Studying light transmission characteristics of transparent materials is crucial to 

understand the material behavior, leading to enhance the related optoelectronic, 

photovoltaic, and solar cells devices. Material transmission can be measured using 

appropriate light sources, monochromators and spectrometers (e.g., UV-Vis 

spectrometers). The optical transmittance of the materials can then be determined from the 

following relation69 

𝐼 = 𝐼𝑜𝑒𝑥𝑝−𝛼𝑡 ;         3-3 

where I and Io are the transmitted and incident intensities, t denotes the film thickness and 

α is the absorption coefficient. 

In this work, I carried out RT absorption measurements using UV-VIS Varian 

Cary 5000 spectrophotometry in analytical laboratory in KAUST. 
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3.2.4. Raman Spectroscopy 

The Raman spectroscopy technique is used to study the vibrational frequency 

modes in solid, liquid, and gaseous molecule which arises from an inelastic light scattering 

process. Usually, a sample is irradiated with a laser beam, and the incident laser beam 

interacts with atoms and/or defects in the material, resulting in the energy of the incident 

laser being scattered and shifted up or down. The shift in the energy gives information 

about the vibrational modes (phonon) in the system due to elastic (at the same frequency 

as the incident energy) or inelastic (at lower and higher frequencies than that of the incident 

energy-Raman scattering) processes (Figure 3-8). Raman spectra are usually represented 

by the intensity of Stokes lines versus the shifted frequencies.69 

 

Figure 3-8. Schematic representation of the theory of Raman Spectroscopy 

In this work, I carried out RT Raman measurements by LabRAMAramis Horiba JY 

spectrometer in the KAUST Core Laboratory. The measurements were carried out in the 

50–1200 cm-1 spectral range. The samples were excited using a Diode-Pumped Solid-State 

(DPSS) laser with a wavelength of 473 nm. An Olympus 100× lens objective magnification 

was used to focus and collect the light scattered from the samples. The scattered light was 
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collected by a spectrograph with a grating of 1800 lines/mm and a CCD camera cooled by 

liquid nitrogen. 

 

 Electrical characterization 

The electrical properties, such as resistivity (), mobility () and carrier 

concentration (ne or po) for semiconductors can be measured by applying the Hall Effect 

measurements. The Hall Effect describes the behavior of the free carriers in a 

semiconductor when applying an electric field in x direction (Ex) as well as a magnetic field 

in z direction (Bz). Consequently, Lorentz force (F) moves carriers (holes or electrons) into 

positive y direction, following the right hand rule,70 as shown in Figure 3-9. 

�⃗� = 𝑞(�⃗⃗� + �⃗� × �⃗⃗�);         3-4 

The electric field is zero along the z direction and the carriers only flow along the 

x-direction. Consequently, the carriers accumulate at the edge of the semiconductor, 

causing current Iy, and inducing a transverse electric field Ey that stabilizes Iy and cancels 

the Lorentz force at the equilibrium condition as given by:70 

𝐹𝑦 = 𝑞(𝐸𝑦 + 𝑣𝑥 × 𝐵𝑧) = 0 ;        3-5 
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Figure 3-9. Hall measurement setup and carrier direction for (a) holes, and (b) electrons. 

The potential difference along the y-direction (VH) is known as the Hall voltage, 

and Bz can be rewritten as:70 

𝑉𝐻 =
𝐼𝑥𝐵𝑧

𝑛𝑒𝑡
,          3-6 

where VH can be measured across the semiconductor, n is the carrier concentration, e 

denotes the elemental charge and t is the semiconductor thickness, as shown in Figure 3-

9. This leads to the Hall coefficient (𝓡H), defined as:70 

ℛ𝐻 =
𝑉𝐻𝑡

𝐼𝑥𝐵𝑧
=

𝑅𝑡

𝐵𝑧
=

1

𝑛𝑒
,        3-7 

Therefore, by measuring the resistance (R) where R=VH/Ix at different Bz, the carrier 

concentration n as well as the type of majority charge carriers can be determined from the 

sign of the slope R/Bz (where negative sign for n-type and positive for p-type). 

Additionally, by calculating resistivity ρ, the electron mobility μe in the sample can be 

calculated by applying the expression70 
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𝜇𝑒 =
1

𝜌𝑛𝑒
=

𝜎

𝑛𝑒
         3-8 

where is the conductivity. 

In this work, I investigated the n, μe, and  of the samples using Hall-effect 

measurements in a physical property measurement system (PPMS Ever Cool, Quantum 

design) by adapting the van der Pauw geometry contacts were placed at four points, located  

at the sample edges and R was evaluated while changing Bz from -0.5 to 0.5 Tesla (T) 0.1 

T increments. R as a function of Bz was determined at different temperatures from 10 K to 

300 K. Moreover, n, and  were calculated from the slope (R/Bz)of the curve and by 

applying Equation 3-7 and 3-8. The ohmic contacts of the samples were confirmed using 

various contact configurations. 

For current-voltage (I-V) measurements, I measured all the photoresponse 

characteristics of all the devices used in this study, in Prof. Tom Wu laboratory using a 

probe station connected to a Keithley 4200 semiconductor analyzer under dark and UV-

illuminated conditions (λ = 365 nm, whereby the light intensity was tuned using neutral 

density filters and was calibrated using an optical power meter). 

 

  Complementary technique 

3.4.1. Cathodoluminescence  

In Cathodoluminescence (CL) measurements, the electron beam is focused on a 

sample,exciting electrons to the conduction band, remaining holes in the valence band. 

When electron-hole recombinations occur, the sample emits light. Then, the light is 
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dispersed by a monochromator and detected with a CCD camera. CL systems can be 

attached to a SEM technique. Unlike, optical microscope, the advantage of the SEM stems 

from its capability to resolve features down to 1 nm. In this case, the entire spectrum 

collected from each nanoscale point can be measured as the wavelength of the electron is 

in an angstrom range. Moreover, the optical properties of an object can be correlated to 

structural features observed using the electron microscope.67 

In this work, CL hyperspectral imaging were carried out at RT using an FEI Quanta 

250 environmental FEGSEM at the University of Strathclyde to investigate luminescence 

properties of a single NRs. The electron beam energy was fixed at 5 keV, with an 

acquisition time of 40 ms per pixel, and ~0.1 Torr water vapor pressure was introduced 

into the chamber to prevent sample charging. 

3.4.2. Rutherford backscattering spectrometry 

Rutherford Backscattering spectrometry (RBS) technique is used to determine the 

elemental composition of materials as a function of depth below the surface. The quality 

of grown materials can be evaluated by RBS measurements. An energetic light ion beam 

(such as  - particles (He+ ions)) is elastically backscattered by the elements. The number 

and energy of ions backscattered after colliding with nuclei in the atoms of the sample are 

measured with a surface barrier detector as shown in Figure 3-10. The kinetic energy of 

the backscattered ions depends on the mass of the scatterer. Therefore the atoms in the 

sample can be identified by measuring the depth and energy of backscattering ions on a 

sample.71 

https://en.wikipedia.org/wiki/Monochromator
https://en.wikipedia.org/wiki/Scanning_electron_microscope
https://en.wikipedia.org/wiki/Spectrum
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Figure 3-10. Schematic of RBS setup. 

Rutherford backscattering spectrometry (RBS) was carried out by Dr. E. Alves and 

Dr K. Lorenz groups in Instituto Superior Technico, Portugal using a beam of 1.8 MeV 

Helium ions produced by a Van de Graaff accelerator. The spectra were obtained using a 

silicon p-i-n diode detector in IBM geometry. The RBS spectra were fitted with the NDF 

software package.  
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Chapter 4:  Gd Doped ZnO Thin Films 
 

 Introduction 

The trivalent RE3+ ions preferentially occupy substitutional or slightly displaced 

Zn2+ sites.33-35 As mentioned in Chapter 2, Gd dopants in ZnO produce unique magnetic, 

optical and electrical characteristics, compared other dopants including RE dopant. These 

properties can lead to UV spin-LED applications. Therefore, it is important to understand 

the defect effects that accompanied Gd dopants in ZnO. However, thus far, few detailed 

investigations of the effect of growth conditions on the optical and structural properties of 

RE in situ doped ZnO have been carried out. Therefore, before optimizing the PLD growth 

to produce nanostructures for optoelectronic devices, it is very crucial to understand the 

effect of Gd dopants and the related defects on the optical and structural properties of ZnO. 

For simplicity we study the effect of Gd in thin films.  

In this chapter, we will investigate the optical and structural properties of in situ 

Gd-doped ZnO films grown on lattice-matched substrate. We will identify the effect of 

intrinsic point defects (that accompany Gd dopants) influenced by the oxygen pressure 

during deposition and post- annealing under vacuum conditions on the Gd distribution and 

the structural properties of the material.  

 

  Sample Preparation 

Gd-doped ZnO thin films were prepared using PLD on near lattice-matched (11-2 

0) a-Al2O3 substrate (lattice mismatch 0.08%)72 that was used to reduce the formation of 

line defects. The Gd-doped ZnO PLD targets were prepared by mixing 99.95-99.5 wt% 
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ZnO (99.99% pure) and 0.1-0.5 wt% Gd2O3 (99.99% pure) powder (Appendix A). A KrF 

laser with a wavelength of 248 nm was used to deposit Gd-doped ZnO as well as undoped 

ZnO films.  

Laser frequency, target-substrate distance, laser energy, and substrate temperature 

were set at 10 Hz, 50 mm, 520 mJ, and 650 °C, respectively. The chamber was initially 

evacuated to a background pressure of 3×10-5 Torr. For the deposition of different samples, 

the oxygen pressure (Pd) varied from 5 to 100 mTorr. Two sets of samples were prepared—

one using different targets with different Gd2O3 wt%, and the other using the same target 

and at different Pd, as shown in Table 4-1. Some samples were subsequently annealed in 

vacuum (~7.5×10-4 mTorr) at 350 °C to examine the effect of vacuum annealing and 

oxygen deficiency-related defects on the structural and optical properties. For the purpose 

of comparison, undoped ZnO samples were prepared and deposited using similar 

conditions for target preparation and PLD deposition. 

 

  Film Thickness and Gd Concentration 

Film thickness and Gd concentration were evaluated by RBS measurements for 

both sets of samples, as summarized in Table 4-1. RBS spectra of samples that were grown 

at different Gd concentrations and at different Pd are shown in Figure 4-1a and 1b, 

respectively. Figure 4-1a indicates that Gd incorporation in the target changes the thickness 

of the samples. This can be due to a change in the density of the target, which depends on 

the impurity composition.73 Moreover, the less dense target has a lower thermal 

conductivity than that of a denser target. Therefore, when the laser beam hits such target, 

the target can be heated up quickly at the surface before transferring the energy deeper to 
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the bulk. Consequently, the surface temperature will be higher compared to a high-density 

target, which leads to more explosive events and bigger plasma plume, therefore leading 

to thicker samples. On the other hand, the heat in the high-density target can be dissipated 

quickly to the bulk, leading to a smaller plume and thinner samples.74 The data reported in 

Table 4-1 shows that the Gd concentration in the films is slightly different from that in the 

corresponding targets. It is known that the transfer ratio of the species from the target to 

the film depends on the type of the atoms. Each chemical species has different angular 

distribution in the plume; in addition, the gaseous pressure and the laser fluence on the 

target affect the transfer ratio, depending on the mass and charge state of the transferred 

ions.73  

 

Figure 4-1. RBS random spectra for Gd doped ZnO samples deposited by PLD on a-Al2O3 

(a) for different concentration of Gd at Pd= 25 mTorr, (b) same concentration at different 

Pd.  
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Table 4-1. Film thickness and Gd concentration of ZnO samples determined by RBS. 

 Sample Gd in 

target 

(wt%) 

Pd 

(mTorr) 

Measured 

Gd (at%) 

Thickness 

(nm) 

Average 

measured 

(wt%) 

S
et

 1
: 

 

co
n

ce
n
tr

at
io

n
 Undoped ZnO 0 25 0.00 454 0.00 

A 0.25 0.07 241 0.13 

B 0.5 0.21 374 0.41 

S
et

 2
: 

 

P
re

ss
u
re

  

D1 0.15 5 0.04 267 0.07 

D2 50 0.05 334 0.10 

D3 100 0.08 322 0.15 

D3 (annealed) 100 0.06 363 0.12 

 

Figure 4-1b shows RBS spectra for samples D1, D2, and D3 grown with the same 

Gd doped ZnO target but under different oxygen pressures (Set 2). The fit results are 

summarized in Table 4-1. Figure 4-2a indicates that Gd concentration in ZnO matches the 

target concentration in sample D3 but decreases as Pd decreases (i.e., under oxygen poor 

conditions) showing that optimizing the background oxygen pressure is important for 

maintaining the equilibrium composition of the target in the as-grown samples.75 The 

sample D1 grown in oxygen poor conditions furthermore shows increased surface 

roughness as suggested by the distortion of the Zn-barrier in the RBS spectrum. In order to 

confirm the influence of oxygen deficiency on Gd concentration, sample D3 (grown at 

relatively high Pd = 100 mTorr) was post-annealed in vacuum with an annealing 

temperature of 350 °C, chosen to be above the oxygen binding energy.76 Annealing the 
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sample at oxygen deficiency condition resulted in a reduction in the Gd concentration, as 

shown in Figure 4-2a and Table 4-1 which is in line with the results of samples grown in 

oxygen poor conditions. This change in Gd concentration may be due to the change of the 

stoichiometric ratio of ZnO with vacuum annealing. However, it should be noted that RE+3 

atom diffusion in implanted ZnO single crystals was seen to set in at considerably higher 

temperatures around 1000 ºC,35 suggesting that sample morphology and crystal quality 

play an important role.  

 

Figure 4-2. (a) The effect of increasing Pd and vacuum annealing on Gd concentration. 

Variation of parameter c and a estimated by XRD as (b) a function of the concentration of 

Gd and (c) Pd. (The vertical bars indicating the errors). (d) The FWHM of the (004) rocking 

curves as a function of the Gd-concentration, and Pd. 
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  Structural Characterization 

Sample quality and lattice parameters were evaluated using XRD. No phase 

segregation or Gd clustering was observed for any of the samples. The lattice parameters 

were obtained using the Extended Bond Method77 with the (004) and (104) planes. The 

center and full width at half maximum (FWHM) for each rocking curve were determined 

by fitting the experimental data with Asymmetric Pseudo-Voigt Functions. The 

uncertainties given in Table 4-2 were estimated considering the error of finding the curve 

centers. Figure 4-2b and 2c and Table 4-2 show the lattice parameters for the same two sets 

of samples presented in Table 4-1. For Set 1 (Sample A and B), the a-parameter tends to 

increase while the c-parameter decreases with Gd incorporation compared to an undoped 

ZnO, as shown in Table 4-2. The shrinkage of c-parameter suggests the presence of an 

inclusion of vacancies that accompany Gd dopants in ZnO—a phenomenon that can arises 

due to the crystal distortion during doping.33 For Set 2 with varying Pd, the c-parameter 

contracts with increasing Pd (oxygen-rich environment), as shown in Figure 4-2c. It should 

also be noted that, based on the RBS results, Gd concentration increases with increasing 

Pd (Figure 4-2a). Therefore, the effect of c-parameter contraction at higher Gd 

concentrations is consistent with the results obtained for Set 1. We also investigate the 

presence of defects by studying the FWHM of the rocking curves. Figure 4-2d shows that 

FWHM of the rocking curves increases with the Gd concentration. This is expected, as the 

greater amount of Gd in a sample increases the likelihood of defect formation, which in 

turn broadens the rocking curves. 

For a simple substitution of Gd on Zn sites, an increase in the lattice parameter 

values would be expected due to the larger ionic radius of Gd compared to Zn. In particular, 
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for pseudomorphic growth on the near lattice matched substrate the c-parameter should 

expand while the in-plane a parameter should remain unchanged. The fact that both lattice 

parameters change confirms that the growth is not pseudomorphic (the a-parameter tends 

to increase with increasing Gd concentration). The reduction of the c-parameter value with 

Gd concentration, despite the substitution of Gd on Zn sites, can only be explained by the 

formation of Gd-defect complexes. 

Table 4-2. The measured lattice parameters a and c for Gd doped ZnO samples with the 

measured Gd concentrations. 

  Sample RBS Measured Gd 

(wt%) 

Pd 

(mTorr) 

a  

(Å) 

Error  

da 

(Å) 

c  

(Å) 

Error  

dc 

(Å) 

S
et

 1
: 

co
n
ce

n
tr

at
io

n
 Undoped 

ZnO 

0 25 3.245 0.001 5.214 0.001 

A 0.13 3.248 0.011 5.202 0.003 

B 0.41 3.257 0.008 5.187 0.003 

S
et

 2
: 

 

P
re

ss
u
re

  

D1 0.07 5 3.246 0.009 5.204 0.002 

D2 0.10 50 3.258 0.004 5.195 0.001 

D3 0.15 100 3.257 0.010 5.190 0.003 

D3 

(annealed) 

0.12 3.261 0.003 5.191 0.001 

 

It should be noted that interstitial defects in ZnO were shown to be very mobile at 

temperatures below RT and should play a minor role in the present observations.78 

Therefore, assuming that Gd-oxygen deficiency complexes (mainly, Gd-VO and Gd-2VO) 

are at the origin of the c-contraction, it can be posited that a complex equilibrium between 

the formation of isolated oxygen vacancy (which should be increased at low Pd) and the 
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formation of Gd-VO complexes exists, which depends on both Gd concentration (which 

increases at higher Pd) and VO-concentration (which decreases at higher Pd).  

Vacuum annealing is expected to create oxygen deficiency conditions and may affect 

the Gd-oxygen deficiency complexes. RBS shows a decrease in Gd content, while the 

lattice parameters remain unchanged (Figure.4-2c) within the limits of experimental 

uncertainties. It is worth to note that, for implanted samples, RE ions were only seen to 

diffuse at considerably higher temperatures around 1000 ºC.35 The effect of VO on Gd 

diffusion is not clear at this point; however, there is no evidence of a significant change of 

the number of Gd-VO, since the lattice parameters remain unchanged.  

 

  Optical Characterization 

Optical spectroscopy is one of the most powerful tools that can be used to study the 

influence of the intrinsic point defects of the materials.79-80 The type of defects can be 

identified by studying defect band emission from PL spectra of the samples. For Set 1, 

Figure 4-3a shows the PL spectra of Sample A and B, both of which reveal a green band 

emission centered at ~525 nm (~2.36 eV), which increases with Gd concentration. In 

previous studies using deep-level transient spectroscopy,81-82 electron paramagnetic 

resonance,83-84 and optically detected magnetic resonance,82, 84-85 this band was found to be 

related to electron transition from VO, as deep donor level to recombine with a hole in the 

valence band.81-82 Therefore, PL confirms that large numbers of VO are present in the doped 

samples. This is in agreement with the assumption that these vacancies may be responsible 

for the reduction in the c-parameter as Gd concentration increases, and in particular when 

Gd-VO complexes are formed.  
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Figure 4-3b shows the PL spectra for the samples grown at different Pd (Set 2). As can be 

seen, when Pd increases from 5 to 100 mTorr, the green emission intensity decreases 

significantly, corroborating the assumption that this band is related to VO. With increasing 

Pd, the band experiences a redshift from ~483 (~2.55 nm) to ~500 nm (~2.48), respectively, 

and a red band becomes dominant, for sample grown at 100 mTorr (Sample D3). Such a 

red band was attributed to electron transitions from oxygen interstitial (Oi) or zinc vacancy 

(VZn) levels that are created in oxygen-rich conditions,86-89 as confirmed by deep-level 

transient spectroscopy (DLTS).81-82 In order to confirm the type of defects in these samples, 

PL measurements were carried out for the vacuum-annealed Sample D3 grown at 100 

mTorr (Figure 4-3c). As expected for annealing in oxygen deficient conditions, the PL 

spectrum of Sample D3 (annealed) shows a significant reduction in the red band, whereby 

the spectrum becomes dominated by the green band, which is attributed to VO. No 

significant change in the c-parameter is observed for vacuum annealed samples, although 

VO concentration is higher and a significant reduction in Gd concentration is observed. 

These findings suggest that the observed changes in lattice parameters in some samples are 

neither due to isolated VO nor to isolated GdZn but rather to the formation of Gd-defect 

complexes.  
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Figure 4-3. PL spectra for a) Sample A, and B compared to undoped ZnO grown at different 

concentration, b) Samples D1, D2 and D3 grown at different Pd, c) Gd doped ZnO as grown 

and vacuum annealing samples grown under high pressure Pd=100 mTorr (Sample D3). 

 RT Raman spectroscopy was carried out to confirm the type of the point defects. It 

is known that the space group of wurtzite ZnO is C4 6ѵ with two formula units per primitive 

cell. Figure 4-4 shows typical wurtzite ZnO Raman spectra for Sample A and B and an 

undoped sample of ZnO. Some ZnO phonon modes are observed, dominated by E2(low) 

and E2(high) at 99.8 and 439 cm-1, respectively, as shown in Figure 4-4a. On the other 

hand, the other modes, such as A1(TO), A1(LO), E1(TO), and E1(LO) (at 380, 579, 409.5, 

and 588 cm-1, respectively) are overlapped with the lines of the sapphire substrate at 380, 

431, 450, and 577 cm-1 as indicated by the asterisks.2, 90-92 The two nonpolar E2(low) and 

E2(high) are Raman active, since E2(high) is related to the vibration of oxygen atoms, while 
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the E2(low) is related to the heavy Zn in the sublattice in the wurtzite structure.2 Figure 4-

4a-b show that, as Gd concentration in Gd doped ZnO films decreases, the phonon mode 

E2(high) peak shifts toward higher frequencies. The possible mechanisms that can be 

responsible for such a shift are (i) the biaxial strain,93 (ii) phonon localization,94-95 and (iii) 

laser-induced heating in materials and tensile strain during Raman measurements.94-95 As 

E2(high) peak is expected to shift to the higher frequency value as the compressive biaxial 

stress increases (and c-parameter value decreases), we assume the unusual shift of E2(high) 

peak to lower frequencies as c-parameter decreases in our samples can be due the second 

assumption, which is phonon localization by defects, such as those related to oxygen 

deficiency,96 zinc excess or surface impurities, are in line with the PL and XRD 

measurements, suggesting that defects related to oxygen deficiency such as VO 

accompanied Gd dopants. Furthermore, we excluded the explanation related to laser-

induced heating in materials and tensile strain during Raman as all samples were measured 

at the same time using the same conditions, and the laser power on the samples was ~ 0.07 

mW (to avoid the heating effect). Therefore, we assume that E2(high) depends on oxygen 

concentration and related defects.96 This assertion is supported by the PL measurements. 

Figure 4-4b shows the effect of Pd, where a slight shift of E2(high) peak to the lower 

frequencies for samples deposited at 100 mTorr compared to that deposited at 5 and 50 

mTorr can be noted. This phenomenon is likely due to the combination effect of oxygen 

concentration and Gd concentration that are changed by modifying Pd. In this case, the 

influence of oxygen-related defects can be compensated by that of Gd concentration. 

Figure 4-4c shows the effect of vacuum annealing. No shift is observed for E2(high). 

However, a new peak at 710 cm-1 emerges and the intensity of the peak at 488 cm-1 
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increases significantly after vacuum annealing under oxygen deficiency conditions. These 

two peaks are also observed in Sample B (with higher Gd concentration, 0.404 wt%), which 

have been reported to appear with the inclusion of  metallic dopants in ZnO and are 

enhanced significantly with the annealing,97-98 which is in line with our results, as shown 

in Figure 4-4a and 4c. The peak at 488 cm-1 was reported to be due to a local vibrational 

mode of a defect/impurity.97 On the other hand, the peak at 710 cm-1 may be related to the 

intrinsic defects surrounding Gd ions, which are also present at higher Gd concentrations 

(Sample B). VO can be created when the film is annealed under vacuum and the activation 

energy required to develop VO through ZnO is reported to be ~0.06 eV.99 Therefore, we 

assume that a diffusion of VO may take place at 350 ºC and change the local arrangement 

of the atoms surrounding the Gd impurity, causing the 710 cm-1 peak to emerge after 

annealing under vacuum.92  
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Figure 4-4. Raman spectra of Gd doped ZnO (a) different pressure concentration (ZnO, 

and samples A, B);the green line is the peaks fitting, (b) different pressure (samples D1, 

D2, and D3), (c) sample (D3) and after annealing. The right figures are the magnified range 

of the area circled by a yellow dashed line in (a), (b), and (c) respectively. 
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  Summary 

In summary, Gd inclusion in ZnO decreases for samples grown in oxygen-poor 

conditions. XRD indicates that ZnO experiences a decrease of the c lattice parameter as the 

Gd concentration increases, which was attributed to the formation of Gd-VO and Gd-2VO 

complexes with the aid of DFT calculations. PL measurements showed band emission 

related to VO for samples grown or annealed under oxygen deficient conditions. Raman 

spectroscopy results are consistent with these changes in the oxygen sublattice and a line 

at 710 cm-1 was tentatively attributed to specific local arrangement surrounding the Gd 

atom due to VO diffusion. 
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Chapter 5:  Homogeneous Vertical Gd Doped ZnO Nanorods  

  Introduction 

Several methods that used interfacial textured layers between the NRs and 

the substrate have not been successful in growing the desired well-ordered vertical 

NR structure.60, 62-63, 100-101 Such a layer would be able to, for example, serve as a 

mutual electrode to connect NRs with an external circuit.102 Other methods that used 

metal catalyst to grow the NRs are avoided due to lack of transparency and metal 

contamination, which decreases the device efficiency. Thus, fabrication of practical ZnO 

NR-based devices without catalyst is hindered as controlling of the density, spacing, 

and vertical growth of well-defined ZnO 1D NRs and NWs remain challenging, 

which is extremely important to improve the performance of applications. 

In several studies, PLD systems were used to grow NRs by employing special 

set-ups that required a priori textured layers62-63, 100 and/or a customized high-

pressure chamber (a few to several hundred Torr).59, 61, 103-104 However, thus far, 

none of these PLD methods has been successful.  

In this chapter, we present a novel method that allows us to overcome the 

previously difficulties, using PLD to grow well aligned catalyst-free ZnO NRs for 

optoelectronic and electronic applications. 

 Growth of ZnO NRs 

We used the Gd 0.25 wt%-doped ZnO target for PLD deposition. A PLD system 

(Neocera, Pioneer 240) equipped with a krypton fluoride (KrF) excimer laser (λ = 248 nm) 
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was used to ablate the Gd (0.25 wt%)-doped ZnO target. The substrate was mounted at a 

large distance (~9 cm) vertically above the target, and the vacuum chamber was pumped 

to 10-6 Torr before target ablation. Next, the growth temperature was set to 650 C. The 

ZnO NRs were grown on lattice-matched (11-20) a-Al2O3 by focusing the beam on the Gd-

doped ZnO target surface with a beam fluency of 5 ± 0.5 J/cm2. The deposition consisted 

of 30,000 laser pulses delivered at a frequency of 10 Hz. To control the NR density, P(O2) 

was varied in the range of 15-200 mTorr for all samples. For comparison, Gd-doped ZnO 

was deposited on (0001) c-Al2O3, while undoped ZnO was deposited on both a-Al2O3 and 

c-Al2O3 under the same growth conditions. 

  Morphologies and Structural Characterization 

Figure 5-1 shows SEM images of samples deposited on lattice-matched a-Al2O3 

(with a lattice mismatch of 0.08% between (11-20) a-Al2O3 and (0001) ZnO)72 using a Gd-

doped ZnO target. Samples prepared at a partial oxygen pressure P(O2) = 15 mTorr are 

characterized by a continuous film (Figure 5-1a). ZnO NRs begin to emerge as P(O2) 

increases to 25 mTorr (Figure 5-1b), whereas low-density ZnO NRs are obtained at P(O2) 

= 50 mTorr (Figure 5-1c). The spacing between these ZnO NRs is well controlled by 

changing the P(O2). Homogeneous, well-defined, ordered vertical hexagonal ZnO NR 

arrays are achieved at P(O2) = 100 mTorr (Figure 5-1d) and 200 mTorr (Figure 5-1e), with 

average densities of ~80 and ~120 NR/µm2, respectively. The NR length is relatively 

homogeneous (approximately 300 nm). The NR crystalline structure was investigated 

using high-resolution XRD measurements. Samples deposited at P(O2) = 15 mTorr show 

strong peaks at 2 = 34.79 with FWHM of 0.314, which corresponds to a (0002) ZnO 
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plane ‖ (11-20) a-Al2O3 substrate, indicating a single crystal film grown along the c-axis 

(Figure 5-1f).  

We also observed a shift in the (0002) XRD peak of the Gd-doped ZnO film 

towards higher angles compared to the undoped ZnO film, which was attributed to 

vacancies accompanying Gd incorporation into the crystal.33 For samples deposited at 

P(O2) = 50 mTorr, this thin film peak overlaps with the NR peak located at a smaller 2 = 

34.63 (Figure 5-1g) As the NR density increases with P(O2), the corresponding XRD peak 

at 2 = 34.39 becomes dominant, as shown for samples deposited at P(O2) = 100 and 200 

mTorr. The FWHM of the XRD peak of the ZnO NRs is approximately 0.15, which is 

comparable to the best value reported for ZnO NRs,54, 56, 105 indicating the high crystallinity 

of these ZnO NRs grown along the c-axis.  

To study the effects of substrate mismatch on NR synthesis, we used the same Gd-

doped ZnO target to perform deposition at P(O2) = 100 mTorr on a (0001) c-Al2O3 

substrate, which has a high lattice mismatch of ~31.8% with (0001) ZnO72, for the same 

deposition conditions of the samples presented in Figure 5-2 . For this sample, random 

(rather than well-defined) ZnO NRs are observed, as shown in Figure 5-2a. Furthermore, 

pure ZnO samples were deposited on a-Al2O3 and c-Al2O3 at P(O2) = 100 mTorr to study 

the effect of Gd doping on the formation of the NRs. Pure ZnO deposited on a-Al2O3 is 

characterized by a low density of nanocrystals (Figure 5-2b), whereas the sample grown 

on c-Al2O3 shows a continuous film with a rough granular surface morphology (Figure 5-

2c). Therefore, we conclude that, under particular deposition conditions, both the Gd 
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dopant and the Al2O3 substrate orientation are crucial for the formation of vertical, well-

defined, well-ordered ZnO NRs. 

 

Figure 5-1. SEM images of Gd-doped ZnO samples grown on a-Al2O3 at (a) P(O2) = 15 

mTorr, (b) 25 mTorr, (c) 50 mTorr, (d) 100 mTorr, and (e) 200 mTorr. The insets of the 

Figures (b-e) show the top view. XRD patterns of Gd-doped ZnO samples deposited at (f) 

P(O2) = 15 mTorr, (g) 50 mTorr, (h) 100 mTorr, and (i) 200 mTorr are also shown; the 

high angle shoulder shown in this case represents the XRD peak from the film. The dashed 

and solid red lines indicate Gaussian fits of the peaks for the NRs and the film, respectively. 
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Figure 5-2. SEM images of (a) Gd-doped ZnO on c-Al2O3, (b) undoped ZnO on a-Al2O3, 

and (c) undoped ZnO on c-Al2O3. All samples were deposited at P(O2) = 100 mTorr. 

We observe that the ZnO NR density increases with increasing P(O2). This 

relationship arises from the correlation between the species energy E and the background 

pressure P —P(O2) in the present case, which is described by65 

𝐸 = 𝐸𝑜 exp (−𝑑/𝜆),         5-1 

where E is the initial energy of the charged species escaping from the target and d is the 

distance between the target and the substrate (~9 cm). λ is the mean free path of the 

ablated species (the plasma) traveling towards the substrate in the PLD chamber and can 

be defined as  

𝜆 = 𝑘𝑇/√2𝜋𝑑𝑜
2𝑃,         5-2 

where do is the diameter of the gas molecule, T is the temperature and k is Boltzmann’s 

constant. Therefore, λ increases with decreasing P, and the kinetic energy of the species 

on substrate “E” decreases exponentially as P increases, which explains the variation in 

the NR density with changing pressure. Therefore, at higher P(O2) > 15 mTorr, the 

ablated species experience a large number of collisions with oxygen molecules, and the 

condensation of the species on the substrate result in low E that can lead to a Stranski-
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Krastanov (SK) nucleation and the formation of NRs. At lower P(O2) (< 15 mTorr), the 

ions emitted from the target surface with high E after the laser interaction condense on 

the substrate surface, that can be high enough to form a continuous film. 

 

  Growth Mechanism 

It is known that structural defects, such as stacking faults, threading dislocations, 

and grain boundaries, affect the NR growth orientation.27, 106-108 Therefore, investigating 

the structural defects near the interface between the substrate and the Gd-doped ZnO 

wetting layer is essential for a better understanding of the growth mechanism.27 For this 

purpose, a cross-section along the c-axis of the NRs sample (Figure 5-1c) was analyzed by 

HRTEM. We observe that the Gd-doped ZnO wetting layer is a single crystal with [0001] 

growth direction. Moreover, Figure 5-3a shows that the value of c lattice parameter is 

greater (0.54 nm) near the interface compared to that away from the interface (0.52 nm, 

which is comparable to the c parameter value of bulk ZnO), indicating that the wetting 

layer is strained near the substrate and starts to relax homogeneously along c-axis as the 

thickness increases (as shown in the Inverse Fast Fourier Transform (IFFT) (Figure 5-3b). 

However, no strain is observed along the a-axis, as we find that the value of a parameter 

(0.325 nm) is similar to that of bulk ZnO, as shown in Figure 5-3a and 3c. Interestingly, 

although c parameter reaches the ZnO bulk value in a critical thickness, no threading 

dislocations are observed along c- and a-axis near the substrate interface. 
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Figure 5-3 (a) HRTEM image of a vertical cross-section near the interface between 

substrate and wetting layers. The inset shows the FFT. IFFT (after the masking process by 

the Digital Micrograph software), (b) from (0002) spots, and (c) from (11-20) spots in the 

inset of (a) (The red line indicates the interface location). 

We investigate chemical compositions near the interface to identify the origin of 

this uniform strain behavior as the thickness of the wetting layer increases. EDS maps of 

Gd, Zn and Al near the interface are shown in Figure 5-4, which confirms that our method 

enables the formation of an in situ Gd interfacial nanolayer with a uniform ultra-thin 

thickness of ~1 nm during deposition.  

Similarly, EELS in different positions near the interface confirms that Gd 

precipitates near substrate (Figure 5-5). Forming Gd nanolayer based on the self –

purification of ZnO. When impurity solubility is low, and required high energy to be 

incorporated into the materials, the impurities preferentially defuse to the surface or the 

interface of materials.109 As Gd concentration increases in the interface, the growth 

temperature can provide a sufficient energy to Gd atoms in the wetting layer to be diffused 

near the interface. 
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Figure 5-4. EDS maps of Gd-Lα (green), indicating a uniform interfacial Gd layer between 

the substrate and the ZnO (The green spots shown in the substrate and films are just noise, 

as signal to noise ratio is extremely low and EDS technique is not sufficiently sensitive to 

detect such low composition), Zn-Kα (blue), and Al-Kα (red) near the interface 

 

Figure 5-5. TEM cross section in the interface between the substrate (a-Al2O3) and Gd 

doped ZnO wetting layer. EELS in different position P1, P2, P3 near the interface between 

substrate and ZnO, indicating Gd concentration decreases above the interface.  
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We believe that this in situ Gd nanolayer acts as a uniform catalyst layer as Gd is 

metal that assists in forming of Gd-doped ZnO wetting layers with homogenous thickness 

(Figure 5-6) and, therefore, uniform nucleation sites, leading to such ZnO NRs. This 

explains the absence of NRs in undoped ZnO samples grown on either a- or c-Al2O3 

substrates. 

 

Figure 5-6. TEM image of Gd-doped ZnO wetting layers with homogenous thickness 

(~50nm). 

To investigate the effect of this Gd nanolayer on the strain relaxation mechanism 

as the thickness of the wetting layer increases and in turn formation of the vertical NRs. 

Therefore, we study the HRTEM near the interface between the wetting layer and the NR 

(Figure 5-7a). FFT images (Figures 5-7b-d) confirm that both the wetting layer and the NR 

are single crystals with growth along [0001]. Edge dislocations (denoted by the symbol 

“T” in Figures 5-7e-j are observed near the interface between the wetting layer and NR 
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along both c- and a-axis. We find that the density of dislocations along the c-axis (Figures 

5-7e g is greater than that along the a-axis (Figures 5-7h j). 

 

Figure 5-7. (a) TEM image near the interface between wetting layers and NR. (b) FFT 

image from the blue-boxed region in (a), and corresponding IFFT from (e) the (0002) spots 

and (h) the (11-20) spots in (b). (c) FFT image from the white-boxed region in (a), and 

corresponding IFFT from (f) the (0002) spots and (i) the (11-20) spots in (c). (d) FFT image 

from the red-boxed region in (a), and corresponding IFFT from (g) the (0002) spots and (j) 

the (11-20) spots in (d). (The red line indicates the interface location) 

. Moreover, as the relaxation increases with the wetting layer thickness, the 

dislocation density near the interface between the NR and the wetting layer increases 

(Figures 5-7e and h), which can be due to a complete strain relaxation.110 However, this 

density decreases in (Figures 5-7f and i) and above the interface (Figures 5-7g and j). 

Remarkably, Figures 5-7f and 5-7i indicate a rapid reduction in the dislocation density in 

the interface (see the area circled with yellow in Figure 5-8) and increases again slightly 
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above the interface in the bottom of the NR. This relaxation mechanism leads to SK 

nucleation process, which stimulates the growth of homogeneous vertical ZnO NRs with 

well-defined morphologies. Therefore, at a specific P(O2), we assume that the formation 

of a uniform in situ Gd nanolayer assists in creating a wetting layer with a homogenous 

relaxation mechanism to form homogenous ZnO nucleation for vertical orientated NRs 

 

Figure 5-8. (a) TEM image near the interface between wetting layers and NR. Inset (a) is 

the corresponding FFT pattern of all area, inverse FFT image from (b) the (11-20) spots in 

FFT pattern in (a), (c) the (0002) spots in FFT pattern in (a). Edge dislocation distribution 

is shown by red circles in (b) and (c). Inset (c) is magnified edge dislocation. The 

dislocations disappear in the most interface area (circled by yellow line), then the density 

increases slightly above the interface. 

The nucleation is strongly influenced by the surface energy of the free substrate 

(γs), the interface between the substrate and the wetting layers; in this case, the Gd 

nanolayer (γi), and the nucleation facet plane (γn) correspond to the minimum surface 

energy.64 In SK case, the surface energy of the substrate exceeds the combination of both 

surface energy of interfacial wetting layers and nucleations.64 
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𝛾𝑠 > 𝛾𝑖 + 𝛾𝑛 ,          5-3 

 The same mechanism is employed to explain the absence of Gd doped ZnO NRs 

on c-Al2O3. More specifically, no vertical and well defined NRs are observed on the sample 

deposited on the c-Al2O3 (Figure 5-2a) due to a decrease in γs, as the relative surface 

energies of (11-20) a-Al2O3 and (0001) c-Al2O3 were estimated to be γ(11-20) = 1.12 γ(0001).
111 

Therefore, the a-Al2O3 substrate surface energy and the uniform interfacial Gd nanolayer 

doping can play a significant role in the growth of high quality vertically aligned hexagonal 

ZnO NRs. When the mechanism explained above is adopted, it ensures reproducible 

results. 

 We can summarize the mechanism of our catalyst-free aligned ZnO NRs, as shown 

in Figure 5-9. The laser beam was focused on a ZnO target doped with Gd to evaporate Zn, 

O, and Gd atoms. In this arrangement, the P(O2) controls the number of collisions between 

oxygen molecules and those of the ablated species (Figure 5-9 step-I). Figure 5-9 step-II 

shows that the ablated species condense on the above substrate as a wetting layer, forming 

homogenous in situ Gd nanolayer in the interface near the substrate, due to Gd diffusion. 

The strain of the witting layer above Gd nanolayer increases with thickness. When the 

strain of the wetting layer exceeds a critical point, SK nucleation will be formed, decreasing 

the total strain energy (Figure 5-9 step-III). SK nucleation is a favorable site for NRs 

growth. Our method demonstrated that homogeneous vertical NRs can be grown along the 

c direction (step-IV) on a transparent in situ Gd layer without the need for a prefabricated 

textured or metal catalyst layer.19, 101 Moreover, the transparency of samples is not affected 
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by Gd in situ nanolayer, as shown in the photographic image of the 200 mTorr sample (The 

inset of Figure 5-9), indicating its potential use in optoelectronic devices.  

 

 

Figure 5-9. Schematic diagram represents the growth mechanism of NRs. The inset is a 

photographic image of the sample deposited at P(O2) = 200 mTorr (with the highest 

density of NRs). 

In other catalyst-free method that have been previously employed for PLD growth, 

NRs were produced using customized high gaseous pressure (several Torr) chamber or 

prefabricated textured layer.59, 62, 101 High gaseous pressure used during deposition to 

reduce the kinetic energy of ablated species due to collisions with gas molecules, which 

leads to the condensation of ablated species and form nanoparticles that act as nucleation 

sites.59, 103, 112 

 

  Electrical Characterization of NRs 

The sample deposited at P(O2) = 200 mTorr was selected for further study 

due to its high NR density. This high density allowed us to obtain Ohmic contacts 
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with the NRs after setting them horizontally, as shown in the SEM image (given in 

the inset of Figure 5-10a, on the a-Al2O3 substrate to provide a more accurate 

estimation of the conductivity and mobility (the scheme in Figure 5-10a). Sun et 

al.113 used the same approach to design a field-effect transistor based on NRs. 

Therefore, our aim was to measure the overall mobility for applications in various 

devices. We measured the Hall voltage to estimate the carrier density from the Hall 

resistance (R). Figure 5-10b shows R as a function of the applied magnetic field (B) 

obtained at different temperatures (T = 10-300 K). R decreases with increasing B, 

indicating n-type conduction. 

The electron concentration (ne) is calculated from dR/dB by taking into 

account the NR geometry. Figure 5-10c shows the temperature dependence of the 

conductivity (e), electron mobility (µe), and ne. The observed variation of e with 

temperature indicates semiconducting behavior. ne varies from ~ 1-3 × 1019 cm-3 

with temperature (T). At RT, the e and µe values for these NRs are high compared 

to  the previous literature for n-type ZnO NRs,65, 114-115 and are estimated to be 855 

S/cm and 177 cm2 (V.s)-1, respectively. The observed high mobility and conductivity 

can be due to the high crystalline quality of the NRs and the Gd incorporation.  
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Figure 5-10.(a) Schematic drawing of the Hall measurement contact for a NR sample 

grown on a-Al2O3 and the corresponding SEM image. (b) Hall measurements at different 

temperatures and (c) the mobility, carrier concentration and conductivity in the NRs as a 

function of temperature.  

 

  Optical Characterization of ZnO NRs 

Figure 5-11 shows the low temperature PL (6.5 K) of Gd-ZnO films and NRs 

prepared at P(O2) = 15, 25, 50, 100, and 200 mTorr. The ZnO NRs grown at 200 mTorr 

show strong and sharp UV near-band-edge (NBE) luminescence caused by the neutral 

donor-bound exciton (DX) line at 369.16 nm (3.36 eV), with a narrow FWHM of 7.9 

meV. The PL band observed at 3.33 eV is due to donor-to-acceptor (DAP) pair 

transitions.116 No deep level (DL)-related defects is observed, indicating high optical 

quality. In particular, the optical efficiency of ZnO is not reduced by Gd incorporation, as 

the first excitation level of  4f in Gd3+ ion is above the band gap.53 Therefore, no efficient 

energy can be transferred from electron-hole recombination in ZnO to 4f levels, and 

therefore, no reduction in bandage emission occurs due to energy transfer.53 
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Figure 5-11. PL spectra of ZnO NRs deposited at P(O2) =15, 25, 50, 100 and 200 mTorr. 

The RT absorption measurements were carried out for ZnO NRs grown at P(O2) = 

200 mTorr (since this sample exhibits PL dominated by NRs emission) as shown in Figure 

5-12. It can be observed that the ZnO NRs band gap is red shifted (~3.22 eV), compared 

to bulk ZnO (3.37 eV at RT),117 may be due to tensile stress. The absorption spectrum 

exhibits step-like character, indicating high crystal quality. A slight tail shown in 

absorption spectrum might be due to edge dislocations or inhomogeneous strain in the 

wetting layers.118 



82 

 

 

Figure 5-12. Absorption spectrum of ZnO NRs deposited at P(O2) =200 mTorr. 

CL maps taken in the same area as secondary electron (SE) images are shown in 

Figure 5-13 at RT, which allow us to investigate the nanoscale luminescence properties of 

a single NR. The CL spectrum can be collected at each point in the map; therefore, the peak 

fitting allows for an analysis of the spectral parameters, such as the peak energy, width and 

emission intensity.119 The RT-CL map reveals that the NBE peak position of NRs has a 

slight redshift (~3.265eV)  as shown in Figure 5-13a compared to that of the bulk ZnO film 

(3.29 eV),120 which is in good agreement with the absorption measurements. 
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Figure 5-13. RT-CL hyperspectral maps (11 µm) of NRs deposited at 50 mTorr. CL map 

of (a) the spectral maximum energy (the top left inset presents the corresponding SE 

images), (b) the NBE emission intensity and (c) the FWHM of the NBE peak. 

The peak intensity map (Figure 5-13b) and FWHM map (Figure 5-13c) demonstrate 

that the NBE peak of the NRs has a high intensity and a narrow width. In addition, no 

defect band is observed from RT-CL spectrum of a single NR (Figure 5-14), demonstrating 

a high crystalline quality of the NRs., which agrees with low temperature PL.  

 

Figure 5-14. CL spectrum of ZnO NRs (deposited at P(O2) = 200 mTorr) at RT shows 

sharp NBE with no defect band, indicating high crystal quality. 



84 

 

The advantage of this method is that it allows for deposition of the metal oxide onto 

a transparent substrate at a suitable temperature based on the surface energy law using RE 

nanolyer. Although a pre-fabricated seed layer was not used in this work, the resulting NRs 

were well controlled with good structural, electrical, and optical properties. Therefore, the 

high electrical and optical quality of These NRS confirm their potential for optoelectronic, 

photovoltaic and electronic devices. 

 

  Summary  

To the best of our knowledge, we have developed a novel one-step method that 

demonstrates significant improvements in the formation of homogeneous, ideal, well-

ordered vertical NRs on a transparent, conductive, uniform nanolayer without using a pre-

fabricated template. The strain relaxation mechanism shows that the dislocation 

distribution varies as the thickness of the ZnO wetting layer increases and dislocation 

density declines rapidly in the interface between the ZnO wetting layer and the NRs. This 

high optical and electrical quality NR structure shows improvement for a wide range of 

electronic and optoelectronic properties. The mobility observed in the ZnO NRs is 

comparable with previous reports. We confirm that the lattice-matched a-Al2O3 substrates 

and the Gd dopants assist in the in situ formation of a uniform Gd interfacial nanolayer, 

which controls the homogeneity of the ZnO NR structure. This method can be generalized 

for different oxide materials and for optoelectronic and electronic devices.   
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Chapter 6: High Quality ZnO NTs 

  Introduction 

ZnO has potential for several semiconductor p-n junction electronic and 

optoelectronic devices.23, 121-122 In addition, It possess a piezoelectric property,26 and 

ferromagnetic properties with potential for spintronic devices.123-124 Furthermore, ZnO is 

very ecumenical materials compared to similar wide and direct semiconductor with a 

similar lattice match and crystal structure such GaN. Therefore, the superior properties of 

ZnO that led to significant interest from researchers, can produce potential high 

performance inexpensive optoelectronic devices such as practical high efficiency ultra-

violate (UV) light emitting diodes,125-126 laser diodes,127-128 and photodetectors.129-130 

However, there is still a significant challenge to achieve reproducible stable p-type ZnO 

for commercial applications due to several reasons such as deep acceptor levels, low 

solubility of the dopants, and the self-compensation process, 1, 76, 131-133 which is a request 

for optoelectronic devices. Therefore, several efforts enacted to achieve high performance 

p-n electronic and optoelectronic junction devices based on n-type ZnO grown on other p-

type substrate to overcome the p-type doped ZnO difficulty. Even very close lattice 

structure materials and expensive substrates such as p-SiC and p-GaN have not 

accomplished acceptable device performance for the growth of n-ZnO film on p-type 

semiconductor 134-137. Furthermore, the growth of high optical, structural and electronic 

quality ZnO nanostructures on other p-type substrate do not need a lattice matched p-type 

substrate for the growth,1 in contrast to thin film. The polar surface of ZnO is very stable 

and has been used to induce the formation of many different nanostructures (NS).10 NSs 

attracted attentions due to the higher aspect ratio and oxide has much better output 
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efficiency compared to other nanostructures. Particularly, ZnO NT structures have 

attracted significant attention from both researchers and practitioners due to their higher 

aspect ratio and the fact that oxides have much better output efficiencies compared to other 

NSs. Controlling the growth conditions to provide NSs remains a challenge.  

In this chapter, we were successful to produce ZnO NTs on conductive Si (001) 

substrate by PLD, which has never been accomplished before according to our knowledge. 

 

  Synthesis of ZnO NTs 

NRs and NTs formation occurs initially though material nucleation as a result of 

the initial textured layer that is formed on the Si substrates during deposition due to the 

high lattice mismatch between Si and ZnO.138 Depending on the surface energy of the 

layers, this gives rise to SK nucleation, followed by NR and NT growth on p-Si using one-

step method.139-140 In this work, Deposition using Gd doped ZnO target on highly 

conductive Si (100) p-type substrate with very low resistivity (0,001-0.005 -cm) substrate 

has been carried out. The substrate was mounted at a large distance (~9 cm) vertically 

above the target, and the vacuum chamber was pumped to 10-6 Torr before target ablation. 

Next, the growth temperature was set to 650 C, and the laser beam was focused the laser 

beam on the target surface with a different beam fluence. Figure 6.1a shows a dense 

inhomogeneous NRs using laser fluence of 2.8 J/cm2. The density of the NRs decrease 

under lower laser fluence of 1.6 J/cm2. We expect the inhomogeneity of NRs due to the 

high lattice mismatch and the doping of Gd which is precipitated in the interface layer on 

p-Si substrate leading to inhomogeneous and random nucleation.  
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Figure 6-1. Sample deposited on p-Si substrate using Gd doped ZnO target under different 

laser fluences at P (O2) = 100 mTorr. (a) 2.8 J cm-2; (b) 1.6 J cm-2. 

For comparison, we carried out other deposition on undoped ZnO target using same 

condition for both deposition. In this case, we investigated the effect of laser fluence by 

depositing samples by laser fluence ranging from 1.6 to 6.2 J cm-2 and 30,000 pulses. 

Figure 6-2 shows SEM images of samples deposited at different fluence conditions. 

Samples deposited using high laser fluence (in the 4−6.2 J cm-2 range) exhibit dense, film-

like ZnO NRs, the size of which decreases with the decrease in laser fluence (Figure 6-2a-

c). When the laser fluence decreases to 3.6 J cm-2 (Figure 6-2d), NT formation commences. 

Figure 6-2e shows that 2.8 J cm-2 is the optimal fluence for obtaining high NT density, as 

further decreasing the fluence to 1.6 J cm-2 results in a decline in ZnO NT density (Figure 

6-2f). We observed that NT formation requires slightly lower energy, as shown in Figure 

6-2.  
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Figure 6-2. ZnO NTs grown on p-Si under different laser fluences at P(O2) = 100 mTorr. 

(a) 6.2 J cm-2; (b) 4.4 J cm-2; (c) 4.0 J cm-2; (d) 3.6 J cm-2; (e) 2.8 J cm-2; (f) 1.6 J cm-2. 

We also studied the effect of number of pulses by increasing the number of pulses 

from 30,000 to 40,000 at the laser fluence of 2.8 J cm-2 to optimize the NT quality (Figure 

6-3). We found that the optimal NT structure was achieved at 2.8 J cm-2 laser fluence and 

40,000 pulses at a growth temperature of 650 C and 100 mTorr pressure. Figure 6-3 shows 

optimized ZnO NTs with well-shaped hollowing that is on average ~ 650 nm long with a 

wall thickness (d) of ~10−25 nm and an external radius (r) of 90−110 nm (including the 

hollowing). In this case, the ratio of the wall thickness to the outer radius (d/r) is smaller 

than (3/8)1/2. At this ratio, light is confined via total internal reflection at the interface 

between the external and internal surface of the tube.141-142 This internal reflection can 

improve PD responsivity.143 
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Figure 6-3. ZnO NTs grown by increasing the number of pulses (40,000 pulses) with laser 

fluence of 2.8 J cm-2 (a) top view; the inset is a zoomed image of a hollow NT; (b) cross 

section; (c) 45˚ tilted. 

 

 Structural Characterization of NTs 

HR-TEM images of a cross-section taken parallel to the [0001] c-axis near the 

interface between a ZnO NT and the p-Si substrate as shown in Figure 6-4 confirm that the 

hollowing starts from the bottom of the NT near the interface, resulting in increased light 

absorption.  

 

Figure 6-4. HR-TEM of a cross section of ZnO NTs near the interface, indicating that the 

hollowing emerged from the interface. 
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The SEM and HR-TEM results also reveal a significant surface-to-volume ratio, 

which ensures that a highly active area is exposed to light to produce sufficient photo-

induced carrier density. 

Figure 6-5 shows x-ray diffraction (XRD) measurements that reveal the high-

quality crystalline structure of the n-ZnO NTs. A sharp and intense peak (at 2 = 32.94 

with a small FWHM of 0.011) and a minor peak (at 2 = 34.42 with a FWHM of 0.213) 

correspond to the (100) and (002) ZnO planes, respectively. The ZnO NT lattice constants 

were calculated using Bragg’s law, whereby the spacing between the planes in hexagonal 

structures is given by Miller indices h, k and l.66 The a and c lattice parameters are 

calculated as a = 3.14 Å and c = 5.20 Å. 

 

Figure 6-5. XRD pattern of ZnO NTs grown on Si substrate. 

 

  Optical Characterization of ZnO NTs 

The optical properties of ZnO NTs were studied. Low-temperature (6 K) and RTPL 

spectra reveal strong and sharp bandgap peaks at 3.36 and 3.27 eV, respectively, with a 
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very weak defect band in the visible region (Figure 6-6), confirming the high quality of 

the ZnO NT structures.144 

We studied the temperature-dependent PL and TRPL to investigate the confinement 

behavior of the NTs. Figure 6-6b shows the temperature-dependent PL of ZnO NTs. As 

the temperature increases, the near-band-edge (NBE) emission shows a redshift. The 

dependence of the NBE exciton peak energy on temperature is determined by Varshni’s 

formula145 and indicates that NBE is dominated by free excitons; similar behavior was 

observed in 1D confinement in ZnO quantum wells.146  

Figure 6-6. (a) PL of ZnO NTs at 6 K and RT, (b) PL temperature dependence between 

6K and RT. The inset shows photon energy as a function of temperature. 

In order to reveal the confinement behavior of the ZnO NTs, we studied 

temperature-dependent TRPL to investigate the carrier dynamics as shown in Figure 6-7.  

Wavelength (nm) 

In
te

n
s
it
y
 (

a
.u

) 

In
te

n
s
it
y
 (

a
.u

) 



92 

 

 

Figure 6-7. TRPL temperature dependence between 4K and RT. 

Figure 6-8 shows the TRPL spectra of ZnO NT samples at 4 K and RT. The TRPL decay 

lifetime of the sample followed a non-exponential trend in all temperature ranges. The 

TRPL spectra were fitted, with excellent convergence, using the following bi-exponential 

decay model:147 

        6-1 

where A1 and A2 are the relative initial intensities of the fast and slow decay components, 

respectively, τ1 and τ2 are the fast and slow lifetimes, respectively, and It is the time-

dependent intensity of the photoemission from the sample. As τ1 and τ2 at 4 K (RT) were 

10 ps and 35 ps (8 ps and 25 ps), respectively, our results are in good agreement with the 

previously reported values for ZnO nanostructures.148-149 The non-exponential decay of 

nanostructures has been extensively discussed in pertinent literature.144, 149-150 Fast decay, 

τ1, has been attributed to the effects of surface recombination states when the surface-to-

volume ratio is high, whereas slow decay, τ2, has been ascribed to the bulk-like states in 

𝐼𝑡 = 𝐴1𝑒
−

𝑡

𝜏1 + 𝐴2𝑒
−

𝑡

𝜏2    
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the thicknesses of NT walls,149 leading to multiexcitation centers. Figure 6-8 shows PL 

lifetimes as a function of temperature and reveals the carrier confinement behavior of the 

NTs. We extracted the radiative (τrad) and nonradiative (τnr) lifetimes using the following 

expressions:151 

        6-2 

and 

       6-3 

where τPL(T) is the PL lifetime of the NTs at any given temperature and th(T) is the ratio 

between the PL intensity at any given temperature and at 4 K. The validity of this method 

is based on the assumption that internal quantum efficiency is at its maximum at 4 K.151 

We observed that the radiative lifetime seems to increase in an approximately linear fashion 

as the temperature increases; that is, τrad  T, which is a signature of 1D-like confinement 

of carriers( Figure 6-9).152-153 The three-dimensional (3D) behavior exhibited by bulk 

materials (represented by the dotted line in Figure 6-9) diverges significantly from the 

experimentally observed dependence of the radiative lifetime on temperature. As the NT 

wall thickness (10–25 nm) is greater than the Bohr diameter (2aB), 1D-like confinement 

can be ascribed to the quantum-confined Stark effect (QCSE) induced by both spontaneous 

and piezoelectric polarizations in wurtzite ZnO.154  

 

𝜏𝑟𝑎𝑑 (𝑇) = 𝜏𝑃𝐿(𝑇)/𝜂𝑡ℎ (𝑇)  

𝜏𝑛𝑟 (𝑇) = 𝜏𝑃𝐿(𝑇)/(1 − 𝜂𝑡ℎ (𝑇)) 
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Figure 6-8. TRPL of a ZnO NT sample measured at RT (black squares) and 4 K (red 

triangles) with a double exponential decay fit (blue and magenta lines). 

 

Figure 6-9. Temperature dependence of radiative and non-radiative recombination 

lifetimes taken from the sample. The dotted line represents the bulk (3D) behavior. 

 

  Summary 

We successfully fabricated n-type ZnO NTs of high structural and optical quality 

on p-type Si (001) substrate by PLD, which has, according to our knowledge, never been 
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accomplished before. The SEM image shows hexagonal vertical ZnO NT array (grown 

along c-axis) of average ~ 650 nm length and wall thickness of ~ 10-25 nm, obtained at 

100 mTorr pressure and 650 oC growth temperature. HR-TEM confirms that the hollow of 

the NT starts from the bottom of the NT near the interface. The SEM and HR-TEM results 

reveal a significant surface-to-volume ratio, which ensures that a highly active area is 

exposed to light to produce sufficient photo-induced carrier density for Photodetectors 

(PDs) applications 

RT PL measurements show a strong and sharp bandedge peak at 3.36 eV with a 

very weak defect band, indicating high optical quality. The weak defect band indicates that 

the density of the trap states in the bandgap introduced by defects is low, resulting in a 

significant improvement in the photocurrent that rapidly reaches a steady state, as will be 

shown later. This phenomenon leads to substantial UV PD responsivity.155-157 

The radiative carrier lifetime increases linearly with temperature, allowing us to 

conclude that we accomplished one-dimensional exciton confinement. Therefore, the 

reduction in the dimensionality of the thickness of NT walls decreases the photo-induced 

carrier transit time, which can result in improving responsivity of UV PDs.157-158  
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Chapter 7: A Photodetector Based on p-Si/n-ZnO NTs Heterojunction  

  Introduction 

RT UV PDs have applications in astronomy, chemical and biological detection, 

optical communications, flame sensing, and national defense.159 However, obtaining high 

responsivity and stability in the UV range of the spectrum that is comparable to that in the 

visible and infrared ranges remains a challenge. Commercially available Si-based PDs have 

low UV responsivity due to several limitations, such as the indirect and small bandgap 

energy of Si (1.1 eV), the effect of temperature variations on PD characteristics, and the 

need for high-pass optical filters and phosphors to stop low-energy photons.160-161 

Therefore, the performance of UV PDs based on Si can be reduced due to the low efficiency 

and greater dark currents of Si. Consequently, the development of UV PDs using wide-

bandgap semiconductors (ZnO, for example) would overcome these limitations. Wurtzite 

ZnO is an ideal room-temperature UV PD158, 162-163 due to its wide and direct bandgap (3.3 

eV at RT), high exciton binding energy (60 meV), environmentally friendly properties, and 

chemical and thermal stability.2, 26 Furthermore, ZnO has unique electric and 

piezophototronic properties that can be exploited in PD technologies.24, 121, 162-163 The high 

stability of ZnO’s polar surface has been used to induce the formation of many 

nanostructures using different techniques.10 Therefore, significant efforts have been 

devoted to the development of ZnO-based UV PDs.129-130, 164-165 ZnO-based p-n 

heterojunctions have the advantage of low applied fields and no oxygen dependency 

compared to ZnO-based Schottky contact UV detectors, which require a high applied field 

and rely on the oxygen adsorption/desorption process.166 Wang and coworkers achieved 

ultrafast UV photoresponse in p-Si/n-ZnO, which is compatible to Si-based PDs.165 
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However, the UV responsivity of presently available ZnO-based p-n devices currently 

remains low.166-173 Enhancing the responsivity of UV PDs to the level comparable to that 

of visible-light PDs is thus needed before inexpensive and commercially viable UV PD 

devices can be fabricated.  

In this chapter, we show a high-performance p-Si/n-ZnO NT heterojunction device 

with UV responsivity. We fabricate 1D ZnO NTs on p-type silicon (p-Si) heterojunction 

with superior responsivity and high quantum efficiency. Our PD is based on 1D 

nanostructured materials that usually exhibit high responsivity and quantum efficiency due 

to their large surface-to-volume ratio.155, 174-175 These 1D devices showed significant carrier 

transport owing to discontinuous interfaces, low grain boundary densities, and limited two-

dimensional (2D) charge transport.158, 176-177 

 

  ZnO-Based Nanostructured Photodetectors 

ZnO nanostructures have unique advantages with high surface to volume ratio, 

chemical stability, and high conductivity. Therefore, ZnO has been widely developed for 

UV-light detection with a high responsivity. The conductivity of ZnO is tremendously 

sensitive to UV illumination. The photoconduction mechanism in a nanowire is shown in 

Figure 7-1. When the nanowire is illuminated with photon energy above the material band 

gap (Eg), electron-hole pairs are generated and holes are trapped at the surface. Under an 

applied electric field, the unpaired electrons are collected at the anode, which leads to the 

increase in conductivity with the decrease in the width of depletion layer (Figure 7-1a). In 

the dark, free electrons from the surface can be trapped by oxygens molecules to form 
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adsorbed surface state (Figure 7-1b), and a low-conductivity depletion layer is formed near 

the surface. 

𝑂2 + 𝑒− → 𝑂2
−(𝑎𝑑)         7-1 

Under illumination, electron-hole pairs are generated, holes are captured in the 

surface and discharge the negatively charged adsorbed oxygen ions to produce oxygen 

molecules, which desorbs from the surface (Figure 7-1c). 

ℎ+ + 𝑂2
−(𝑎𝑑𝑠) → 𝑂2         7-2 

 

Figure 7-1. Photoconduction mechanism in NW photodetectors (a) Schematic of a NW 

photoconductor under illumination; (b) shows the schematic of the energy band diagrams 

of a NW in dark; (c) Under UV illumination, photogenerated holes transferred to the 

surface and trapped, leaving behind unpaired electrons in the NW that contribute to the 

photocurrent.[represented from ref 158] 
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Then, oxygen gets re-adsorbed on the surface until equilibrium is restored. This re-

adsorption process is a slow and significantly increases the relaxation time for the PDs[23-

27]. This slow transient can be expressed by an exponential function as [22]  

𝐼(𝑡) = 𝐼𝑑 + (𝐼𝑝 − 𝐼𝑑)𝑒−
𝑡

𝜏       7-3 

Where I (t) is the transient current, Id is the dark current, Ip is the photocurrent under 

UV illumination, t is the time after turning off UV light, and ( ) is the decay time constant. 

 

 Charge Transport Mechanism of p-Si/n-ZnO Heterojunctions 

A p-n heterojunctions photodiode have the advantages of fast responding speed, 

low dark current, and working with low applied bias. 166 Due to the lack of stable and 

controllable p-type ZnO, in most cases, heterojunctions were used to fabricate ZnO-based 

UV photodetectors with a different p-type semiconductor. The commercial silicon have 

been received much attention for ZnO-based p-n junction UV photodetectors because of 

their low cost and widely used integrated circuit technology. In the past few years, n-

ZnO/p-Si photodiodes have been fabricated by several groups.165, 167, 170, 172 

 To explain the charge transport mechanism, it is necessary to understand the energy 

band diagram of the junction given in Figure 7-2. The values of band gap and electron 

affinity are 3.36 eV, 4.35 eV for ZnO and 1.12 eV, 4.05 eV for Si.178 The model shows a 

small conduction band offset (0.3 eV) and a large valence band offset (2.54 eV). 
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Figure 7-2. The energy-band diagrams and charge transport of n-ZnO- p-Si 

heterojunctions under reverse bias in light illumination. 

The mechanism for ZnO/p-Si detection of UV light can be presented in following 

way: under UV illumination, the UV photons are absorbed in the ZnO layer and the 

photogenerated electrons and holes are drifted towards the positive and negative electrodes, 

respectively, through the depleted ZnO region under reverse bias (Figure 7-2). Thus, the 

collection of photocurrent increases more than dark current. On the other hand, visible light 

can be transmitted through the n-ZnO and absorbed in the depletion region of p-Si, 

generating photocurrent electrons and holes which are moved to Zno and Si regions under 

reverse bias, respectively. However, due to a limited penetration depth of the light in the 

p-Si region, the carrier generation normally occurs near the surface, significant surface 

scattering and recombination decrease the carrier lifetime.170, 179-180  
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The n-ZnO/p-Si PDs could detect UV photons in the depleted n-ZnO and 

simultaneously detect visible photons in the depleted p-Si. However, the n-ZnO/p-Si PDs 

retain an obvious photoresponse to visible light, although the UV photoresponse is 

increased due to ZnO, which would limit its direct application in UV detection under a 

visible light background.133  

In our chapter, our PDs demonstrate high UV responsivity, with an almost blind 

response to visible light. This behavior indicates that ZnO NTs grown on p-Si substrates 

can be used as UV PD with visible blind responses. 

 

  Fabrication of p-Si/n-ZnO NTs Photodetector 

In this chapter, we used the high quality ZnO NTs grown on p-Si in Chapter 6 to 

fabricate the PD device. We deposited silver as a bottom electrode, and 150 nm indium-tin 

oxide ITO contact serving as a top electrode was deposited using a shadow mask (Figure 

7-3) by radio frequency magnetron sputtering during in-situ thermal annealing at 150 ˚C 

(To increase the ITO transparency and avoid high resistivity), using argon plasma at 

constant current of 0.15 A for 85 min, and a working pressure of 4 mTorr. 

 

Figure 7-3. The microscope image of ITO electrode deposited using sputtering. 
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Figure 7-4a presents a schematic diagram of the vertically injected p-Si/n-ZnO NT-

based PD. Relevant energy levels of the materials used in this device structure are shown 

in Figure 7-4b. The valence band (VB) and conduction band (CB) of Si are −5.17 and −4.05 

eV, respectively, while the VB and CB of ZnO are −7.71 and −4.35 eV, respectively.165, 181 

Upon 365-nm UV illumination, photo-induced carriers are generated in ZnO NTs. The 

energy band alignment of the device ensures that electrons are injected from the 

photosensitive ZnO NTs and are collected by the ITO electrode, while the VB holes reach 

the Ag electrode through the p-Si substrate.  

 

Figure 7-4. (a) A schematic illustration of the structure of our p-Si/ n-ZnO NTs UV PD; 

(b) an energy band diagram of our PD. 

 

  Photoresponse Properties of p-Si/n-ZnO NTs p-n Heterojunctions 

We measured the I–V characteristics of our p-Si/n-ZnO NT-based PD under 365-

nm illumination at different power densities (1−100 mW cm-2) as shown in Figure 7-5, 
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revealing high UV photoresponse at the reverse-bias voltage of 2 V. At −2 V bias voltage, 

the output current increases from 7.19 (dark) to 176.06 μA at a power density of 1 mW cm-

2. We observe rectifying behavior in the dark, which is a p-n junction characteristic. 

However, under illumination, electrons and holes generated in the depletion region of the 

p-Si/n-ZnO NT heterojunctions drift in opposite directions in the presence of an electric 

field operating under a reverse bias, leading to the collection of more photocurrent than 

dark current and the disappearance of the rectification characteristics of the device. Such 

behavior has been observed in p-n PDs.156, 169-170, 172, 182-183 A reverse bias is thus 

advantageous for PDs because it increases the depletion width, while decreasing the photo-

induced carrier transit time and the carrier loss.169 Under a forward bias, photoresponse to 

UV light is also possible.  

 

Figure 7-5. I–V characteristics of our p-Si/n-ZnO PD under dark and 365-nm illumination 

conditions with different power densities 
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The responsivity of our device was examined using the 1 mW cm-2 and 365-nm UV 

source under ±2V bias. Figure 7-6 shows the device photoresponse response obtained by 

switching the light source on and off six times in order to test its repeatability in the UV 

region under a forward- and reverse-bias of 2 V. As shown in Figure 7-6, the photocurrent 

was consistent and repeatable under both reverse (red curve) and forward (black curve) 

bias.  

 

Figure 7-6. The switching behavior of photoresponse under 365-nm UV illumination of 1 

mW cm-2 and bias voltage of ±2 V 

The curve in Figure 7-7 shows the photoresponse time pertaining to a reverse bias 

of 2 V when the PD was operated under UV illumination (a power density of 1 mW cm-2). 

Here, to determine the changes in the photoresponse time during the rise and decay, we 

fitted the data using various functions, whereby the best fit was achieved with a double-

exponential function.158, 184 This behavior is prevalent and characterizes many materials, 
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including ZnO NR/nanowire (NW)-based UV photodetectors 158, 184-185 due to the presence 

of the defect traps, which delays charge carrier evacuation. 186-187 Based on the fitting 

functions and parameters (blue curve), The time constants for the photocurrent rise r1 and 

r2 and decay d1 and d2 are estimated at 0.44 s, 3.19 s, 0.559 s, and 7.18 s, respectively. 

This indicates a rapid rise, followed by a slow rise and a rapid decay, followed by a slow 

decay. We derived the weighted-average rise and fall times of our device at 0.44 s and 

0.599 s, respectively. A typical photoresponse and recovery time is observed compared to 

high performance PDs based on ZnO reported in previous work, as shown in Table 7-1. 

Table 7-1. Progress in the ZnO NTs-based PD and other high performance ZnO PDs. 

Structure Electrode Bias 

Voltage 

(V) 

Power of 

illumination 

Responsivity 

(A/W) 

Rise 

time 

(s) 

fall 

time 

(s) 

Ref 

p-Si/n-ZnO 

NWs 

Au/Ti/ITO -1 xenon lamp At 

480 nm 

0.01 - - 167 

p-Si/n-ZnO 

NWs 

Ti -20 25 µW at 365 

nm 

0.07 - - 169 

p-Si/n-ZnO Ti/Al -2 650 µW at 365 

nm 

0.34 - - 172 

p-Si/n-ZnO 

NRs 

Ag -4 150 W xenon 

lamp at 360 

nm 

0.38 11 14 170 

ZnO film 

(MSM) 

Au/Pt 3 15 mW/cm2 at 

325 nm 

24 A/W 1 45 173 

ZnO NWs 

(MSM) 

Au 10 

(5 ) 

0.5 mW/cm2 at 

370 nm 

40 

(1.2) 

0.67 1.02 168 

ZnO 

nanoparticles 

film (MSM) 

Au 120 1.06 mW/cm2 

at 370 nm. 

61 0.1 1 171 

p-Si/n-ZnO 

NTs 

ITO -5 

-3 

-2 

1 mW/cm2  at 

365 nm 

101.2 

40 

21.5 

0.44 0.599 This 

work 
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Figure 7-7. Rise and decay photoresponse time of PD fit  by  double-exponential functions 

under 365-nm illumination with intensity of 1 mW cm-2 and a bias of -2 V  

 

Figure 7-8. Photocurrent stability of a device measured under a bias of 2 V under 

continuous top illumination (air side) of 1 mW/cm2 after five months of storage in the 

ambient conditions with a relative humidity of 55%. 
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Constant photocurrent over 3600 s demonstrates the stability of the operational 

device after a storage time of 5 months (Figure 7-8).Visible blindness characteristics are 

crucial in UV PDs. Therefore, we demonstrate that the I−V measurements of our PD under 

white light show a very week response (Figure 7-9), confirming with visible blindness 

characteristics of our PD. 170, 179-180 This photodetector is suitable for UV detection with a 

visible light background. The result may be due to the interface layer between the p-Si and 

n-ZnO (ZnO layer) represents a high potential barrier that prevents the holes from crossing 

the interface layer. This barrier results in a low response for the visible light detection.179 

170 Thus, the visible photoresponsivity is mainly attributed to the transport of 

photogenerated electrons minority carriers in p-Si, which is very low in magnitude and due 

to the large depletion layer of NTs.170 

 

Figure 7-9. I–V characteristics of our p-Si/n-ZnO PD under dark and white light of 100 

mW illumination. 
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The responsivity (R) and detectivity (D*) are the most critical parameters 

determining PD performance. Previous reports indicated that R and specific D* are 

calculated based on the assumption that noise in the current is primarily dominated by shot 

noise.188-190 The photocurrent response of our PD leads very high R (in the AW-1 range), 

D* and external quantum efficiency (EQE). Specifically, under 365-nm UV illumination 

of 1 mW cm-2 and -2 V, R = 21.51 AW−1 is obtained in the UV region, corresponding to 

D* = 1.26×1012 cm Hz1/2 W-1 and EQE = 73.1×102 % with an effective area of ~0.79 mm2. 

R was calculated as R = ΔI/PS, where ΔI is the difference between the photocurrent and the 

dark current, P is the incident power density, and S is the effective area illuminated by the 

UV lamp (λ = 365 nm).189 Specific detectivity (D*) was calculated using the equation D* 

= R/(2eJdark)
1/2, where Jdark is the dark current density.189 External quantum efficiency 

(EQE) was calculated from the responsivity using the expression EQE = Rhc/eλ, where h 

is Plank’s constant, c is the speed of light, e is the electronic charge and λ is the incident 

light wavelength.189 When, the voltage bias increases to -5 V, the responsivity increases to 

101.2 AW-1 as shown in Figure 7-10. Thus, we achieved an R value that was greater than 

that of commercial UV Si-based PDs (mostly in the 0.1–0.2 AW−1 range, with effective 

areas of 0.8 mm2).159, 191 Table 7-1 provides a comparison of the responsivity, bias voltage, 

power density of illumination, and photoresponse time of ZnO NWs-based 

photoconductors reported in extant publications with those obtained in our work, indicating 

superiority of the responsivity of our ZnO/p-Si NTs.  
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Figure 7-10. The responsivity and detectivity under different bias voltage for a fixed 

illumination power of 365 nm illumination with 1 mWcm-2 

To confirm that this high responsivity is attributed to the NTs and not the 

nanostructures between the NTs, the I−V measurement of a ZnO layer without NTs grown 

on p-Si was carried out (Figure 7-11). No p-n characteristic is observed, and very low 

responsivity (0.48 AW-1) is obtained, indicating that the high responsivity of our PD is due 

to the NTs. As it is known that heterojunction properties are affected by the ZnO film 

thickness, (degrading the diode characteristics using non-optimized ZnO thickness), just a 

small degree of rectification (not completely ohmic) is shown in Figure 7-11. In fact, 

increasing ZnO film thickness increases the probability of minority carrier recombination, 

leading to an increase in the reverse current magnitude by suppressing resistance.192-196 
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Figure 7-11. (a) SEM images of the cross section of wetting layer without NTs with  150 

nm thickness, (b) The top view of wetting layer without NTs, (c) I-V measurement. 

Figure 7-12 shows that R decreased as the UV intensity increased, which is 

consistent with the observations made in previous studies.166, 174, 197-198 At relatively high 

intensities, the decrease in R is attributed to a manifestation of hole-trap saturation 158 and 

the shrinking of the depletion region.199 Therefore, R is defined as the ratio of the 

photocurrent (IPh) and the incident power received over the device effective area, given by 

the relation R = IPh/P.197 It can be clearly seen that, at a fixed bias voltage, the responsivity 

decreases with the increasing illumination power. In addition, for a fixed illumination 

power, the detector exhibits a higher responsivity at a greater bias voltage 
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Figure 7-12. Responsivity and detectivity under 365 nm illumination with different light 

intensities (1, 5, 10, 20, 100 mW cm-2) and a bias of -2 V 

 

 Discussion  

We demonstrate that the photodetecting performance was significantly increased in 

ZnO NT-based PDs. We ascribe this superior performance compared to those obtained in 

previous studies to several factors. First, the superior crystal quality of ZnO NTs with low 

defect densities, as shown by PL, leads to a remarkable reduction in the density of traps 

induced by defects in the bandgap and allows sufficient photo-induced carrier transport. 

Second, the large surface-to-volume ratio of ZnO NTs (as the hollowing emerges from the 

ZnO-Si interface) boosts the responsivity due to the surface states. This, in turn, enhances 

the density of trapped carriers (mainly holes), leading to an increase in the carrier lifetime 

accompanied by a reduction in the carrier transient time due to low dimensionality of the 

NTs compared to NWs.158 As most photons are absorbed at the surface before arriving at 

the internal surface of the NT,156, 178 the above-bandgap excitation (using UV light) leads 
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to induced the surface states. In addition, the oxygen adsorption/desorption process may 

occur in the surface state, leading to more generated carriers.158, 160, 200.Third, the nano-

dimensions of ZnO NTs allow 1D-like confinement, which is essential for enhancing 

absorption during illumination and reducing the temperature dependence of the devices, 

while also diminishing carrier scattering, thereby enhancing carrier transport. Fourth, as 

the d/r ratio is smaller than (3/8)1/2, it allows internal reflection 141-142 light to be trapped 

inside the active layer, resulting in a reduction in the transit time of the photo-induced 

carriers and consequently an increase in the responsivity.143 Therefore, the high-quality 

structure, with a large surface-to-volume ratio leads to a strong carrier transport process, 

which results in the superior responsivity of the NTs. In sum, the high responsivity and 

stability of the ZnO NT structures suggest that are impressive candidates for use in UV PD 

devices compared to nanowires. 

 

 Summary  

We demonstrated that our 1D p-Si/ZnO NT-based UV PD optimized to obtain high 

UV responsivity (fabricated by direct growth without a need for costly and complex 

fabrication processing). SEM and TEM confirmed the high quality of the vertical n-ZnO 

NTs (with well-defined hollowing) grown on p-Si. TRPL revealed that the radiative carrier 

lifetime is due to 1D-like carrier confinement. We fabricated p-Si/n-ZnO NT 

heterojunctions using a process that can potentially serve as a viable approach for 

enhancing the performance of UV PD devices due to high photo-induced carrier density, 

the high surface-to-volume ratio of the ZnO NTs and the extremely low density of defect 
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trapping states. These characteristics result in superior responsivity in the hundreds 

ampere-per-watt range (101.2 AW−1), as well as high external efficiency. Using this 

process, PDs based on both Si and ZnO can be produced at low cost for biological, 

environmental and industrial applications. In addition, the junction devices based on Si are 

compatible with the complementary metal-oxide-semiconductor (CMOS) technology.  
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Chapter 8: Conclusions and Future Direction 

 Conclusions 

In this dissertation, undoped and Gd-doped ZnO thin films, NR and NTs were 

prepared by PLD on a-sapphire, c-sapphire and Si substrates. First, it was necessary to 

understand the effect of Gd dopants and related defects on the optical and structural 

properties of ZnO. Therefore, the investigation started with studies amid to gaining the 

basic understanding of Gd dopants in ZnO thin film, before carrying out the nanostructure 

optimization. The findings revealed that Gd presence in ZnO decreases in samples grown 

in low oxygen pressure conditions. Structural characterizations of Gd-doped ZnO thin 

films indicated that the c lattice parameter decreases as the Gd concentration increases, 

which was attributed to the formation of Gd-VO and Gd-2VO complexes. Optical 

characterizations confirmed the presence of VO for samples grown or annealed under 

oxygen deficient conditions. These findings were important for improving the material 

growth and enhancing the performance of devices based on RE-doped ZnO  

The desired properties of Gd dopants in ZnO led us to optimize the PLD conditions 

to fabricate high-quality Gd-doped ZnO NRs for high-performance optoelectronics. 

Although, simultaneous and precise control of the density, height and vertical growth of 

well-defined hexagonal ZnO NRs is required to improve the performance of potential 

optoelectronic and electronic devices, controlling these parameters (the spacing between 

NRs with homogeneous dimensions, in particular,) remains a challenge. In this dissertation, 

this issue was overcome; for the first time, a novel, one-step, catalyst-free method has been 

demonstrated for the growth of vertical ZnO NR arrays with highly desirable 
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characteristics by PLD using a Gd-doped ZnO target. This study showed that an in situ, 

transparent and conductive Gd nanolayer (~ 1 nm) was formed during the deposition at the 

interface between a lattice-matched (11-20) a-sapphire substrate and ZnO. This nanolayer 

significantly improved the formation of homogeneous ZnO NRs. Therefore, the lattice 

orientation of the substrate and the Gd characteristics were important for enhancing the NR 

growth, while the oxygen partial pressure could be changed for controlling the NR density. 

The reported findings further showed that these NRs possess strong electrical properties 

due to the Gd incorporation, with a mobility of 177 cm2 (V.s)-1, considered the highest 

value for ZnO NRs. Favorable optical and electrical parameters of these NRs were also 

demonstrated. Therefore, this new and simple NR growth method has significant potential 

for improving the performance of materials used in a wide range of electronic and 

optoelectronic applications  

The aforementioned PLD method was used to fabricate ZnO-based p-n junction 

devices. Another important goal of ZnO research is achieving high-performance p-n 

electronic and optoelectronic junction devices based on n-type ZnO grown on a foreign p-

type layer. Furthermore, growth of high-quality ZnO nanostructures on a substrate does 

not required a lattice-matched p-type substrate. Therefore in this dissertation, PLD 

parameters have been optimized for the first time to grow n-type ZnO NTs with high-

quality optical, structural and electrical properties on a p-type Si (100) substrate to fabricate 

a UV PD with superior responsivity (up to ~ 101.2 AW-1), compared to that reported in the 

previous work. Time-resolved spectroscopy, was employed to identify exciton 

confinement, indicating that the high PD performance was due to optical confinement, high 

surface-to-volume ratio, high structural quality of the NTs, and high photo-induced carrier 
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density. The superior detectivity and responsivity of this NT-based PD obtained in this 

work clearly demonstrated that fabrication of high-performance UV detection devices for 

commercial applications is possible. Thus, PLD can be generalized for different materials 

on diverse substrate types, and can be used for fabrication of optoelectronic and electronic 

devices. 

 

 Future Direction 

In the future work, the PLD technique can be used to fabricate spintronic devices, 

such as spin LED, based on dilated magnetic Gd-doped ZnO thin film grown on p-type 

GaN layers. Moreover, the findings of this dissertation would allow understanding the 

correlation between the origin of ferromagnetism in diluted magnetic Gd-doped ZnO based 

devices (such as spin LEDs) and crystal structure modification to be examined, along with 

the identification of defects.  

The growth method of Gd doped ZnO NRs on sapphire can be used to grow Gd-

doped ZnO NRs and NTs or other semiconductors on conductive and transparent substrates 

for electronic and optoelectronic applications. In Prof Roqan’s group, Gd-doped ZnO NTs, 

GaN and CuO nanostructure growth is already in progress using PLD system that are 

carried out by junior students. In addition, for optoelectronic and electronic applications, 

nanostructure growth based on one or several dopant targets, such as alkaline earth metal 

or rare earth oxides can be used for nanostructures. Moreover, this method can also be 

extended to grow other ZnO nanostructures on other semiconductor layers such as p-type 

GaN layers or metal substrates, while also allowing synthesis of other materials including 
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organic materials, such as, perovskite on these high-quality n-type ZnO nanostructures, for 

high-performance devices. 
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APPENDICES 

Appendix A:  

Target preparation 

The major advantage of the PLD system is the possibility of transferring material 

components stoichiometrically from the prepared target to the film using proper gas 

pressures and laser conditions.201 The target preparation required amount of the materials 

were calculated based on the atomic weights, and avoid taking oxygen weights into account 

duo to difficulty to control it precisely, because the powders is mixed in air and the 

materials is deposited in oxygen environment. The Gd-doped ZnO PLD targets were 

prepared in our laboratory by mixing pre-calculated ZnO (99.999% pure) and Gd2O3 

(99.99% pure) powder from Sigma-Aldrich in agate mortar for several hours (Figure A1).  

 

Figure A1. Agate mortar and pestle (gray), and dense, 2.3 cm diameter disc in the crucible 

which is used for sintering. 
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Subsequently, the mixture was calcined at 200˚C for 3 hours before being compressed in a 

Hydraulic die (~100 bar) for 10 minutes. These raw pellets were sintered at 1100 ˚C for 12 

hours in air to produce a dense, 2.3 cm diameter disc.  
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