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ABSTRACT 

Investigating Semiconductor Nanostructures Functionalized by Emerging 

Materials for Optoelectronic Devices 

Norah Mohammed Alwadai 

 

Wide and direct bandgap semiconductors (WBSs) are promising materials for many deep 

UV (DUV) applications. However, several challenges presently hinder the enhancement of DUV 

optoelectronics, such as low crystal quality, as well as complex and costly fabrication and growth 

processes that prevent production of high-performance devices, especially for large-scale 

applications. As a part of the study reported in this dissertation, I demonstrate several novel WBS-

based devices with improved or novel functionalities, for the first time.  

The first part of work reported in this dissertation is designated for the novel, highly ordered 

and well-defined hexagonal ZnO nanotube (NT) arrays that were obtained without a catalyst. 

These arrays were grown on a p-GaN template using pulsed laser deposition (PLD), resulting in a 

highly bright and cost-effective UV light emitting diode (LED). In the second part, Gd-doped ZnO 

NRs grown on cost-effective metal substrate by PLD are presented and it is demonstrated that 

these can be functionalized by CH3NH3PbI3 perovskite to extend the functionality of ZnO 

photodetector from the ultraviolet to the infrared region (λ > 1000 nm), for the first time.  

 The work reported in the third part demonstrates that the PLD method adopted in the 

present study can be extended to other high-quality metal oxide nanostructures. For this purpose, 

uniform p-type CuO pyramids were grown by PLD on Si substrate without a metal catalyst. 

Moreover, laser ablation method was advanced from vacuum based (PLD) to liquid based 
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(femtosecond-laser ablation in liquid − FLAL) method to synthesize high-quality ZnO quantum 

dots (QDs). Adoption of this novel strategy allows producing high-performance self-powered 

DUV photodetectors based on p-CuO pyramids/n-ZnO QDs heterojunction device. In the last part, 

this research field is further advanced by exploring the functionality of other metal oxides 

synthesized by FLAL to fabricate a high-performance self-powered DUV photodetector. Such 

photodetector was fabricated using p-MnO QDs that were synthesized by FLAL and 

functionalized by high-quality mechanically exfoliated n-β-Ga2O3 nanoflakes as an active 

heterojunction layer grown on SiO2, confirming its superior response. 

All fabrication strategies, including use of heterojunction structures (mainly p−n junction), 

adopted in this work overcome the aforementioned issues related to the currently available WBS 

devices.  
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Chapter 1: Introduction 

  Background 

Superior characteristics of wide bandgap semiconductor (WBS) materials, such as ZnO, GaN and 

Ga2O3, contribute to a significant reduction in the weight, volume, and product life-cycle costs of 

optoelectronic devices, while  improving their ability to emit or absorb ultraviolet (UV) light. Thus, 

taking advantage of these capabilities can lead to increased energy savings in consumer appliances 

and industrial processing, as well as help integrate renewable energy into the electric grid and 

accelerate adoption of electric vehicles as the standard form of transport. In particular, WBS 

materials permit devices, especially optoelectronic devices, to work at much higher voltages, 

temperatures, and frequencies, making the power electronics and optoelectronics based on these 

materials considerably more energy efficient and powerful than those produced using narrow 

bandgap semiconductor materials.1  

 

Figure 1.1: Global WBS market by application.2 

The unique characteristic of WBSs is that they are suitable for high-temperature and high-

power applications due to their high thermal conductivity compared to silicon and other narrow 

bandgap materials. Moreover, electron velocity under high electric fields is typically much greater 
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in WBSs, even though electron and hole mobilities are lower than those measured in common 

semiconductors. Furthermore, the strength of chemical bonds of WBS materials can lead to 

enhanced radiation hardness.3 In addition, WBS materials have beneficial optical properties that 

are particularly relevant for solid-state lighting applications that require devices that can emit light 

in the visible spectral range. At present, gallium nitride (GaN) and zinc oxide (ZnO) are commonly 

used materials in light emitting diodes (LEDs) exhibiting ultra-high efficiency.1 WBSs offer a 

significant advantage to UV photodetectors, since they provide intrinsic visible-blindness, and 

enable room-temperature operation. 

WBS devices also have a wide range of potential applications, especially in areas that 

require small size/weight, high functional temperatures, switching frequency, and/or efficiency. 

The histogram presented in Figure 1.1 provides both the current and the estimated future global 

market scope for each of the key WBS applications, indicating that WBS market in hybrid and 

electric vehicles (H/EV) is expected to significantly increase over the next few years.2  

  Ultraviolet and Deep Ultraviolet Applications  

This dissertation will focus on optoelectronic devices and several optoelectronic device 

applications based on WBS nanostructures will be discussed, such as nanowires (NWs), nanotubes 

(NTs) and quantum dots (QDs), where the control of optical transition energies and of carrier 

confinement is achieved by altering the optical bandgap, either parallel or perpendicular to the 

growth direction.4  

Optoelectronic devices currently account for the largest share of the WBS market, 

estimated at 59.3% in 2017, corresponding to $929 million in sales. Within this segment, 

optoelectronic devices include displays, LEDs, laser diodes (LDs) and photodetectors, among 
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others. It was projected that the DUV sensor and LED global markets will expand at the compound 

annual growth rate (CAGR) of ~29% and ~33%, respectively, during the period between 2017 and 

2022.  

WBS materials are particularly important for the applications in UV and deep UV (DUV) 

spectral range, such as ultraviolet photodetectors (UV PDs).5 Among their industrial applications, 

most notable are fire alarm systems, combustion engine control, and missile plume detection.5 

Similarly, WBS materials have found use in spatial optical and intra- and inter-satellite secure 

communications, as well as in a wide range of biological applications (determination of pollution 

levels in air, ozone detection, biological agent detection, etc.),6 and environmental applications 

(UV dosimetry and imaging, as well as solar UV measurements and astronomical studies).5 

The market for UV and DUV LEDs is growing, as the drive for energy saving has prompted 

replacement of the conventional light bulbs, while air, food, and water sterilization, medical 

curing, ultraviolet curing, and other industrial applications (such as bonding agents, including 

coating, adhesives, etc.) are also growing in scope.7,8 Furthermore, research on hybridizing WBSs 

with emerging materials, such as perovskite, is gaining importance, due to the potential for 

enhancing the functionality of optoelectronic devices, resulting in novel types of photodetectors 

and LEDs.9-12  

 Challenges 

It is known that UV optoelectronic device fabrication is complex and costly, as is the 

growth of WBSs for DUV applications. Developing UV and DUV optoelectronic devices is still a 

challenge due to the need for operating in the UV and DUV range to attain the required 

photoelectric properties.13 Ordinary multilayer-based UV and DUV optoelectronics are 
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characterized by lattice mismatch between the substrates and the films, which hinders their 

performance and long-term stability.14-18 The complexity of fabrication and related growth 

techniques, such as Molecular Beam Epitaxy (MBE) and Metal-Organic Chemical Vapor 

Deposition (MOCVD), prevents their large-scale manufacture, as it usually leads to a prohibitively 

expensive final product. Hence, to address these issues and achieve the advanced technology 

requirements in the UV and DUV applications, novel fabrication methods, devices and material 

structures must be employed. 

  Dissertation Objective and Content 

1.4.1.  Research Objective 

The aim of this work is investigating new designs and novel materials to enhance the 

functionality of WBS-based optoelectronic devices, such as photodetectors and LEDs, by 

fabricating cost-effective UV optoelectronic devices based on novel WBS materials. 

1.4.2. Dissertation Content 

This dissertation comprises of eight chapters, whereby Chapter 1 provides a brief 

background and applications of the materials utilized as a part of the study, as well as delineates 

the research objectives. Chapter 2 is designated for a brief overview of ZnO, GaN, β-Ga2O3, 

CH3NH3PbI3 perovskite, and CuO properties that are reported in this dissertation along with their 

applications and synthesis techniques. Some physical principles pertinent to nanostructure growth 

and device operational mechanisms are also presented in this chapter. Experimental techniques 

used in this work are discussed briefly in Chapter 3. The results and discussions are presented in 

Chapter 4, 5, 6 and 7, which are divided into four main topics, namely Chapter 4 − Catalyst-free 

vertical ZnO-nanotube array grown on p-GaN for UV light emitting devices; Chapter 5 − High-
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performance ultraviolet-to-infrared broadband perovskite photodetectors achieved via inter-/intra-

band transitions; Chapter 6 − Enhanced performance self-powered solution-processed ZnO 

quantum dot-based deep ultraviolet photodetector through CuO micro-pyramid p-n junction; and 

Chapter 7 − Enhanced photo-responsivity of deep ultraviolet self-powered photodetector based on 

Sn-doped β-Ga2O3 nano-flake/MnO quantum dot heterojunction. The dissertation closes with the 

discussion of the main study findings, followed by dissertation conclusions, and finally the plan 

for future work related to the reported projects, which comprise Chapter 8.  
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Chapter 2: Material System 

Before describing devices fundamental working principle utilized in the present study, a 

brief summary of the materials explored is presented. Thus, in the sections that follow, some 

background information on the material, optical, and electrical properties of the WBS investigated 

as a part of this work—namely zinc oxide (ZnO), gallium nitride (GaN), and beta-gallium oxide 

(β-Ga2O3)—is given, as these are important in understanding the performance and characteristics 

of devices based on such materials. This chapter will close with the description of the process 

employed when hybridizing WBSs materials with novel materials for enhancing the device 

functionality, such as CH3NH3PbI3 perovskite and copper oxide (CuO). 

  ZnO Properties 

Zinc oxide (ZnO) is a unique n-type material, exhibiting a combination of semiconducting 

and piezoelectric properties. Owing to its large bandgap, high thermal and chemical stability, 

natural abundance and nontoxicity, ZnO is recognized as a versatile material that can be used in 

the development of UV optoelectronic nanodevices.3, 19 ZnO can be grown with different 

nanostructures, such as nanorods, nanotubes, nanowires, and nonporous structures. ZnO 

nanostructures can be used in a wide range of applications, such as optoelectronic devices, sensors, 

transducers, and piezoelectric elements for nano-generators, as well as in biomedical science, as 

mentioned in Chapter 1.20-23  

In this dissertation, different high quality nanostructures successfully grown by pulsed laser 

deposition (PLD) will be reported, while quantum dots discussed here are typically synthesized 

using solution-processed ultrafast laser ablation method.       Figure 2.1 shows different ZnO 

structures deposited as a part of the present study, as discussed in Chapter 4. 
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Figure 2.1: Assembly of ZnO nanostructures grown (by myself) on different conductive and 

insulating substrates as a part of this dissertation work.  

2.1.1. ZnO Crystal Structure 

 ZnO commonly crystalizes to hexagonal wurtzite structure (Figure 2.2), cubic zinc-blende 

and rocksalt (Figure 2.3). However, ZnO rocksalt structure is unstable.23 The most 

thermodynamically stable structure for practical applications is hexagonal ZnO wurtzite, as 

confirmed both theoretically24 and experimentally.23, 25 All the ZnO nanostructures employed in 

the work reported in this dissertation possess a hexagonal wurtzite crystal structure. 
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Figure 2.2: Crystal structure of hexagonal wurtzite ZnO. Zn atoms are shown as small dark gold 

spheres and O atoms are denoted by large dark blue spheres, whereby one unit cell is outlined for 

clarity.26 

 

Figure 2.3: ZnO Crystal structure of (a) zinc-blende and (b) rocksalt.26  

Hexagonal wurtzite ZnO structure can be defined as a number of alternating planes of 

tetrahedral coordination O2- and Zn2+ ions positioned alternately along the c-axis. In such 

structures, sub-lattices of Zn2+ and O2- are connected, whereby each anion is surrounded by four 

cations at the angles of a tetrahedron with a typical sp3 covalent bonding. The zinc and oxide center 

in the wurtzite ZnO is tetrahedral and this tetrahedral symmetry plays an important role in ZnO 
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polarization. Hexagonal ZnO structure belongs to a space group of P63mc,27 the of a = 3.25 Å and 

c = 5.20 Å (c/a = √8/3 = 1.633) lattice parameters, as measured by x-ray diffraction method.28   

ZnO typically exhibits n-type conductivity due to the structurally stable point defects 

(interstitials and vacancies) that are formed unintentionally during growth, creating predominant 

donor (electron) states in the bandgap. This ZnO n-type conductivity has been attributed to the 

existence of oxygen vacancies (VO) and zinc interstitials (Zni) in the ZnO lattice.26  

2.1.2. Optical Properties of ZnO 

The refractive index of wurtzite ZnO is commonly given as nω = 2.008 and ne = 2.029.29  

The optical bandgap (Eg) of ZnO is a wide direct bandgap of 3.3 eV at room temperature (RT) 30-

33 , which corresponds to the energy of 375.75 nm photons. Therefore, ZnO is transparent to visible 

light, while being highly absorbent to the radiation of λ < 375.75 nm, i.e., to ultraviolet (UV) light. 

The ZnO exciton binding energy is high (60 meV) compared to that of GaN (25 meV).34-36 In 

addition, ZnO is a highly luminescent material because this high binding energy of the exciton, 

exceeding the thermal energy required to form a stable exciton at RT (25 meV).37  

The emission spectrum of ZnO is generally segregated into two spectral regions (Figure 

2.4), namely the UV near band edge emission (NBE) peak and defect visible band. The NBE peak 

is due exciton emission and band-to-band transition emission.38    
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Figure 2.4: A low temperature (4.2 K) PL spectrum of bulk ZnO showing free exciton (FX), bound 

exciton (BE), exciton lines, donor-acceptor pair (DAxP), and their phonon replicas. The broad 

deep-level emission (DLE) is centered at ∼ 2.45 eV. The graph was adopted, while the labels are 

added for clarify.38  

2.1.2.1.  Band Edge Emission 

 

Figure 2.5: The energy levels of an exciton. The arrows show the probable optical exciton 

transitions in relation to the energy gap, Eb, whereas Eg denotes the binding energy.39 
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Bandedge emission arises due to radiative recombination of electron–hole pairs due to 

exciton emissions, band-to-band transitions as well as donor-acceptor pair (DAP) emission, as 

shown in Figure 2.4 and 2.5.  

- Excitons 

Absorption of a photon with energy lower than the energy gap (hυ≥ hυg), where h is Blank 

constant and υ is the photon frequency, results in the creation of a free electron in the conduction 

band and a free hole in the valence band that can move independently across the crystal. 

Nevertheless, these two opposite charges are considered an electron–hole pair, as they can be 

bounded by the Coulomb attraction, in which case they form a neutrally charged pair called an 

exciton (Figure 2.6).39 Excitons can carry energy without contributing to the electrical 

conductivity, giving rise to separate energy levels close to but below the bandgap energy, as shown 

in Figure 2.5.39  

 

Figure 2.6: Graphical representation of (a) free exciton and (b) a tightly bound exciton.39 

Excitons can be free or tightly bound, as shown in Figure 2.6. As their name suggests, free excitons 

(FX) can move freely through the crystal and have a large radius compared to the interatomic 

distances due to delocalized states. In contrast, tightly bound excitons (i.e. exciton bound to 
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acceptor and exciton bound to donor)have a much smaller radius and are located in close proximity 

to the single atom.39Donor−acceptor pairs (DAP):  

The DAP transitions consist of a polycentric complex, whereby an external electron 

originates from a donor atom and an external hole originates from an acceptor atom, which can be 

subjected to a radiative recombination. Under equilibrium conditions, ionized donor (D+) and 

ionized acceptor (A−) states are formed as some electrons from donor states are compensated by 

acceptors. When optical excitation energy exceeding the bandgap energy is applied, electrons and 

holes are created and trapped by ionized impurity shallow states to produce neutral donors (D0) 

and acceptors (A0). In such cases a photon is emitted radiatively after DAP recombination, as 

shown in Figure 2.7.40  

 

Figure 2.7: The electronic energy levels of neutral donors, neutral acceptors, and donor-acceptor 

pairs radiative recombination. 

- Other bandgap properties 

The bandgap width of semiconductors can be tuned by different factors. For example, high 

carrier concentration results in shallow states in the bandgap, while strain and dopants can also 

modify the bandgap width. Specifically, the bandgap tends to reduce with increasing carrier 

concentration, producing so-called “red-shift”, 41-42 whereas it increases when Mg is introduced as 
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a dopant, causing “blue-shift”43 Similarly, the bandgap emission can be tuned as a result of 

different factors, such as high density of shallow states (known as Burstein-Moss shift) in the 

bandgap due to impurities and defects or due to alloys such as In in InxGa1-xN or Mg in MgxZn1-

xO.44  

2.1.2.2. Defect band emission 

The broad visible emission band shown in Figure 2.4 is called deep-level emission (DLE), 

which is due to deep states related to point defects (such as vacancies, interstitials and antisites), 

which are introduced through presence of impurities and crystal defects. Figure 2.7 shows several 

DLE recombination processes. The DLE band in ZnO is attributed to two types of deep-level states 

inside the bandgap: deep-level donor and acceptor states.38 The former group comprises of VO, 

Zni, and oxygen antisites (ZnO), while the latter includes oxygen interstitials (Oi), zinc antisites 

(OZn), and zinc vacancies (VZn). The different transitions characterizing ZnO DLE band (denoted 

by blue, green, and orange color in Figure 2.8) can be controlled by varying the concentration of 

these different defects.45-47 

 

Figure 2.8: Schematic band energy diagram of the DLE emissions in ZnO, based on the full-

potential linear muffin-tin orbital method and the reported data.48  
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2.1.3. Electrical Properties of ZnO 

ZnO has many beneficial properties, such as low electronic noise, ability to sustain large 

electrical fields, and high value breakdown voltage, as well as high power and high temperature 

operation. These unique traits make ZnO suitable for a variety of electrical applications. ZnO also 

has high electron mobility of up to ~2000 cm2/Vs at 80 K.49 The pyroelectricity and piezoelectricity 

characterizing ZnO are due to polar symmetry along the c-axis of hexagonal wurtzite.50 

2.1.4. Gadolinium (Gd)-Doped ZnO 

In general, introducing rare earth (RE) dopants into ZnO modifies its electrical, optical and 

magnetic properties.48 In the study reported in this dissertation, gadolinium was used as ZnO 

dopant. Gd is a rare earth element in the lanthanide series with the atomic number of 64, as shown 

in Figure 2.9. Gd crystal has a hexagonal structure that produces sharp luminescence in the UV 

and visible range.51 Gd-doped ZnO also exhibits high magnetic momentum at RT, making it 

suitable for spintronic devices.52 Gd introduces donor states into the ZnO bandgap, shifting the 

Fermi level above the conduction band minimum, which in turn increases the conductivity of 

ZnO.53  

 

Figure 2.9: Gadolinium in the Periodic Table. 
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  Crystal Structure and Properties of Gallium Nitride (GaN)  

GaN is one of the WBSs materials that belongs to the group III-nitrides. It is particularly 

suited for efficient UV and blue light emission, enabling white light by hybrid phosphor in III-

nitride blue LED structures.54 Similar to ZnO, GaN also exists in three crystal structures (wurtzite, 

cubic and rocksalt). Wurtzite structure is the most stable and thus most beneficial for commercial 

applications.55  

Synthesizing large areas of bulk GaN is however difficult, resulting in highly expensive 

native substrates. Thus, GaN is usually grown on sapphire (Al2O3) or silicon carbide (SiC), which 

causes high threading dislocation (TD) density in the active layer of the device (in the 1010−1011 

cm-2 range), resulting in non-radiative centers.  

 

Figure 2.10: (a) Crystal structure of hexagonal wurtzite GaN (Ga atoms are shown as large light 

blue spheres and O atoms are represented by small dark orange spheres, whereby one unit cell is 

outlined for clarity). (b) A low temperature (4.2 K) PL spectrum of bulk GaN.56 

GaN emission spectrum of a bulk GaN material at low temperature is shown in Figure 

2.10b, where a near band edge (NBE) can be observed in the UV region, along with a yellow DLE, 
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similar ZnO emission behaviours, which are affected by presence of defects, strain and 

temperature.57,58 The resulting non-radiative recombination adversely affects the electrical and 

optical properties, while decreasing the emission efficiency.59 During GaN growth, it is impossible 

to completely avoid the formation of TD defects; nonetheless, their density can be minimized using 

different structures.60-62 

Table 2.1: Crystal structure parameters of wurtzite GaN and ZnO.63 

 GaN ZnO 

Bandgap (eV) 3.40 3.37 

Structure Hexagonal wurtzite Hexagonal wurtzite 

Lattice parameter (Å) a = 3.25 

c = 5.20  

a = 3.18 

c = 5.18 

Point group (mm) 6 6 

Space group P63mc P63mc 

 

As it is possible to grow GaN p-type, it is considered the most promising material for use 

with n-type ZnO when fabricating p-n heterojunction LEDs because high-quality p-GaN is 

commercially available and it is easy to fabricate the heterojunction LED based on n-ZnO and p-

GaN. In addition, GaN and ZnO have the same hexagonal wurtzite crystal structure and similar 

lattice parameters, with a very small lattice mismatch (1.8%), as shown in Figure 2.10a. The crystal 

structure parameters of ZnO and GaN are given in Table 2.1. One of the most important factors in 

achieving high-quality heterostructure devices is the structural relationship of the two 
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semiconductors forming the heterojunction, as this results in exciton-related emission that 

improves light emission efficiency. However, the energy barrier at the junction interface in p−n 

heterojunction devices generally causes a lower efficiency than can be attained in homojunction 

devices. While this is a significant drawback, it does not affect devices based on n-ZnO and p-

GaN due to the band alignment between ZnO and GaN, which  have a roughly similar bandgap 

energy at RT (Eg = 3.40 eV and 3.37 eV, respectively). Thus, p-GaN/n-ZnO heterostructures can 

successfully replace the ZnO-based homojunction devices while retaining similar physical 

properties. These advantages are particularly relevant for successful fabrication of high-quality 

heterojunction LED devices.  

  Crystal Structure and Properties of Beta-Gallium Oxide (β-Ga2O3) 

Gallium oxide (Ga2O3) has a much wider bandgap than either ZnO or GaN. Ga2O3 can be 

crystallized in five different phases (structures), namely α, β, γ, δ and ε.64 Among these 

polymorphs, a monoclinic β-Ga2O3 phase is recognized as the most suitable for practical 

optoelectronic applications due to its high chemical and thermal stability,65 which is why it was 

employed in the present study.  

The space group of monoclinic β-Ga2O3 is C2/m with a lattice angle β = 103.7° and the 

lattice parameters a = 12.23 Å, b = 3.04 Å, and c = 5.80 Å.66 Figure 2.11 depicts the unit cell of β-

Ga2O3, which contains two and three inequivalent crystallographically Ga3+ and O2− atoms, 

respectively. While one of the Ga atoms is tetrahedral (Ga1), the other is octahedral (Ga2). The 

inequivalent O atoms are located at different sites (defined as O1, O2 and O3 in Figure 2.11). O1 

has two bonds with Ga2 and one bond with Ga1, whereas O2 has three bonds with Ga2 and one 

bond with Ga1, and O3 has two bonds to Ga1 and one bond to Ga2. A simple cleavage plane is 
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characterized by two planes: the (001) plane comprises O1 atoms and (100) plane comprises O3 

atoms, as shown in Figure 2.11.67 

 

Figure 2.11: Unit cell of monoclinic β-Ga2O3.
67 

It is worth noting that β-Ga2O3 is highly conductive and transparent in a wide spectral range 

(from deep UV to visible spectral region). It also possesses a wide bandgap ~4.8 eV (260 nm) as 

it belongs to the group of transparent conductive oxides.68 That transparency can extend up to deep 

UV range, while the electrically conductive, high breakdown electric field (6−8 MV/cm) makes 

β-Ga2O3 useful for optoelectronic devices, such as deep-UV photodetectors, typically denoted as 

solar-blind photodetectors.69,70  

  Functionalizing WBSs with Novel Materials 

WBSs materials can be hybridized with novel materials for enhancing device functionality. 

Works reported in this dissertation, WBSs have been functionalized with CH3NH3PbI3 perovskite 

and copper oxide (CuO).  

2.4.1. Organic-Inorganic Perovskites 

 Extensive research has been conducted on organometallic halide perovskite, aiming to 

develop optoelectronic applications that would benefit from its easy fabrication, cost-effectiveness 

and high efficiency.71,72 Among these organometallic halide perovskites, CH3NH3PbI3, 
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methylammonium lead iodide (MAPbI3), is particularly relevant owing to its appropriate direct 

bandgap,73 large absorption coefficient,74 long-range balanced electron- and hole-transport 

lengths,75,76 and high charge carrier mobilities.76 In addition, perovskite possesses many beneficial 

properties that are particularly relevant for light detection, such as high photo-responsivity and 

detectivity, as well as broadband light detection from visible to infrared range.77,78 Fabricating 

heterojunction devices was found to enhance the photodetector efficiency and functionality, 

ensuring that photo-generated electron−hole separated and thus reducing the recombination rate.9 

- CH3NH3PbI3 perovskite crystal structure 

Methylammonium lead halide perovskite has a three-dimensional chemical formula ABX3, 

where X denotes a monovalent halide anion, such as chlorine (Cl-), bromine (Br-), or iodine (I-). 

Thus, A site represents a monovalent organic cation (CH3NH3), whereas B denotes the inorganic 

cation (Pb+). One of the main advantages of perovskite is that its physical properties can be tuned 

due to high defect tolerance, whereby material composition can be modified for specific devices, 

such as photodetectors. CH3NH3PbI3 possesses in a tetragonal crystal structure at RT, as shown in 

Figure 2.12. It has a space group I4/mcm and lattice parameters a = b = 8.81 Å, and c = 12.67 Å.79  

- CH3NH3PbI3 perovskite properties 

CH3NH3PbI3 perovskite is an ambipolar semiconductor with a direct bandgap of ~1.60 eV 

and Fermi energy level located around the middle of the bandgap, leading to a sharp absorption 

edge, large absorption coefficient, and low exciton binding energy.80,81 CH3NH3PbI3 is also valued 

for its high carrier mobility and low trap density.82 Therefore, due to these unique properties, 

perovskite can be hybridized with different materials, such as metal oxide and GaN for 

photovoltaic and photodetector applications.11, 30, 83-86 In Chapter 5 of dissertation a novel 
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broadband photodetector based on perovskite/ZnO developed as a part of the present study will be 

introduced.  

 

  Figure 2.12: Crystal structure of CH3NH3PbI3 at RT.87 

2.4.2. Copper Oxide (CuO) 

CuO is another interesting semiconductor material that is suited for a wide range of 

optoelectronic devices, as it is abundant in nature, relatively inexpensive, non-toxic and easy to 

synthesize.88 It has a narrow direct bandgap of ~1.2 eV at RT as well as a high melting point of 

1330 ºC, and is not soluble in water.89 Stable CuO compounds exhibit p-type conductivity.90  

- Crystal structure of CuO 

CuO has a monoclinic crystal structure is of black color, as shown in Figure 2.13. It belongs 

to the C2/c space group and its lattice parameters are a = 4.68Å, b = 3.42 Å, and c = 5.13 Å with 

the lattice angle of β = 99.54º. The copper ion consists of two oxidation states, +1 and +2, which 

are coordinated by four O2- ions.91 The copper atom is surrounded by four oxygen atoms, forming 

a square planar shape.92  
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Figure 2.13: CuO crystal structure.89 

- CuO properties  

CuO is a p-type semiconductor due to the presence of hole carriers in its structure, which 

makes it one of the best materials (along with n-type ZnO) for fabricating p−n heterojunctions that 

show excellent electronic and optical properties.93,94 Devices based on n-ZnO/p-CuO structure 

have been used for ultraviolet (UV-A) and visible photodetector development.94,95 In Chapter 6 of 

this dissertation will focus on functionalization of unique microstructures comprising of p-type 

CuO micro-pyramids and n-type ZnO-QDs, forming a novel enhanced DUV photodetectors array 

grown on Si. 

  Nanostructure Properties 

Novel devices based on nanomaterials, such as QDs, NWs and NTs have found a wide 

range of applications in a variety of niche sectors that have recently been developed in the 

nanotechnology field. Their main benefits include convenient integration, tunable bandgap, 

controllable transport and confinement carrier properties,96,97 making them suited for a wide range 

of electronic and optoelectronic applications, such as photodetectors, LEDs and solar cells.98-101  
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- Carrier confinement  

The term “quantum confinement” refers to restricting the random motion of moving 

carriers (electrons and holes) to particular energy levels.102 Quantum confinement has practical 

effect when the atomic structure size is very small (close to and below Bohr exciton radius of bulk 

semiconductors in order to create quantized states).103,104 Generally, quantum confinement 

structures can be classified into three categories, denoted as quantum wells, quantum wires, and 

quantum dots.103 Table 2.2 presents the types of quantum confinement in relation to the number of 

degrees of freedom charge carriers possess. In the bulk semiconductor, electrons and holes move 

freely in the conduction and valence band in all three directions. On the other hand, in a quantum 

well, electrons and holes are confined in one direction, which leaves two degrees of freedom, 

resulting the quantum well behaving as a 2D material. Finally, quantum wires are 1D materials as 

the carries moves in one direction only, whereas quantum dots are considered dimensionless, i.e., 

0D materials ( no  degrees of freedom for carriers).103 

Table 2.2: Classification of quantum confinement structures.103 

Structure Quantum confinement Number of free dimensions 

Bulk 0 3 

Quantum well 1D 2 

Quantum wire 2D 1 

Quantum dot/box 3D 0 
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- Density of state  

 The density of electron states as a function of the number of dimensions (3D, 2D, 1D, and 

0D) is shown in Figure 2.14.105 It should be noted that 0D, 1D, and 2D structures have quantized 

energy levels that are very well defined, making them suitable for semiconductor applications. The 

work reported in this dissertation focuses on 1D and 0D structures aimed for integration into 

optoelectronic devices. ZnO QDs are particularly suited for deep-ultraviolet (DUV) 

photodetection, depending on the QD size and surface states, whereby the bandgap can be tuned 

in the UV and DUV spectral range.106 It is also worth mentioning that the emission produced by 

nanostructures can be tuned by modifying their size.  

 

Figure 2.14: The density of electron states as a function of number of dimensions.107 

  The Surface Energy and Kinetic Energy Effects on Nanostructure Formation 

In nanostructure epitaxial growth, the film and nanostructure deposition process starts with 

the separation of particles from the target source, which are subsequently condensed on the 

substrate, concluding with the formation process. Formation process is based on the relation 

between growing nucleation surface energies of the substrate and the interface energy between the 
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nucleation site and the substrate. Currently employed film and nanostructure epitaxial growth 

methods using a substrate can be classified into three modes, namely Frank-van-der-Merwe mode 

(layer-by-layer growth), Volmer Weber mode (island growth) and Stranski-Krastanov (SK) (layer 

plus island mixed growth), as shown in Figure 2.15.108 Each of these growth modes relies on the 

interaction energies of the adsorbed species and substrate atoms. While all three are used in 

practice, SK is the most commonly employed type of material growth for nanostructure formation, 

especially when developing metal−metal and metal−semiconductor systems.109,110 

 

Figure 2.15: Schematic illustration of the three basic growth modes: (a) Frank-van-der-Merwe 

(layer) (b), Volmer-Weber (island) (c) and Stranski-Krastanov (mixed) models.  

In PLD techniques, to form NR/NT epitaxial on a substrate, such texture depends on two 

factors: the surface energy and the energy of the plasma species:  

First, the surface energy should satisfy the following equation to initiate a SK growth 

mode, and thus form NR or NT:  

                                  
 cosnis 

                                                      (2.1) 

where γs is the surface energy of the free substrate; γi denotes the interface between the substrate 

and the wetting layers; and γn represents the nucleation facet plane. 

Second, the laser fluence can affect the nanostructure type (such as NW, NT or quantum 

dots) formed on a p-GaN film using PLD due to the changes in the kinetic energy (Ekin) of the 
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charged species upon arrival at the GaN surface, leading to NT formation. The species energy E 

and the initial energy Eo are correlated via the following expression, which accounts for the 

effects of laser fluence 111,112 

                                𝐸 = 𝐸𝑜 exp (−
𝑑

𝜆
) ;                                                     (2.2) 

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. It can be defined as:  

                                   𝜆 =
𝑘𝑇

√2𝜋𝑑𝑜
2𝑃

;                                                              (2.3) 

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

constant. Therefore, at low laser fluence, species condensation on the substrate results in low E 

that can lead to a SK nucleation and the formation of NWs/NTs. In the study reported in this 

dissertation, NW/NT formation is initiated by forming the nucleation sites.53, 113,114  

 Optoelectronic Device Operational Mechanisms  

As all devices reported in this dissertation rely on heterojunction structures, it is important 

to report their operational mechanism. In the sections that follow, all key operational mechanisms 

of LED and photodetector devices will be presented.   

2.7.1.  Light Emitting Diodes 

Figure 2.16a depicts an LED that consists of a direct junction between an n-type and a p-

type semiconductor material. When the two materials are joined, the electrons on the n-side and 

holes on the p-side will start diffusing across the junction. This results in recombination between 
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the majority (electron) and minority (hole) carriers, leaving behind ionized donor and acceptor 

atoms of opposite charge. As a result, a positively/negatively charged region is formed on the n-

side/ p-side and this process continues until a thermal equilibrium is attained, resulting in the 

formation of a depilation region that prevents light emission.115 

 

Figure 2.16: Band diagram of a p−n junction at (a) thermal equilibrium, and (b) forward bias.103 

When a forward bias is applied to the p−n junction, as shown in Figure 2.16b, it will induce 

a net current flow across the junction. This bias will lower the bands on the p-side with respect to 

the n-side, reducing the depletion region width. Therefore, a greater number of electrons from the 

n-side will diffuse into the p-side, and vice versa, resulting in electron−hole recombination. As a 

result of this process, light is emitted at the junction between the p- and n-type regions. 

- External and internal quantum efficiency  

External quantum efficiency (denoted as ηEQE or EQE), reflects the fraction of the number 

of photons generated within the semiconductor that are emitted externally, which primarily 

depends on the internal quantum efficiency (IQE), injection efficiency and extraction efficiency , 
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as indicated by the expression below: 8 

ηEQE =  ηinjη rad ηext                                                   (2.4) 

where ηIQE = ηinj ηrad denotes IQE, ηinj is the injection efficiency, ηrad represents the radiative 

recombination efficiency, and ηext is the extraction efficiency.  

- Internal quantum efficiency (IQE)  

IQE depends on the quality of the device material116 and is defined as a fraction of the 

electron−hole pairs injected into the depletion layer that recombine to generate light, as shown 

below:8 

IQE =
BΔn

GT

2
=

BΔn2

AΔn+BΔn2+CΔn3                                               (2.5) 

where B is a constant of proportionality, referred to as the radiative coefficient of the material, and 

𝐺𝑇 represents the generated carrier rate.  

- Radiative and non-radiative carrier dynamics 

Luminescence spectra are commonly produced to investigate the basic recombination 

processes in semiconductor materials, such as radiative and non-radiative dynamics. The optical 

recombination transitions in the semiconductor between electrons and holes, as a part of which 

these carriers annihilate each other, consist of radiative and non-radiative recombination. Figure 

2.17 shows a schematic of the most probable recombination transitions.117 

Radiative recombination comprises of intrinsic and extrinsic optical transitions. The 

intrinsic transitions are related to the electrons in the conduction band and holes in the valence 
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band, as well as FX. On the other hand, extrinsic transitions involve impurity and defect states 

within the bandgap, and can thus arise from carrier transitions related to DAP, BE, or DLE band.118  

Non-radiative recombination process occurs when the electron−hole recombination 

produces mostly phonons, rather than photons. It includes non-radiative carrier−carrier and 

carrier−phonon interactions, whereby the underlying mechanism comprises of a sequence of sub-

mechanisms, such as Auger recombination, carrier capture by defect levels (Shockley-Read-Hall 

(SRH) recombination), and carrier leakage through thermal emissions.119 

 

Figure 2.17: Schematic of the most probable recombination processes.8 

2.7.2.  Photodetectors  

Photodetector is an optical device that can convert incident light energy to electric current. 

Photodetectors operate in reverse bias mode, whereby the n-type/p-type side is connected to the 

positive/negative battery terminal. A photodetector can work via p−n junction formed by inorganic 

semiconductor materials or via heterojunction of organic/inorganic layers such as 

perovskite/semiconductor.  
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- p−n junction devices 

The working principle and structure of a photodetector are similar to those of a typical p−n 

junction diode.120 Figure 2.18 depicts the working principle of a p−n junction photodetector. The 

schematic indicates that, when photon energy (hν) applied to the photodetector is equal to or 

greater than the Eg of the semiconductor material, once it is absorbed in the depletion region, it 

will generate electron−hole pairs that can subsequently be separated by the built-in electric field. 

These free electrons and holes will thus generate a photocurrent in the external circuit.120 The 

strength of the photocurrent flowing through a photodetector is directly proportional to the number 

of incident photons and is denoted as the inner photoelectric effect.121 

 

Figure 2.18: Working principle of a p−n junction photodetector.120 

- Perovskite-based devices 

The photo-detecting mechanism commences when incident light strikes the device surface. 

Figure 2.19 shows a schematic diagram of a perovskite photodetector. If negative bias is applied 

to the anode and positive bias is applied to the cathode, the incoming photons will be absorbed by 

http://www.physics-and-radio-electronics.com/electronic-devices-and-circuits/semiconductor-diodes/pnjunctionsemiconductordiode.html
http://www.physics-and-radio-electronics.com/electronic-devices-and-circuits/semiconductor-diodes/pnjunctionsemiconductordiode.html
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the material, forming an exciton. This exciton will be dissociated at the interface between the 

layers, creating electrons and holes (generated photocarriers). While the electrons will travel along 

the electron transport layer to be collected at the cathode, the hole carriers will travel towards and 

will be collected at the anode.122 Thus, during light illumination, if positive/negative bias is applied 

to the cathode/anode, electrons and holes can travel freely through the material and will be 

collected at the cathode and the anode side, respectively, due to a favorable barrier slope. Hence, 

the use of electron transport layer in the vertical device structure can facilitate electron transport, 

while blocking the hole transport toward the cathode, resulting in a much higher photocurrent 

(including injection current). However, if positive bias is applied to the anode, the transport of 

electrons and holes is limited.123 

 

Figure 2.19: Simple schematic diagram of a perovskite-based photodetector. 
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Chapter 3: Experimental Techniques 

In this chapter, the principal theories underpinning the deposition and growth methods used 

in the present study are discussed, before describing the characterization techniques adopted in 

this work to investigate the structural, optical and electrical properties of WBG semiconductors, 

other materials and related devices in focus of this dissertation. 

 Material Growth and Fabrication Techniques 

3.1.1. Pulsed Laser Deposition Technique 

Pulsed laser deposition (PLD) is a cost-effective growth technique that can be used to 

fabricate semiconductor (mainly metal oxide) nanostructures via physical vapor deposition 

method. PLD technique can be performed in ultra-high ambient gas or in vacuum, as the laser 

source is placed outside the deposition chamber in order to reduce particle scattering.124 The 

advantage of PLD stems from the ability to easily control material composition and structure by 

varying the conditions during deposition.125 In addition, the laser photon energy in the PLD is 

characterized by pulse period and frequency of the laser beam that interacts with the bulk 

material.126  

PLD was adopted in the present study to enhance the performance of optoelectronic devices 

discussed this dissertation.127 Figure 3.1 depicts the schematic of the PLD technique adopted in 

this work. In PLD, the bulk target material is exposed to a high-energy focused pulsed laser beam, 

which induces evaporation and produces a plasma plume of atoms and ions. This allows the ablated 

species emitted from the target to be deposited directly onto the substrate attached on a heater in 

front of the target at a specific distance. In addition, to provide a stable pressure inside the chamber, 

the chamber is equipped with three separate gas inlets, each with a mass flow controller. To avoid 
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contamination, the target is pre-ablated extensively prior to deposition.128 In this technique, the 

structure and quality of deposited material can be controlled by adjusting several parameters, 

especially those pertaining to the laser (pulse duration, spot size, and repetition rate), and the 

deposition conditions (substrate temperature, target to substrate distance, and pressure).129  

In the projects reported in this dissertation, the Neocera, Pioneer 240 PLD system equipped 

with a krypton fluoride (KrF) excimer laser (λ = 248 nm) was used, as it was available at the Core 

Lab Facility at KAUST. All PLD growth methods and analyses discussed in this work have been 

carried out by myself. 

 

Figure 3.1: Schematic illustration of the PLD technique used in this work. 

3.1.2. Femtosecond-laser Ablation in Liquid Technique 

The femtosecond-laser ablation in liquid (FLAL) is a solution processing technique that 

can be used in synthesis of a wide range of materials.130 This fast, cost-effective and simple 
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synthesis process can be performed under atmospheric conditions, resulting in solution processed, 

reproducible high-quality QDs. When employing FLAL, as the ultrafast femtosecond (fs) laser 

beam pulses do not interact with expanding plasma plumes and the ejected species, high absorption 

properties of the materials can be attained.130,131 Consequently, any secondary “post-ablation” 

effects on the QDs can be avoided.130 Moreover, as most of the incident ultrafast pulses interact 

with the target surface, material ablation results in high QD density. Figure 3.2 depicts the FLAL 

setup used in this work for QD synthesis. As can be seen, the fs pulse laser ablation beam was 

focused on the target and the height of the liquid layer above the target level was precisely 

determined, thus ensuring that the plasma plume is confined in a small area in order to disperse 

QDs in liquid solution. To disperse QDs uniformly across the liquid volume, the liquid container 

is moved horizontally using rotational stage, thus exposing the entire target area to the incident 

laser beam.132  

 

Figure 3.2: Schematic illustration of the FLAL synthesis performed as a part of this work. 

In the work reported in this dissertation, to synthesize ZnO QDs, the FLAL technique was 

performed by myself in the Prof Roqan’s (my supervisor) Lab, using titanium-sapphire (Coherent-

Mira 900) femtosecond (fs) laser at 800 nm wavelength. 
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3.1.3. Magnetron Sputtering 

Magnetron sputtering is another important physical vapor deposition (PVD) technique 

commonly used in the industrial manufacture of optical coatings. The “magnetron” term derives 

from the use of a magnetic field that intersects the DC discharge electric field, thus confining the 

plasma to the area in front of the target (Figure 3.3). Due to the increased amount of ionization, a 

considerable increase in the deposition rate reduces the processing time. The target atoms are 

removed as a result of the collision between the target surface and charged ions. The Ekin of the 

incident charged ions is imparted to the ejected atoms, which pass through the vacuum chamber 

and condense onto the substrate to form epitaxial film. The quality of thus formed layer benefits 

from reduced pressure(typically in the 10-1 Pa range),133 as well as fewer intense interactions with 

the plasma.134  

In the work reported in this dissertation, all sputtering deposition and analyses di have been 

carried out by myself, whereby magnetron sputtering technique was performed to deposit indium 

tin oxide (ITO) as transparent metal electrode using the Equipment Support Company Ltd, 

ESCRD4 apparatus available at the Core Lab Facilities at KAUST.  

 

Figure 3.3: Schematic illustration of magnetron sputtering.134 
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3.1.4. Electron-Beam Evaporation  

Electron-beam (e-beam) evaporation is a PVD technique commonly used to deposit thin 

films of a variety of materials.135 The deposition process can be performed in high vacuum and the 

electron beam is created by thermionic emission from an incandescent filament. A highly focused 

electron beam obtained by applying high energy (5−30 kV) is steered by Lorentz force produced 

by the magnetic field to vaporize the target material that directly condenses onto the substrate.136 

After heating up, the material can vaporize either by transitioning from solid to liquid and finally 

to vapor (vaporization) or directly from solid to vapor (sublimation). The schematic diagram of e-

beam evaporation process is shown in Figure 3.4. It can be seen that the target material is 

surrounded by the water cooling system to reduce introduction of impurities from the crucible.133  

In the work reported here, all e-beam evaporation depositions and analyses have been 

carried out by myself, whereby Denton Vacuum Explore 14 e-beam evaporation technique at the 

Core Lab Facilities at KAUST was used to deposit the metal contacts (Ti, Ni and Au).  

 

Figure 3.4: Schematic illustration of electron-beam evaporation.133 
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3.1.5. Atomic Layer Deposition  

Atomic layer deposition (ALD) is a chemical vapor deposition (CVD) technique. Its many 

advantages include high-quality uniform film deposition on a wide range of substrates with few 

impurities in low concentration. In addition, when using this technique, it is possible to control 

film growth thickness precisely and uniformly at the atomic scale. In each ALD cycle, only one 

monolayer of film material is deposited, due to which it is also known as a self-limiting chemical 

deposition technique.137 Each cycle consists of the following four steps (Figure 3.5): 

1- Exposure of the first precursor. The first precursor (cationic precursor) is placed into the 

chamber, whereby several monolayers are adsorbed onto the substrate surface. 

2- Evacuation by inert gas flow (nitrogen) in order to desorb the weakly bonded atoms. 

3- Exposure of the second precursor. The second precursor (anionic species) is placed into 

the chamber, where it reacts with the adsorbed cationic monolayer.  

4- Evacuation by inert gas flow to remove the extra anionic species and finalize the cycle.137  

 

Figure 3.5: Schematic illustration of ALD cycle deposition process.138 

In the project reported in this dissertation, all ALD deposition steps and analyses have been 

carried out by myself, using Oxford Instruments, whereby FlexAI ALD apparatus available at the 

Core Lab Facilities at KAUST was used to deposit ultra-thin ZnO layer.  
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 Structural Characterization Techniques 

3.2.1. X-ray Diffraction  

X-ray diffraction (XRD) is a fundamental structural characterization technique used to 

identify the properties of crystalline phases, such as grain size, strain, defect structure, and phase 

composition.139 A schematic diagram of the XRD setup used in the present study is shown in 

Figure 3.6a, which includes a beam source (the X-ray tube), a stage and a detector.  

 When cathode in the X-ray tube is heated by applying a voltage potential, the generated 

electrons are accelerated towards the sample with which they interact to produce constructive 

interference, as described by the following Bragg’s law:  

𝑛𝜆 = 2𝑑 sin (𝜃)         (3.1) 

where n is an integer, λ is the X-ray wavelength, d is the distance between lattice planes, and 𝜃 is 

the angle of incidence. The schematic of the Bragg’s law is shown in Figure 3.6b.139  

 

Figure 3.6: Schematic of (a) XRD setup, and (b) Bragg’s law.140 
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In the investigations reported in this dissertation, XRD measurements were mainly used to 

analyze the crystal structure and evaluate material quality of WBS and perovskite materials. All 

XRD measurements were conducted by myself, using the Bruker D8 Advance X-ray 

diffractometer available at the Core Lab Facilities at KAUST.  

3.2.2. Scanning Electron Microscopy 

It is known that optical microscope has limited resolution due to the optical diffraction 

limit. Therefore, scanning electron microscopy (SEM) technique is mostly used to investigate 

material surface morphology with nanometer resolution.141 A schematic diagram of the SEM setup 

used in the present study is shown in Figure 3.7, indicating that electron gun produces thermionic 

emission, whereby the released electrons are focused onto the specimen using electromagnetic 

lenses. The spot size above the specimen surface can be modified by a set of scan coils. The 

reflected electrons are scattered due to the interaction with the molecules and atoms in the 

specimen, resulting in several interactions, as shown in Figure 3.8. The signal created by the 

secondary electrons (SE) are subsequently amplified and converted into full image of the sample 

surface.142  

 

Figure 3.7: Schematic diagram of the SEM setup.142  
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Figure 3.8: The electron beam interactions with a specimen.142 

In this dissertation, the FEI Nova Nano 630 SEM apparatus operating at 5 kV was used by 

myself in order to investigate the surface morphology of samples. 

3.2.3. Transmission Electron Microscopy 

Transmission electron microscopy (TEM) can provide a more detailed material 

characterization than SEM, and is thus used to investigate local crystal structure, stress, crystal 

orientation and lattice defects. While the basic principles of TEM are similar to those of SEM, in 

TEM, the electron beam is transmitted through the specimen to form the image, rather than using 

the secondary electrons, as is the case in SEM (Figure 3.9). The thermionic emission produced by 

the electron gun releases electrons, whereby the beam is collimated using electromagnetic lenses. 

Unlike SEM, the electrons are not focused on the specimen, but rather form a beam parallel to the 

specimen. The transmitted electrons are guided by sets of apertures, electromagnetic objective and 

projector lenses toward a CCD detector or fluorescent screen to record the image.  
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Figure 3.9: Schematic diagram of the TEM setup.142  

For this technique, sample thickness must be below 100 nm, while the acceleration voltage 

must be in the order of 105 V to ensure that the electron beam can be transmitted successfully. All 

TEM measurements required for the present study were performed by Dr. Sergei Lopatin using 

Titan-HRTEM apparatus available at the Core Labs Facility at KAUST to study the structural 

properties of QDs.  

  Optical Characterization 

3.3.1. Photoluminescence  

Photoluminescence (PL) spectra comprise of photoemission from a sample when excited 

by light source, whereby the energy of photo-excited light source must be greater than the energy 

of the sample bandgap in order for the electrons to transition from one energy level (e.g., 

conduction band) to another (e.g., valence band). The PL analysis results are based on the relative 

contribution of carriers (electrons or holes) in the primary and final energy states. This PL process 
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includes photons emitted by electron−hole recombination from band-to-band, bound and excitons, 

while DAP recombination includes donor−bound electrons−free holes recombination in the 

valence band and recombination of free electrons in the conduction band to acceptor bound 

holes.143  

Figure 3.10 shows the schematic illustration of the PL setup used in the present study, 

which consists of an excitation light source, a specimen and a spectral detector. The beam is 

focused onto the sample using a monochromatic excitation source attached in an xyz-controllable 

sample cryostat (for low temperature measurements) at high vacuum. The spectra emitted from 

the sample are collected by convex lens and are focused onto the slit of the spectrograph mounted 

onto a charge-coupled device (CCD) camera. The Andor Solis software was used in this work to 

capture the images and analyze the data.  

PL measurements can be carried out at different temperatures (from 4K to RT) for samples 

located in He closed cryostat to study the crystal quality, and the effects of impurities, strain and 

defects. IQE, can be calculated from these temperature dependent PL measurements as well.  

 

Figure 3.10: Schematic illustration of the PL setup used in this study.  
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All PL measurements pertaining to this study were conducted by myself in the 

Semiconductor and Material Spectroscopy (Prof Roqan’s) laboratory at KAUST to investigate the 

WBG optical properties. 

3.3.2. UV-VIS Absorption Measurements  

Spectrophotometry is a technique used to measure the energy density of an emission 

spectrum. For this purpose, an absorption spectrometer based on a monochromator is employed to 

produce emission of a specific wavelength that passes through the sample in transmission mode 

(for transparent materials) or reflection (for opaque materials) mode, whereby the intensity is 

measured by photometer. The monochromator produces a "frequency sweep" to investigate the 

full spectral response of a linear optical system.39  

In this study, all absorption spectra were captured by myself in the Analytical Chemistry 

Core Lab Facilities at KAUST using Varian Cary 5000 UV-Vis-NIR spectrophotometer (Figure 

3.11). This technique was mainly used to evaluate semiconductors and perovskite absorption 

spectra.  

 

Figure 3.11: UV-Vis-NIR Cary 5000 spectrophotometer used in this work.144  
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3.3.3.  Time-Resolved Photoluminescence 

Time resolved photoluminescence (TRPL) spectroscopy is commonly used to analyze the 

optical properties of a material, as well as to define the fast charge carrier dynamics and provide 

better understanding of exciton lifetime related to radiative and non-radiative decay phenomena, 

as these are the key determinants of material quality and device performance.145 In TRPL, the PL 

spectrum incident on the sample at different time points can be obtained by using ultrafast pulsed 

laser as the excitation source, and can be detected by a streak camera (used in the measurements 

performed as a part of the present study) of temporal resolution that ranges from picoseconds to 

nanoseconds. 

In the dissertation supervisor’s (Prof Roqan’s) laboratory, TRPL setup includes Ti:sapphire 

ultrafast pulsed laser system (Mira 900D) coupled with a coherent diode-pumped solid-state 

continuous wave laser (Verdi DPSS 532 nm), which is used to pump the Ti:sapphire laser. Laser 

is followed by a pulse picker, which allows pulse duration to be specified (ranging from 

femtoseconds to picoseconds). The Ti:sapphire laser system further benefits from the wavelength 

tuning capacity (up to the UV range) by introducing a third harmonic generator (THG) between 

the laser and the sample. The sample is held in a cooled (helium) cryostat, which provides an 

evacuated atmosphere. Finally, to detect, analyze and study the ultrafast light properties, such as 

time, wavelength, and PL intensity, a streak camera system operating in two modes (the syncroscan 

and the single sweep mode) is used depending on the time delay required for different materials 

(Figure 3.12). The light entering the streak camera is focused and guided toward the photocathode 

of the streak tube through a 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 
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the photoelectrons through a chamber onto a micro channel plate (MCP). The MCP converts the 

photoelectrons into an optical image shown on the phosphorus screen.146 

 

Figure 3.12: Schematic illustration of the TRPL setup used in the studies reported here. 

In this study, PhD students Idris Ajia and Mufasila Muhammed, working under the Prof. 

Iman Roqan’s supervision carried out all TRPL experiments required for this work using a 

Hamamatsu Synchroscan streak camera, while only the experimental data analysis was performed 

by the dissertation author.  

To excite the samples used in the reported work, the 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. The spectra 

emitted by the samples were measured by a Princeton Instruments spectrograph attached to a UV-

sensitive Hamamatsu C6860 streak camera with a temporal resolution of ~2 ps. 
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  Electrical Characterization 

3.4.1. Electroluminescence and Current−Voltage Measurements 

Electroluminescence (EL) spectroscopy is one of the essential techniques used to 

characterize LED device properties, such as LED leakage current, as well as the optical power 

density as a function of current, as this provides a better understanding of material quality and 

device consistency. In EL measurements, the illumination from the sample after applying the 

injection current or an external voltage bias (electrical field) is measured. EL is an outcome of 

radiative recombination in a direct bandgap semiconductor, whereby photons released when 

electrons and holes recombine are emitted by the LED as output light, while the crystal momentum 

does not change. The output light is collected by spectrometer under several injection currents. 

This allows for simultaneous investigation of the device electrical properties, such as 

current−voltage (I−V) characteristics, which serve as a very good indication of the device physics 

and carrier recombination mechanism in an LED.  

The EL experimental setup employed in the present study comprised of Keithley 2400 

source meter, Newport 2936C power meter and Ocean Optics QE65000 spectrometer, all of which 

are available at the KAUST Photonics Lab (Figure 3.13). All EL measurements were carried out 

by Idris Ajia (Prof. Iman Roqan’s PhD student) and Bilal Janjua (PhD student of Prof. Boon Ooi), 

while the experimental data analysis and I−V measurements were performed by myself. 
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Figure 3.13: Schematic illustration of the EL setup used in the study reported here. 

  Complementary Techniques 

3.5.1. Secondary Ion Mass Spectrometry  

Secondary ion mass spectrometry (SIMS) is an analytical technique with a very low 

detection limit, due to which it is commonly used to conduct compositional analyses of solid 

surfaces and detect the molecular structure at the sample surface.147 In SIMS, primary ions are 

used to sputter a monolayer thin film (1 nm) or solid surface of any composition, resulting in the 

emission of secondary ions from the material. High voltage is needed to accelerate the emitted 

secondary ions towards the mass spectrometer, where they are sorted by their mass to charge ratios 

(Figure 3.14).148 SIMS is capable of measuring depth profiles due to its slow sputter of the material 

surface.  

The concentration depth profiling experiments involving Gd-doped ZnO on p-GaN sample 

discussed in this dissertation were performed by Dr. Nimer Wehbe, KAUST Analytical Core Lab 

scientist using a Dynamic SIMS, Hiden Company (Warrington, UK). 
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Figure 3.14: Schematic illustration of the SIMS technique adopted in this work.148 

3.5.2. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical technique that is 

employed to elucidate the chemical composition, fractions of elements present, and the surface 

electron properties of a sample.149 A schematic illustration of the XPS setup used in the work 

reported here is shown in Figure 3.15. In XPS, the sample surface is irradiated by high-energy X-

rays and Ekin of the emitted photoelectrons is analyzed and measured by a detector. Ekin is also 

related to incident photon energy (hν) and the binding energy of the electron in the material (EB) 

calculated via the expression below: 

EB = hν − Ekin                                                             (3.2) 

In this dissertation, all XPS measurements were performed by Dr. Mohamed N. Hedhili, 

KAUST Analytical Core Lab scientist, whereby the XPS studies were carried out in a Kratos Axis 

Supra DLD spectrometer equipped with a monochromatic Al K X-ray source (hν = 1486.6 eV) 

operating at 150 W, a multi-channel plate and delay line detector under a vacuum of ~10-9 mbar. 

All spectra were recorded using an aperture slot of 300 μm × 700 μm dimensions. The survey and 
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high-resolution spectra were collected at fixed analyzer pass energies of 160 and 20 eV, 

respectively. The data were analyzed using commercially available software CASAXPS. 

 

Figure 3.15: Schematic illustration of the XPS technique adopted in this work.149  
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Chapter 4: Catalyst-free vertical ZnO-nanotube array grown on p-GaN for 

UV light emitting devices 

 Introduction 

  UV light emitting diodes (LEDs) have a wide range of applications, including solid-state 

lighting, photo-electrochemical hydrogen generation, photo-polymerization, sterilization, 

environmental sensing, and treatment for a variety of diseases, including skin disorders and 

cancer.150,151 However, current UV-A LEDs (operating in the 320−370 nm range) based on 

GaN/AlGaN multiple quantum wells (MQWs) suffer from many issues, one of which is the 

extremely low external efficiency (< 10%)152,153 compared to visible LEDs due to threading 

dislocations (TDs) stemming from the large lattice mismatch between the substrate and GaN 

materials.154 A high density of TDs, which generates abundant nonradiative centers.155 Moreover, 

efficiency droop in UV LEDs when high carrier density is injected optically is well 

documented,156-158 which further limits their performance.159,160  Furthermore, at present, no cost-

effective UV LED is available due to highly expensive nitride materials and the associated 

fabrication processes.161 Thus, it is impossible to produce such materials on a large scale at a 

reasonable cost. Consequently, obtaining high-efficiency UV-A LEDs remains a significant 

challenge. 

ZnO is potential for UV LEDs due to its wide and direct bandgap, as well as a greater 

exciton binding energy (60 meV) than GaN, allowing the exciton remained not dissociated by the 

thermal effect (phonons).23, 162-164 In particular, high-quality one-dimensional (1D) ZnO 

nanostructures such as NRs, NWs, and NTs are the best candidates for UV light emitting devices 

and lasers, as well as other applications, such as photodectors.34, 1231D ZnO is the alternative 
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material for UV emitting devices, as they can be formed more easily compared to 1D GaN 

nanostructures and addressing all aforementioned issues related UV devices. In addition, 1D ZnO 

structures possess unique optical and electrical properties due to their high aspect ratio and related 

quantum confinement effect, high crystalline quality, and simple fabrication methods.34, 53 

Furthermore, a lattice-matched substrate is not required for forming a high-quality and dislocation-

free 1D ZnO nanostructure.34 Moreover, 1D ZnO is a promising self-powered nanogenerator 

material for converting mechanical energy into electric power, 165 which can be a highly valuable 

property for self-powered UV LEDs. Thus, ZnO 1D structures can result in more cost-effective 

and more efficient emitting devices. However, most of the previous work has been conducted on 

LEDs based on ZnO films and nanostructures did not show high efficiency devices. Such poor 

efficiency is due to low ZnO film quality or ZnO microstructure without confinement effect, or 

1D ZnO nanostructures synthesized via metal seeding, resulting in low device performance.166-168 

It is known that metal seeding introduces metal contamination that absorbs UV emission, resulting 

in inefficient UV emission.169 Thus, the desired high optical and structural 1D material quality 

must be achieved without utilizing metal catalyst or seeding, which is preferred for all UV 

optoelectronic devices, not only LEDs. Thus, producing droop-free high-efficiency and cost-

effective UV LEDsin particular, those based on high-performance metal catalyst-free 1D n-

ZnO/p-GaN structureis extremely challenging, which is why such devices have not yet been 

obtained.  

In this work, we explore a method to synthesize successfully a vertically aligned state-of-

the-art 1D ZnO NT (of well-defined hexagonal shape) array of high optical and structural quality, 

by PLD on p-GaN without a metal catalyst or seeding. Gd dopants form an in situ transparent 

interface layer to assist in vertical NT growth. The optical and carrier dynamic analyses are also 
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conducted to investigate the device performance and confirm absence of droop, making this 

achievement particularly important for potential optoelectronic applications. We demonstrate, for 

the first time, as a proof-of concept that a cost-effective high-efficiency UV LED can be produced 

based on this 1D n-ZnO NT/p-GaN structure that overcomes all the aforementioned UV LED 

challenges. 

In this study, for the first time, based on surface energy and laser-plasma interaction 

equations shown in Chapter 2 (
 cosnis 

), the PLD conditions were tuned to obtain 

different  nanostructures without catalyst on different conductive and insulator substrates, as 

shown in Figure 4.1. Table 4.1 presents the PLD conditions for each nanostructure shown 

Figure4.1.  

 

Figure 4.1: Assembly of ZnO nanostructures grown (by myself) on different conductive and 

insulating substrates as a part of this dissertation work. 



70 

 

 

Table 4.1: PLD parameters of ZnO nanostructures that are grown on different substrates shown 

in Figure 4.1, the letters in the first column reflect the figure labels. 

Figure 

label 

Substrate Pressure 

(mTorr) 

Energy 

(mJ) 

Distance  

(cm) 

Temperature 

(C0) 

A Al2O3 

c plane 

100 350 7 650 

B Al2O3 

a plane 

100 350 9 650 

C Al2O3 

a plane 

100 350 7 650 

D ZnO 50 300 9 650 

E ITO 15 350 4.5 400 

F ITO 50 350 9 650 

G ITO 100 359 7 650 

H ITO 100 350 7 650 

I GaN 100 350 7 650 

J GaN 150 300 9 660 

K Al foil 100 300 9 660 

L Al foil 100 300 9 650 

M Al foil 150 300 9 660 

n 

(NTs) 

Al2O3 

a plane 

150 350 9 660 

o 

(NTs) 

p-GaN 

 

150 350 9 660 

P 

(NTs) 

Si 

 

150 350 9 660 
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  UV-LED Device Fabrication   

We fabricated an LED structure using vertically aligned ZnO NT arrays as an active region, 

which were deposited on commercial high-quality p-type (0001) GaN epilayers grown on the c-

plane (0001) sapphire (Cermet, Inc.) by PLD without a catalyst or pre-prepared textured layer. The 

p-GaN layer of 0.5 µm thickness (with the Mg dopant concentration of ~1×1020 cm-3) was grown 

by metalorganic chemical vapor deposition (MOCVD). Gd-doped ZnO laser ablation target was 

prepared by mixing 99.75 wt.% pure ZnO (99.99%) powder with 2 wt.% Gd2O3 (99.99%) powder 

(Sigma Aldrich, US). A pellet of 2.5 cm diameter was pressed and sintered at ~1100 C for 12 h 

to produce a dense disk of 2.3 cm diameter. To grow the ZnO NTs, we used the Gd 2 wt.%-doped 

ZnO target for PLD deposition. A PLD system (Neocera, Pioneer 240) equipped with a krypton 

fluoride (KrF) excimer laser (λ = 248 nm) was used to ablate the Gd (2 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 

660 C. The ZnO NTs were grown on p-GaN substrate by focusing the laser beam of 5 ± 0.5 J/cm2 

fluence (350 mJ) on the Gd-doped ZnO target surface. The deposition consisted of 30,000 laser 

pulses delivered at 10 Hz frequency and oxygen partial pressure of 150 mTorr. To extract the 

emission from the NTs only, the free space between the individual NTs was filled with a thin layer 

of polymethyl methacrylate (PMMA) using spin coating. The PMMA layer thickness (~200 nm) 

was optimized by adjusting the spin speed (3500 rpm) for 45 s, bake temperature (180 °C), and 

baking time (60 s). For current spreading, a 100 nm indium-tin-oxide (ITO) film was subsequently 

deposited on the NTs by radiofrequency (RF) magnetron sputtering. Finally, Ni/Au and Ti/Au 

contacts were thermally evaporated onto the p-GaN substrates and the exposed ZnO NT tips, 

respectively.  
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SEM (FEI Nova Nano 630) and XRD measurements (Bruker D8 with CuKα at λ = 1.5406 

Å) were used to study the structural properties. Transition electron microscope (TEM) lamella was 

prepared by FEI Quanta 3D focused ion beam (FIB-SEM). Electron energy-loss spectroscopy 

(EELS) maps were generated by Titan high resolution transmission electron microscopy        (HR-

TEM) system to confirm the material composition. Secondary ion mass spectrometry (SIMS) was 

performed using a dynamic SIMS instrument from Hiden Analytical Company (Warrington, UK) 

operated under ultra-high vacuum conditions, typically 10-9 Torr. A continuous O2
+ ion beam of 4 

keV energy was employed to sputter the surface while the selected ions ascribed to Gd+, O+ and 

Zn+ were sequentially collected using a MAXIM spectrometer equipped with a quadrupole 

analyzer. In order to avoid the edge effect, data were extracted from a small area (typically 75 × 

75 µm2) located at the center of the sputtered area, estimated at 750 × 750 µm2, using an adequate 

electronic gating. The conversion of the sputtering time to sputtering depth scales was carried out 

by measuring the depth of the generated crater. The current−voltage (I−V) and 

electroluminescence (EL) signals were also measured and the current was injected by a Keithley 

source 2450C operating in continuous mode under different injection currents at RT. Temperature-

dependent photoluminescence (TDPL) measurements were performed to investigate the 

luminescence properties of the n-ZnO NTs/p-GaN film hybrid heterojunction LED device using a 

325 nm CW He-Cd laser in the 6−300 K temperature range. The excitation laser power was 

measured at ~25 mW, while the laser diameter was maintained at ~ 100 μm. The spectra were 

collected by an Andor monochromator attached to a charge-coupled device camera. Power-

dependent PL (PDPL) and TRPL experiments were conducted using second harmonic (λ = 400 

nm) pulses of a mode-locked Ti:sapphire femtosecond ultrafast laser (the frequency of which was 

doubled using a barium borate crystal) with a pulse width of ~ 190 fs. The pulse power density 
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was 70 kW/cm2 with a 76 MHz repetition rate. A Coherent solid-state CW laser (Verdi-V18) was 

used to pump the Ti:sapphire laser. In both experiments, the sample emission was detected by a 

Princeton Instruments Acton SP2300 spectrograph attached to a UV-sensitive Hamamatsu model 

C5680 streak camera with a temporal resolution of 2 ps. The samples were mounted on a closed-

cycle helium cryostat for all optical measurements. 

  Structural Properties. 

Pre-growth textured layers were found unsuitable for producing well-controlled vertical 

ZnO nanowires.170 Furthermore, metal catalysts should be avoided in optoelectronics applications 

due to metal contamination and lack of transparency that significantly reduces UV device 

performance.169 However, this choice was deliberate, as metal catalyst reduces the UV emission 

significantly and may absorb such emission completely. Thus, to address this severe issue, in our 

method, we obtained high quality 1D vertical NTs without metal catalyst. Systematic growth at 

different laser energies, ranging from 350 mJ to 550 mJ, was also performed, aiming to optimize 

the ZnO NT growth on p-GaN layers, as shown in Figure 4.2. Figure 4.3a−c show SEM images of 

high-quality NTs of hexagonal shape and a vertically well-aligned ZnO NT array grown on p-GaN 

that was achieved at the lowest laser energy of 350 mJ (5 ± 0.5 J/cm2 fluence). All deposition 

parameters were optimized to form these ZnO NTs, including substrate temperature, oxygen 

pressure, laser fluence, and the number of laser pulses. We found that 660 C, 30,000 pulses and 

150 mTorr were the optimal growth temperature, number of pulses, and oxygen pressure, 

respectively, for forming ZnO NTs. Figure 4.3b and 4.3c, show that these vertical NTs have ~ 670 

nm length and 180–200 nm diameter, while the nano-wall is of ~ 8−11 nm thickness, which is 

around the exciton diameter range. The average density of ZnO NTs was calculated at ~ 1×108 

NTs/cm2. The low NT density is due to the use of PLD without a metal catalyst or seeding.  
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The SEM images shown in Figure 4.2f-g demonstrate that these NTs can be grown on 

different substrates, such as Si or sapphire, using the same growth conditions. Hence, this method 

is suitable for different substrates, leading to a variety of applications. 

 

Figure 4.2: SEM images of ZnO samples grown on p-GaN at the laser energy of (a) 550 mJ, (b) 

500 mJ, (c) 450 mJ, (d) 400 mJ, and (e) 350 mJ, while (f) and (g) provide the ZnO NTs on silicon 

and sapphire substrate respectively.  
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Figure 4.3: SEM images of ZnO samples grown on p-GaN at the laser energy of (a) 350 mJ, while 

(b) and (c) respectively provide the magnified view and the top view of one of the ZnO NTs, (d) 

STEM image of  Gd, ZnO, and GaN,(f) XRD pattern of the n-ZnO NTs/p-GaN heterojunction 

LEDs, (e) EELS compositional maps of Gd (yellow) while the black and red color represent Zn 

and Ga composition, indicating presence of a Gd layer inside ZnO wetting layer and a nano-layer 

between ZnO and GaN (red), (f) XRD pattern of the n ZnO NTs/p-GaN heterojunction LEDs. 

To understand the NT formation mechanism, we carried out HR-TEM. The scanning 

transmission electron microscope (STEM) image in Figure 4.3d show the Gd nano-layer inside 

ZnO as shown in the EELS compositional maps of the cross-sectional image of the ZnO NTs/GaN 

sample in Figure 4.3e indicate that an in-situ Gd nano-layer (discrete yellow layer) is formed 

during PLD growth inside Zn (black color), whereby a another in-situ interface nano-layer is 

created between Zn (black) and Ga (red) during growth. These two in-situ layers (interface nano-

layer and Gd layer) are responsible for vertical NTS formation, which is the most optimal choice 
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for growing well-aligned vertical ZnO NTS for potential optoelectronic applications, as Gd layer 

does not absorb UV emission of the martial given that its first excitation state (~ 3.9 eV) is far 

above the bandgap of both GaN and ZnO (~ 3.5 eV). This work is in line with our previous study.53  

We recently found that, during PLD growth (using Gd-doped ZnO target) of Gd-doped 

ZnO nanorods on sapphire, an in situ uniform transparent Gd nano-interlayer located between the 

substrate and the wetting layer. However, in our case, the in situ Gd nanolayer is discrete, forming 

low density NTs. Such Gd nanolayer formed during the growth can be due to the low rare earth 

solubility in ZnO is low, and Gd dopants tend to defuse to the surface or the interface of materials, 

forming in situ Gd nanolayer and acting as a textured layer to assist in forming the NTs.171 This 

nano-interlayer results in Stranski–Krastanov (SK) nucleation necessary for initiating 1D 

growth.53,172  However, as we found that the laser fluence determines the nanostructure type (such 

as NR, NT or quantum dots) formed on a p-GaN substrate using PLD (as shown in Figure 4.3) due 

to the changes in the kinetic energy of the charged species upon arrival at the substrate surface, a 

slightly lower PLD laser fluence compared to that used for Gd-doped ZnO nanorods, leading to 

NT formation.34, 53, 123 Such power reduction leads to a change in the surface energy from that of 

nanorod structure to that of NTs. Figure 4.3f shows XRD patterns of ZnO NTs grown on a p-GaN 

substrate. Three well-defined peaks can be observed in the spectrum, one of which is yielded by 

the ZnO NTs (34.01°) and can be attributed to the ZnO (0002) plane. The p-GaN film produces 

the peak at 34.11° arising from the p-GaN (0002) plane. Finally, the peak at 41.1° is due to the c-

plane (0006) sapphire substrate.173 No other peaks are observed, confirming single-crystal ZnO 

NT growth along the c-axis. 173 

To elucidate the role of Gd dopants on forming the NTs, we grew an undoped ZnO 

nanostructure on p-GaN using the optimized conditions. Our findings revealed that no ZnO NTs 
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can be obtained from an undoped ZnO target, as shown in Figure 4.4, thus confirming the crucial 

role of Gd in the successful growth of vertical and hexagonal high-quality NTs on p-GaN. 

Therefore, we used Gd-doped ZnO target to form NTs of well-defined hexagonal shape and 

subsequently utilized well-aligned ZnO NTs grown on p-GaN to fabricate UV LEDs.  

The depth profiling of the ZnO/GaN sample using D-SIMS technique is displayed in Figure 

4.5. It can be seen that, following the rapid increase in the Zn+ and Gd+ signals at the beginning 

of the sputtering process, probably due to a pronounced oxidation of the extreme surface,174 

gadolinium ions emit a steady signal, suggesting that Gd is distributed across the ZnO wetting 

layer. Gd concentration on the surface of the Gd ZnO NT/p-GaN sample was estimated at 0.23 

at.%. Gd dopants in ZnO found to introduce donor band underneath the conduction band minimum, 

increases the n-type characteristics of ZnO. Hence, growing n-type Gd-ZnO on p-type Mg-GaN 

can lead to ideal p-n junction for efficient LED devices.   
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Figure 4.4: SEM images of pure ZnO sample grown on p-GaN. 

 

Figure 4.5 D-SIMS positive depth profiling of ZnO / GaN sample. 
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  Optical and Electrical Properties  

 

Figure 4.6: (a) TDPL measurements of photon energies (red circles) as a function of temperature 

(6 K−RT), whereby the black line denotes Varshni’s law of the free exciton, (b) PL spectra 

obtained at low-temperature (6 K) and room-temperature (RT), revealing a strong and sharp 

bandgap peak at 3.36 and 3.25 eV, respectively, confirming high quality ZnO NT structure,(c) 

Integrated PL intensity output vs. optically injected power density at RT. (d) Peak energy and 

FWHM of PDPL ZnO NT emission spectra as a function of optically injected power density at 

RT. 
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To study the optical quality of the NTs grown on p-GaN, TDPL (6−300 K) measurements 

were carried out, as shown in Figure 4.6a. A sharp and intense near-band edge NBE peak emerges 

at 3.36 and 3.25 eV at 6 K and RT, respectively with no defect bands observed in the PL spectra, 

as shown in Figure 4.6b.175 The asymmetrical shape of NBE peak is due to contribution of DAP 

emission from p-GaN layer as shown in Figure 4.7a. For comparison, the RT PL spectrum of a 

similar ZnO NT structure grown on sapphire (to avoid the emission from p-GaN) deposited at the 

same time using identical growth conditions is shown in Figure 4.7b, which exhibits a sharp and 

strong ZnO emission at 378 nm (3.25 eV) without a defect band, confirming high optical quality.  

As the temperature increases from 6 K to RT, the NBE emission exhibits a slight redshift. 

To explain this phenomenon, the contributions of free and bound excitons should be correlated 

with the temperature.176 The TDPL of the NBE exciton peak exhibits a deviation from Varshni’s 

law (a typical Varshni behavior of a free exciton is indicated by the black line in Figure 4.6a)177 at 

low temperatures. A similar bound exciton behavior was observed in ZnO QWs, indicating that 

the NBE of the NTs is dominated by localized bound excitons. The localization energy of the 

bound excitons is around 9 meV. This result suggests carrier confinement similar to that observed 

in the QWs.176  

To elucidate TDPL findings, PDPL of ZnO NTs grown p-GaN was carried out at RT. The 

dependence of the integrated PL (IPL) intensity of the NBE on the excitation power (P) is defined 

by IPL ~ Pk, where the power factor k is positive. If the NBE emission is due to the bound-exciton 

radiative recombination, the k value should be in the (1 < k < 2) range.178,179 Figure 4.6c shows the 

log-log plot of IPL vs. excitation power density for the LED structure. Under low and high 

excitation power densities, a linear dependence of log(IPL) on log(P) is observed. The best fit is 

achieved at k ~ 1.18, suggesting that the emission is due to acceptor-bound exciton recombination 
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at RT for all considered excitation powers.  The correlation shown in Figure 4.6d indicates that, 

when the excitation power increases from 1.3 to 6.89 kW/cm3 at RT, the NBE energy exhibits 

redshift accompanied by the peak full width at half maximum (FWHM) narrowing, which is 

indicative of quantum-confined Stark effect (QCSE) caused by spontaneous and piezoelectric 

polarization in wurtzite ZnO.180 At high excitation power (P > 17.2 kW/cm3), the NBE energy 

remains roughly constant and is accompanied by peak broadening, indicating that QCSE has been 

fully screened, and band state filling has taken effect, whereby the emission is dominated by 

radiative recombination181 (the PDPL spectra at RT are shown in Figure 4.8 Consequently, PDPL 

results confirm the radiative recombination of bound exciton contribution in the NT emission. 

 

Figure 4.7: PL spectra for (a) p-GaN used for this device before ZnO NTs, (b) ZnO NTs grown 

on sapphire at the same time using the same growth conditions. 
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Figure 4.8: PDPL spectra at RT of the emission spectra of ZnO NTs grown on p-GaN layer. 

 

Figure 4.9 (a) Calculated IQE from the PDPL-integrated intensity at RT as a function of excitation 

power density. (b) TRPL of ZnO NTs at RT and 77 K with a double exponential decay fit.  

To investigate the carrier dynamics of our NTs, IQE correlation with PDPL is studied.156 

Figure 4.9a shows IQE as a function of power density (corresponding to the generated carrier 

density). We calculated the IQE by applying the ABC model to the PDPL measurement data:157 

𝐺 = 𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3,                                                                                   (4.1) 
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where 𝐴𝑛 represents the Shockley-Read-Hall (SRH) nonradiative recombination rate, 𝐵𝑛2 is the 

radiative recombination rate, and 𝐶𝑛3 is the Auger-like or carrier overflow nonradiative 

recombination rate. The optically generated carriers can be expressed in terms of Gopt. To calculate 

the IQE using the data yielded by PL analysis, we applied the ABC model given by Eq4.1, 

expressed in terms of 𝐺𝑜𝑝𝑡.182 

𝐺𝑜𝑝𝑡 = 𝑃𝑙𝑎𝑠𝑒𝑟(1 − 𝑅)𝛼 (𝐴𝑠𝑝𝑜𝑡ℎ𝜈)⁄                                                  (4.2) 

where 𝑃𝑙𝑎𝑠𝑒𝑟 is the optical power incident on the sample, R denotes the Fresnel reflection at the 

sample surface, 𝐴𝑠𝑝𝑜𝑡 is the laser spot area on the sample surface, h is the incident photon energy, 

and  represents the ZnO absorption coefficient183 at the emission wavelength.  

The integrated PL intensity can be defined as 𝐼𝑃𝐿 = 𝛽𝐵𝑛2, where β is a constant determined 

by the total collection efficiency of the PL and the excited active region volume. Consequently, 

Eq4.1) can be revised in terms of 𝐼𝑃𝐿 by eliminating 𝑛, yielding  

𝐺𝑜𝑝𝑡 = 𝐴√
𝐼𝑃𝐿

𝛽𝐵
+

𝐼𝑃𝐿

𝛽
+ 𝐶 (

𝐼𝑃𝐿

𝛽𝐵
)

3
2⁄

= 𝑄1√𝐼𝑃𝐿 + 𝑄2𝐼𝑃𝐿 + 𝑄3(𝐼𝑃𝐿)
3

2⁄                           (4.3) 

where 𝑄1, 𝑄2, and 𝑄3 are the fitting parameters defined in terms of 𝐴, 𝐵, 𝐶, and 𝛽. After plotting 

𝐼𝑃𝐿 versus 𝐺𝑜𝑝𝑡, the fitting coefficients can be obtained by fitting Eq4.3 to the experimental data. 

Accordingly, the IQE at steady state can be expressed as 

𝜂𝐼𝑄𝐸 =  
𝐵𝑛2

𝐺𝑜𝑝𝑡
=  

𝑄2𝐼𝑃𝐿

𝐺𝑜𝑝𝑡
                                                                                    (4.4) 

The plot in Figure 4.9a shows that the IQE increases rapidly with the increasing excitation 

energy density which can be due to the gradual saturation of the nonradiative recombination 

centers by generated carriers, reaching its maximum (65%) at 15.7 mW. At high carrier injection 
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densities, our LED did not show Cn3 behavior indicated by the ABC model given by Eq4.1, 

implying that Auger recombination is insignificant.  

The high binding exciton energy (60 meV), which considerably exceeds that of GaN (23 

meV) as well as RT thermal energy (25 meV), suggests high stability and dominance of the bound 

excitons that cannot be dissociated at RT, leading to high efficiency and can be the reason of the 

absence of the efficiency droop as the carrier injection density increases. Thus, absence of 

efficiency droop confirms that the LED structure exhibits high performance, as the emission is 

significantly denominated by radiative recombination.  

To elucidate the high efficiency and dominant radiative recombination contribution, we 

investigated the intensity as a function of carrier density, as shown in Figure 4.6b. It should be 

noted that, according to Eq3, if An ≪ Bn2, the emission is dominated by radiative recombination, 

resulting in a slope of ~ 1 in the log−log plot of power density (corresponding to Gopt) and IPL. On 

the other hand, when the emission is dominated by nonradiative recombination, i.e., when Bn2 ≪ 

An, IPL is proportional to Gopt
2 in Eq4.3, corresponding to a slope of ~ 2.157 Hence, the slope of 

~1.18 in Figure 4.6b confirms that, at RT, radiative recombination dominates significantly over 

the entire carrier density range even at high carrier injection rates. This finding supports the 

assertion that radiative recombination is dominant, and is accompanied by negligible Auger 

recombination, confirming high efficiency of the obtained LED structure.  

We examined TRPL lifetimes at RT and low temperature (77 K) in order to confirm the 

dominant radiative recombination contribution of the UV emission. Figure 4.9b shows the TRPL 

spectra of ZnO NT sample at the NBE peak, at low temperature and RT. As can be seen, the TRPL 

decay lifetime of the sample follows a non-exponential trend at both low temperature and RT. The 
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TRPL spectra were fitted, with excellent convergence, using the following bi-exponential decay 

model:184 

𝐼𝑡 = 𝐴1𝑒
−

𝑡

𝜏1 + 𝐴2𝑒
−

𝑡

𝜏2 ,                                                                                   (4.5) 

where A1 and A2 are the relative initial intensities of the fast and slow decay components, 

respectively, τ1 and τ2 denote the fast and slow lifetimes, respectively, and It is the time-dependent 

intensity of the photoemission from the sample. As τ1 and τ2 at 77 K (RT) were 3.9 ps and 4.2 ps 

(18.7 ps and 14.1 ps), respectively, our results are in good agreement with the previously reported 

values for ZnO nanostructures.185 Fast decay, τ1, has been attributed to the effects of electron-hole 

scattering, inter-subband scattering (ΔE >  ħωLO), and surface recombination states when the 

surface-to-volume ratio is high, whereas slow decay, τ2, can be ascribed to multiexcitation 

centers.185,186 There is a slight difference between the slow decay values, τ2, at low temperature 

and RT, indicating predominance of radiative recombination. The absence of droop and the 

dominance of radiative recombination may be due to a negligible dislocation density propagating 

into the NTs.34 

As a proof of concept, we fabricated a UV LED based on the previously described 

structure. Figure 4.10a shows the schematic diagram of the fabricated n-ZnO NTs/p-GaN UV LED 

as it is known that the efficient LED devices should be formed through p-n heterojunction as the 

light emitted through the radiative recombination of electron-hole pairs that formed in n- and p- 

layers, respectively. The p-n heterojunction mechanism can be elucidated by referring to the 

energy band diagram, based on the carrier diffusion process and Anderson's model,187 as shown in 

Figure 4.10b. At room temperature, then-type ZnO and p-type GaN bandgap is 3.37 eV and 3.4 

eV, respectively, and the corresponding electron affinity is 4.35 eV and 4.20 eV.188 When n-ZnO 
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and p-GaN are attached, a small conduction band offset (ΔEc = 0.15 eV) and valence band offset 

(ΔEv = 0.13 eV) is formed. This slight band offest leads to barrier heights for electrons and holes 

are practically the same, which is preferred for light emitting devices to allow high rate of electron-

hole radiative recombination.. Consequently, under forward bias, the holes drift from GaN to ZnO 

NTs, leading to electron in the ZnO NTs to be recombined with these drifted holes, which results 

in efficient UV LED emission.189  

We measured the current–voltage (I–V) characteristics of the hybrid heterojunction ZnO 

NTs /GaN LED device, as shown in Figure 4.10c. To extract the emission from the NTs only, the 

free space between the individual NTs was filled with a PMMA thin layer, obtaining emission 

from the p−n junction between n-ZnO NTs and p-GaN. The forward bias current is nonlinear, 

indicating reasonable p–n junction performance. The device junction exhibits diode properties 

with a turn-on forward bias voltage well about 3 V. Under reverse bias above 10 V, a low leakage 

current (5.6 × 10-9 A) was measured at the junction, indicating a well-fabricated junction between 

ZnO NTs and the metal electrode.190 The EL spectrum of the LED device based on ZnO NTs 

grown on a p-GaN shown in Figure 4.10d was measured under 120 mA forward bias current. The 

RT EL spectrum is characterized by strong UV emission (371 nm) without a defect band observed 

in the EL spectra under different forward bias currents (2−120 mA), as shown in Figure 4.11.  

These results indicate superior quality compared to UV LEDs based on ZnO films and 

nanostructures grown on GaN that are reported in pertinent literature.191 In these previous studies, 

low UV emission was obtained, and a dominant defect band was noted in the EL spectra of 

ZnO/GaN devices. Thus, our results demonstrate that high-efficiency LED devices based on NT 

structures can be obtained.  
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Figure 4.10: (a) Schematic illustration of the ZnO NTs/p-GaN film hybrid heterojunction LED 

device. (b) The energy band diagram of the n-ZnO/p-GaN heterojunction without applied bias. (c) 

I−V curves of ZnO NTs/p-GaN heterostructures. (d) RT EL spectra of the LED under injection 

currents. (d) EL intensity (blue) and EL peak energy (black) as a function of injection current for 

the LED device. 

The broad blue peak in the EL spectra is attributed to donor–acceptor pair (DAP) 

emission,53 whereas the oscillations observed in the reflectivity spectrum are due to interference 

fringes between the reflections from the sapphire/GaN film/ZnO wetting layer interface.192,193 

Similar UV emission with DAP characteristics from LEDs based on GaN/AlGaN quantum well, 

as well as ZnO/GaN films, was reported in pertinent literature.194-198 The blue emission is due to 

DAP as p-GaN films contain high density of acceptors (see Figure 4.7a), whereas donors are 

introduced to ZnO NTs through Gd dopants, as demonstrated previously.53, 163   
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Figure 4.10e  shows the EL peak intensity and peak energy as a function of injected current, 

indicating that the former increases with the applied current, whereas the latter remains relatively 

constant (~ 3.33 eV). The constant peak energy behavior can be attributed to a negligible QCSE 

at high injected power density, which is consistent with the PDPL findings, .157 In addition, such 

behavior can be ascribed to the contributions of the localized bound excitons resulting from the 

high binding energy of ZnO bound excitons (60 meV > 25 meV at RT).55 

 

Figure 4.11: EL spectra as a function of the injection current for LED, showing that the EL 

spectrum is characterized by bright UV emission peaks without a defect band, indicating superior 

performance. 

 Summary  

In this work, we reported for the first time on the successful growth of high-quality, 

catalyst-free well-ordered and vertically aligned ZnO NT array of well-defined hexagonal shape 

grown on a p-GaN template by PLD using a one-step method. Our LED structure is 

characterized by high light efficiency, and is free from efficiency droop at high carrier injection 

densities through nanosized junctions. A detailed assessment of optical properties indicated that 

recombination was dominated by bound excitons and radiative recombination, with negligible 
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Auger recombination. The NT-based LEDs exhibit adequate UV EL performance, confirming 

high optical and structural quality. We demonstrated that the characteristics of the high exciton 

binding energy of ZnO, the nanostructure confinement and superior NT quality can pave the 

way toward designing cost-effective high-efficiency nanoscale UV LEDs characterized by high 

IQE without any efficiency droop. 

  



90 

 

 

Chapter 5: High-performance ultraviolet-to-infrared broadband perovskite 

photodetectors achieved via inter-/intra-band transitions 

  Introduction 

Broadband photodetectors with sensitivity over the entire spectrum from the UV to IR light 

region have gained significant attention in several fields due to the wide range of their potential 

applications, such as video imaging, optical communications, environmental monitoring, 

interconnectivity in biomedical sensing, and remote sensing,199-202 which has led to the 

development of broadband photodetectors. The discovery of solution-processed organometallic 

halide perovskites (MAPbX3, X = I, Br, Cl) provides a promising route for fabricating high-

performance applications, such as solar cells, transistors, and photodetectors78 at a relatively low 

cost. Among these organometallic halide perovskites, CH3NH3PbI3, methylammonium lead iodide 

(MAPbI3), is particularly relevant owing to its appropriate direct bandgap,73 large absorption 

coefficient,74 long-range balanced electron- and hole-transport lengths,75,76 and high charge carrier 

mobilities.76 Xin et al. were the first to produce an organic-halide photodetector by one-step 

solution deposition that exhibited reasonable sensitivity.72 Strong photocurrent multiplication 

ability of the CH3NH3PbI3 perovskite has been reported, which justifies its application as a 

photodetector.203 However, most of the current photodetectors have sub-band detection spectral 

regions (such as visible light,204 UV light,205 and infrared206) that can be a limiting factor in some 

applications. Furthermore, broadband photodetectors based on inorganic semiconductor thin films 

are not practical due to the high cost of fabrication and processing, lattice-mismatch between the 

layers, slow response and low absorption coefficient over the entire spectrum.100 Moreover, none 

of the photodetector devices based on perovskite developed thus far have shown IR detection 

capability (> 1000 nm). Perovskite-based near-infrared (NIR) (< 1000 nm) photodetectors have 
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been previously achieved by either adding an NIR absorbing layer or by capitalizing on the sub-

gap response of perovskites.207-209 

Fabricating heterojunction devices was found to enhance the photodetector efficiency and 

functionality as photo-carriers are separated though semiconductors.9 Wurtzite-ZnO is the best 

wide direct bandgap (3.3 eV) semiconductor for several applications, as its non-centrally 

symmetric crystal structure results in unique physical properties (e.g. pyroelectric effect).30 

Furthermore, an attempt to produce self-powered UV ZnO-based photodetectors was made in 

extant research due to its high response in UV and piezoelectric properties.50 It is noteworthy that 

there are several oxide perovskites, which have been explored extensively as UV 

photodetectors.210,211 In contrast to hybrid perovskites, these oxide perovskites are generally 

insulating with wide bandgaps, making them particularly suitable for visible-blind UV 

photodetectors .212 A ZnO/perovskite heterojunction has been reported by several authors.30, 83-86 

However, all these devices were fabricated on a rigid conducting glass, a high-cost material213 

characterized by high brittleness and inflexibility, which hinder its application scope 

considerably.214 Therefore, there is a need for developing a high-performance broadband 

photodetector fabricated on a conductive substrate that exhibits high photo-responsivity over the 

entire UV-to-IR spectral range and can be produced at a sufficiently low cost to allow large-scale 

applications.  

Several photovoltaic applications fabricated on metal substrates exhibit high 

performance.215-217 Metal substrates such as stainless steel are among the most widely used 

materials due to high corrosion resistance, mechanical strength, electrical conductivity, flexibility, 

and much lower cost compared to conductive glass substrate, all of which are advantageous for 

large-scale production.218 In addition, using metal substrate allows vertical current injection (via 
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direct back contact), creating a high density of injected carriers.219 Furthermore, a transparent 

cathode deposited on the top of the device permits illumination from the top.220 

In this work, we report on a novel broadband photodetector based on hybrid CH3NH3PbI3 

perovskite/ZnO nanorods (NRs) fabricated on cost-effective metal substrates. For the first time, a 

superior performance of a broadband photodetector based on hybrid perovskite is demonstrated in 

both the UV/visible and the IR spectral regions with a state-of-the art photo-responsivity via 

inter/intraband transitions.   

  Sample Preparation. 

5.2.1. Sample Growth. 

The 316L Stainless Steel specimens of 10 mm × 10 mm × 0.1 mm dimensions were cut 

from manufacturer-provided sheets (McMaster-Carr). In addition to Fe as the main chemical 

component, 316L Stainless Steel contains 0.03% C, 1.52% Mn, 0.44% Si, 0.001% S, 0.02% P, 

2.56% Mo, 15.47% Cr, and 10.75% Ni. Prior to sample deposition, the substrate was immersed in 

hydrochloric acid (10−4 M) for 10 s in order to remove any rust, before being cleaned sequentially 

by acetone and ethanol for 10 min in an ultrasonic bath. Next, it was rinsed with deionized water,221 

and finally blown dry with high purity N2 gas. Pulsed laser deposition (PLD) was used to grow 

ZnO NRs on 316L Stainless Steel. Gd-doped ZnO laser ablation target was prepared by mixing 

99.75 wt% pure ZnO (99.999%) powder with 0.2 wt% Gd2O3 (99.99%) powder (Sigma Aldrich, 

US). A pellet of 2.5 cm diameter was pressed and sintered at ~ 1100 C for 12 h to produce a dense 

disk 2.3 cm in diameter. To grow the ZnO NRs, we used the Gd 0.2 wt%-doped ZnO target for 

PLD deposition. A PLD system (Neocera, Pioneer 240) equipped with a krypton fluoride (KrF) 

excimer laser (λ = 248 nm) was used to ablate the Gd (0.2 wt%)-doped ZnO target. The substrate 
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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 316L Stainless Steel sheet by focusing the laser beam on the Gd-doped 

ZnO target surface with a beam fluence of 5 ± 0.5 J/cm2. The deposition consisted of 30,000 laser 

pulses delivered at 10 Hz frequency and oxygen partial pressure of 100 mTorr. 

5.2.2. Device Fabrication.  

CH3NH3PbI3 perovskite powder of 99% purity (Xi’an Polymer Light Technology Corp) 

was used. A uniform CH3NH3PbI3 perovskite layer was synthesized by mixing 0.25 M (1 M = 

0.619.9 g/mL) of perovskite powder with 1 ml of dimethylformamide (DMF) at 60 °C. It was 

subsequently sprayed using an airbrush (pro series BD-132) producing nitrogen gas flow at 1 bar 

pressure, positioned 15 cm above a hot plate at 0° angle incident to Gd-doped ZnO NRs, before 

being annealed for 10 min at 100 °C. Finally, all samples were transferred directly to Magnetron 

Sputtering vacuum chamber within minutes following the annealing procedure. Then, to fabricate 

the top transparent electrode, ITO layers of 150 nm thickness were deposited by radio frequency 

magnetron sputtering at room RT, using argon plasma at 4 mTorr working pressure and a constant 

current of 0.15 A for 85 min.  

  Structural Properties 

Figure 5.1a provides the schematic diagram of the metal substrate/Gd-doped ZnO 

NRs/CH3NH3PbI3/ITO device architecture incorporating metal substrate as a back contact. Such 

metal substrates were found to increase electron harvesting.222,223 ITO was used as a transparent 

electrode due to its environmental stability, high electrical conductivity and high transparency over 

a broad range of wavelengths.215 In this design, Gd-doped ZnO is used as electron transport layer 
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(ETL), as Gd dopants significantly enhance ZnO mobility (177 cm2V-1s-1) and conductivity 

(electron concentration ~ 1019 cm-3) as reported previously.53 The relevant energy level diagram 

of the materials used in this device structure is shown in Figure 5.1b. The valence band (VB) and 

conduction band (CB) energies of Gd-doped ZnO NRs are −7.7 and −4.4 eV, respectively, while 

those of CH3NH3PbI3 perovskite are −5.4 and −3.9 eV.72, 224 Upon light illumination, photo-

induced free carriers are generated in Gd-doped ZnO NRs/CH3NH3PbI3 perovskite. The energy 

band alignment of the device ensures that electrons are injected from the photosensitive Gd-doped 

ZnO NRs and are collected by the metal substrate, while the VB holes reach the CH3NH3PbI3 

perovskite via ITO electrode as shown in Figure 4-1b. The photo-detecting mechanism occurs as 

follows. When the incident light strikes the device surface and a negative bias is applied to the 

anode (ITO) and positive bias is applied to the cathode (the metal substrate), the photons will be 

absorbed by the material, forming an exciton. This exciton will be dissociated at the interface 

between the layers, creating electrons and holes (generated photocarriers). These electrons will 

travel along the electron transport layer (Gd-ZnO NRs) to be collected at the cathode. The same 

process applies to the hole carriers, which are collected at the anode.225 Figure 5.1b illustrates this 

mechanism. Thus, during light illumination, if positive bias is applied to the metal side (cathode) 

and negative bias is applied to ITO (anode), electrons and holes can travel and be collected at the 

metal side and the ITO side, respectively, due to a favorable barrier slope (a dark current in a 

positive voltage depicted in Fig. 4.5a), as shown in Figure 5.1b. Hence, the use of Gd-doped ZnO 

NRs in this vertical device structure can facilitate electron transport and block hole transport into 

the metal side, resulting in a much higher photocurrent (including injection current). However, if 

positive bias is applied to the ITO side (anode), as the transport of electrons and holes is limited 
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by energy barriers, the current will be small (i.e. a dark current of a negative voltage shown in Fig. 

4.5a).  

 

Figure 5.1: (a) Schematic diagram of the metal substrate/Gd-doped ZnO NRs/CH3NH3PbI3/ITO 

photodetector architecture, (b) Energy level diagram of our photodetector structure. 

Tilted-view and top-view SEM images presented in Figure 5.2 confirm the photodetector 

configuration. Figure 5.2a shows that the metal substrate is uniformly and compactly covered by 

Gd-doped ZnO NR array grown vertically by pulsed laser deposition (PLD) without using a seed 

layer (NRs of 450 nm length and 60–85 nm diameter were obtained). The mechanism of Gd-doped 

ZnO NR formation was described elsewhere. In brief, as some Gd atoms migrate at the interface 

between the ZnO wetting layer and the substrate during growth, they serve as a textured layer due 

to low Gd solubility in ZnO. This results in Stranski–Krastanov nucleation necessary for initiating 

NR growth.53 Figure 5.2b shows that the NR array is covered by a 1500 nm thick CH3NH3PbI3 

perovskite layer using spray coating synthesis method, which allows the layer thickness to be 

adjusted homogenously, irrespective of the substrate topology.226 The CH3NH3PbI3 perovskite 

deposited on the Gd-doped ZnO NRs is crystallized into a nanoparticle layer, completely filling 

the gap between ZnO NR arrays, as shown in Figure 5.2b. The detection performance can be 

increased as the perovskite immerses the Gd-doped ZnO NR arrays due to high surface-to-volume 

ratio of carriers in general.83   
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Figure 5.2 : SEM image of (a) ZnO-nanorods, and (b) CH3NH3PbI3/ZnO-nanorods. 

We carried out XRD 2- scans to investigate the structural properties of the fabricated 

material and explore any secondary phases that can be formed in the interfaces, as these may affect 

the device performance. The XRD pattern of Gd-doped ZnO NRs (without perovskite) grown on 

the same metal substrate shows a dominant ZnO peak at 34.47, along with a weak peak at 47.51, 

which are assigned to the (002) and (102) planes of ZnO , respectively, as shown in Figure 5.3a, 

confirming the hexagonal structure and a preferred (002) orientation.227 Figure 5.3b shows a new 

series of diffraction peaks arising from the ZnO NR/CH3NH3PbI3 perovskite, corresponding to a 

typical XRD pattern of CH3NH3PbI3 perovskite, which are in good agreement with those reported 

in pertinent literature.228 The overlap between (002) ZnO NRs and (204) CH3NH3PbI3 perovskite 

peak positions showing in Figure 5.3c. They are also well aligned with the theoretically calculated 

values of the tetragonal phase of the CH3NH3PbI3 perovskite.229 No secondary phases have been 

observed. The two remaining diffraction peaks located at 43.59 and 50.79 are attributed to the 

metal substrate. 
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Figure 5.3: XRD patterns of (a) ZnO NRs grown on 316L Stainless Steel substrate, and (b) ZnO 

NRs/CH3NH3PbI3 grown on 316L Stainless Steel substrate, (c) The overlap between Gd-doped 

ZnO NRs and (204) CH3NH3PbI3 perovskite peak positions. 

  Optical Properties. 

PL assists in elucidating band structure behavior, chemical purity, crystal quality and defect 

states.230 Figure 5.4a shows the RT PL spectrum of Gd-ZnO NRs (before perovskite deposition) 

excited by 325 nm laser. A strong and sharp bandedge emission is observed at 378 nm with a very 

weak defect band, indicating a superior crystal quality. For ZnO NRs/CH3NH3PbI3 perovskite, 

Figure 5.4b shows the PL spectrum of perovskite CH3NH3PbI3 excited by 475 nm laser (below 

ZnO bandgap excitation, to ensure that the emission pertains to the perovskite material only). A 

strong and sharp emission peak typical of perovskite is observed at 768 nm, confirming high crystal 

quality of the perovskite deposited on the ZnO NRs.230 

We carried out UV-Vis absorption measurements to estimate the bandgap of the NRs and 

the perovskite, and to investigate any other absorption edges arising from characteristics that can 

affect the device response. The findings yielded allowed us to identify the spectral region at which 

the photodetector device can be functional. Figure 5.4c shows optical absorption spectra of the 
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Gd-doped ZnO NRs as well as ZnO NRs/CH3NH3PbI3, indicating UV and visible absorption edges 

corresponding to the ZnO NRs and CH3NH3PbI3 bandgaps, respectively, which are in good 

agreement with the values published elsewhere.71, 231,232 These absorption edges occur due to band-

to-band transitions in both materials. For comparison, we obtained the absorption spectrum of 

CH3NH3PbI3 on glass (Figure 5.5). We observed a redshift in the absorption edge (to 820 nm), 

indicating that a different stress is applied on the material grown on ZnO NRs. XRD measurements 

of CH3NH3PbI3 perovskite synthesized on a glass substrate confirm this result, revealing a slight 

shift in the XRD peak arising from the perovskite material grown on glass compared to that of 

perovskite grown on ZnO. 

For CH3NH3PbI3 absorption spectrum, in the 1350−1410 nm range, a Fano-like intraband 

transition with the negative portion centered at ~1357 nm is directly observed, as shown in the 

inset of Figure 5.4c. A similar intraband transition was previously reported for a perovskite 

material by Shigeto et.al. using nanosecond time-resolved IR spectroscopy for CH3NH3PbI3 

planar-heterojunction solar cells. The intraband transition occurs when the photons may excite 

electrons into a higher energy level within the same band. However, in line with of the Pauli 

principle, electrons can only be excited into empty states. Thus, intraband transitions are mainly 

observed in small bandgap materials and semimetals due to the presence of unfilled electron 

bands.77 In addition, the lower wavelength limit is determined by the difference in the conduction 

band energies of the component semiconductors, while the upper wavelength limit is ultimately 

imposed by the operating temperature, since the energy level spacing must satisfy the 𝐸2 −

𝐸1 ≳ 𝐾𝐵𝑇 condition to prevent thermal occupation of the upper level.103 This demonstrates the 

advantage of intraband absorption for our device with metal substrate/Gd-doped ZnO 
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NRs/CH3NH3PbI3/ITO structure, making it a very promising candidate for infrared 

photodetection.  

 

Figure 5.4: RT PL spectra of (a) Gd-doped ZnO NRs, and (b) perovskite CH3NH3PbI3. (c) The 

absorption spectra of Gd-doped ZnO NRs and perovskite CH3NH3PbI3. Inset shows the perovskite 

intraband transition in the IR region. 
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Figure 5.5: The absorption spectra of CH3NH3PbI3 perovskite on glass substrate. 

5.4.1. Detection under White Illumination 

To study the device response, current–voltage (I–V) measurements were carried out in the 

dark and under illumination with a 0.5 mW/cm2 light source at an applied bias of 2 V, as shown in 
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Figure 5.6a. The dark current was 1.75 μA, and when the device was illuminated, the photocurrent 

increased to 16.12 μA, demonstrating a nonlinear and asymmetrical I–V behavior. We evaluated 

the photodetector performance by examining two key factors, namely photo-responsivity (R) and 

detectivity (D*). We found that, under illumination, the photo-responsivity reached R = 28 A/W 

at 2 V, which is the best photo-responsivity value reported for a ZnO/CH3NH3PbI3 perovskite 

photodetector in pertinent literature.30, 83-86 This result confirms that our device structure yields 

superior photodetector performance compared with the other photodetector devices based on glass 

or Si substrates.30, 85 In addition, detectivity is an important parameter characterizing the 

normalized signal-to-noise performance of photodetectors. The highest detectivity value (D* = 

1.2× 1012 Jones) obtained in this investigation is comparable to state-of-the art perovskite 

photodetectors.233,234 This higher performance can be due to higher photo-generated carrier 

injection through the metal substrate and Gd-doped ZnO NRs, as Gd dopants were found to 

increase ZnO mobility by shifting the Fermi level above the conduction band, thus assisting in 

enhancing the functionality of ZnO NRs as ETL.53 Figure 5.6b shows the photo-current of the 

devices during repetitive on/off illumination light switching, while the transient photocurrent of 

this device is shown in more detail in Figure 5.6c. In most applications, a fast response and 

recovery speed are desired photodetector characteristics. Herein, the rising time is defined as the 

time required to transition from 10% to 90% of the maximum photocurrent, while recovery time 

represents the time required for a reduction from 90% to 10% of the maximum photocurrent.235 

The rise (τrise = 0.4 s) and fall (τfall = 0.5 s) times obtained in our work are considered a fast response 

and are comparable to those obtained in the previous studies.30, 83-86 
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5.4.2. Detection under Infra-red Illumination 

None of the previous reports on perovskite-based photodetectors included detection in the 

IR region due to intraband transitions. In this work, we confirm, for the first time, that perovskite 

photodetectors can operate in the IR region without the addition of IR absorbing materials. To 

further study the broad-spectrum detection properties of our Gd-ZnO NRs/CH3NH3PbI3 

perovskite-based photodetector in the IR spectral region, we investigated the photo-response 

characteristics under IR illumination in the 1200−1600 nm range. We obtained the maximum IR 

photo-response at 1357 nm, as this spectral line is due to intraband absorption, as shown in the 

inset of Figure 5.6c. Figure 5.6d shows typical I−V plots obtained by conducting measurements in 

the dark and under IR illumination (30 mW/cm2). The dark current was 1.75 μA, while 8.46 μA 

photocurrent was obtained when the device was illuminated. This value is low compared to that 

obtained under white light illumination due to fewer intraband photo-generated carriers compared 

to band-to-band transitions (which occur as a result of UV-visible illumination). The current 

responses of the device to a typical on/off IR illumination cycle are presented in Figure 5.6e. In 

the IR region, our device still exhibited high photo-responsivity and high detectivity (R = 0.22 

A/W, D = 9.3×109 Jones) at RT that are comparable to RT values of commercial IR 

photodetectors.236 In addition, both values exceed those obtained under white light illumination in 

extant studies, 30, 83-86 confirming superior photo-responsivity and detectivity of our device. The 

rapid photocurrent increase when the light is switched on is typically observed in low-photocurrent 

response.77 After switching the light on, the current rises abruptly, as the transient carrier time is 

much faster than the recombination lifetime. This is followed by a decrease in the photocurrent 

until saturation is reached as a result of enhanced recombination rate due to high volume of injected 

carriers. After switching off the illumination, a rapid decrease in the photocurrent is observed due 
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to the cancellation of the charge carriers by the carriers injected through the electrodes. Such 

anomalous transient photocurrent behavior has been observed in perovskite-based 

photodetectors.225, 237  Figure 5.6f shows that the rise and fall response time of 0.3 and 0.8 s can be 

discerned, respectively, for IR detection. Thus, in this work, we have demonstrated for the first 

time that Gd-doped ZnO NRs/CH3NH3PbI3 perovskite can work as a broadband (from UV to IR) 

photodetector with high photo-responsivity.  

 

Figure 5.6: (a) Photocurrent versus voltage in the dark and under white light (0.5 mW/cm2), ((d) 

under IR illumination with 30 mW/cm2). A photoresponse of the device under (b) white light ((e) 

IR illumination) measured for light-on and light-off. Transient response measured for (c) white-

light ((f) IR illumination). 
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Figure 5.7: (a) Schematic illustrating intraband optical and physical processes, (b) Photodetector 

responsivity measured as a function of wavelength. 

Table 5.1: Progress in the Gd-doped ZnO nanorods/ CH3NH3PbI3-based PD and other high 

performance ZnO / CH3NH3PbI3-based PDs. 

 

Structure 
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h 

(nm) 
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(V) 

Responsivity 

(A/W) 

Rise time 

(s) 

Fall time 

(s) 

Ref. 

ZnO nanorods/ 

CH3NH3PbI3/ 

Spiro OMeTAD 

FTO 

glass 

Cu 325 0.3 0.0083 5.4  8.9  30 

ZnO nanofiber/ 

CH3NH3PbI3 

ITO glass ITO 740 1 0.67  0.2  0.5  84 

ZnO nanowires/ 

CH3NH3PbI3 

Si  Ti/Au 380 

760 

1  4.00 

0.75 

0.43 

0.42  

0.63 

0.63 

85 

ZnO nanorods/ 

CH3NH3PbI3/ 

Spiro OMeTAD 

FTO 

glass 

Au  0 7.8 0.29  0.32 86 

ZnO nanorods/ 

CH3NH3PbI3 

perovskite/MoO

3 

FTO 

glass 

Au 500 1  24.3 0.7  0.6  83 

Gd-doped ZnO 

nanorods/ 

CH3NH3PbI3 

Metal  

sheet 

ITO White 

light 

2 28 0.4 0.5 This 

work 

 IR (1357) 0.22 0.3 0.9 



104 

 

 

 

Figure 5.7a shows the intraband transition mechanism. Specifically, after photoexcitation 

under visible light excitation, the carriers are generated via two channels: band-to-band 

recombination, and intraband transitions, whereas photoexcitation at 1357 nm leads to carrier 

generation by intraband transition only (the energy is not enough to excite the electrons from the 

valence band to the conduction), leading to Fano resonance behavior, as the wavelength is resonant 

with the intraband transition. .77, 238 The photodetector spectral photo-responsivity at 2 V bias was 

measured (Figure 5.7b) to further estimate the wavelength selectivity of the devices. The photo-

responsivity exhibits a sharp decrease at 750 nm close to the bandgap of the CH3NH3PbI3 and 

increases again at 1357 nm. This further confirms the presence of intraband transition consistent 

with the UV-Vis results. 

  Summary 

We fabricated a high-performance vertical type broadband photodetector based on 

CH3NH3PbI3 perovskite on Gd-doped ZnO NRs, using metal substrate and ITO as a top electrode. 

For the first time, the perovskite photodetector was demonstrated to be sensitive to a wide spectral 

range, spanning from the ultraviolet to the infrared region (> 1000 nm) with high photo-

responsivity comparable to the commercial IR detectors. Our device exhibits promising properties, 

such as high photo-responsivity and high detectivity in both white light and infrared spectral 

region. The present study thus paves the way for developing high-performance, low-cost, and 

flexible large-scale UV-to-IR broadband photodetectors with high responsivity over the entire light 

spectrum.  
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Chapter 6: Enhanced Performance Self-powered solution-processed ZnO 

Quantum Dot-based Deep Ultraviolet Photodetector through CuO micro-

pyramid p-n junction 

  Introduction 

Smart novel devices based on nanomaterials, particularly quantum dots (QDs), have found 

widespread application in a wide range of nanotechnology sectors. Due to their convenient 

integration, tunable bandgap, carrier confinement, controllable transport and trap state 

properties,96,97 QDs can be utilized in electronic and optoelectronic devices, such as 

photodetectors, light emitting diodes and solar cells.99, 239-241 In particular, there is a growing 

demand for wide bandgap semiconductor (WBS) QD-based deep-ultraviolet (DUV) devices 

operating in the UV-C range (< 300 nm) that exhibit smart functionalities (e.g. self-powered, solar 

blind for avoiding solar light interference), which are of particular interest in the armed and civil 

fields, including photovoltaic UV monitoring, engine control, lithography aligners, astronomy, 

missile detection, and secure space-to-space communication.242,243  

Developing DUV photodetectors with excellent photoelectric properties that are based on 

traditional materials and conventional fabrication remains a challenge due to several issues, which 

can be addressed by using QDs.13 (i) Commercial Si-based photodetectors require high-

temperature processing and cannot be solar blind due to strong visible light absorption.244 (ii) 

Lattice mismatch between the substrates and the epitaxially grown materials based on films, 

multilayers, nanostructures, and quantum wells hinders their performance and long-term stability 

due to interface defects.14-16, 18 (iii) Such devices require complex and expensive fabrication 

processes that are not suited for large-scale manufacturing.  
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To address these shortcomings and meet the technology requirements in the UV-C range, 

researchers have started to explore solution-processed WBS QDs. Mainly, WBS ZnO has been 

instrumental in the advancement of DUV optoelectronic nano-devices, as it is the most stable WBS 

with high thermal and chemical stability and high exciton binding energy (60 meV) compared to 

several WBSs with direct band gap. Furthermore ZnO is nontoxic with natural abundance.53, 

162,163,245 Heterojunction devices (mainly p-n junction formed by attaching n-type ZnO to p-type 

materials was characterized by a greater charge depletion region than that produced by a Schottky 

junction as electron−hole separation increases and transit time that exceeds the recombination 

time, resulting in high photo-responsivity. In particular, ZnO QDs are one of the best candidates 

for DUV photodetection applications246 as QD dimensions allowing wider band gap operating in 

DUV spectral range. In addition, QD structures significantly enhance the photogenerated carrier 

density due to the ultra-high surface-to-volume ratio and carrier confinement effect. However, the 

photoresponse of solar blind self-powered DUV (UV-C and UV-B range) photodetectors based on 

ZnO (either as QDs, nanostructures or films) still requires significant enhancement as exhibits very 

low photo-responsivity compared to that of UV-A and visible photodetecotrs246-249 that has not yet 

been achieved. In addition, there is a demand for mass production using cost-effective fabrication 

methods for large scale applications. 

In this work, we have overcome all the aforementioned issues by adopting a novel 

methodology that relies on the functionalization of unique p-type copper oxide (CuO) micro-

pyramid structure with liquid-processed n-type ZnO QD nanostructures to fabricate DUV and self-

powered photodetector arrays. The device was fabricated by spray-coating QDs on micro-

pyramids, which is simple and cost-effective method, avoiding the interface defects due to lattice 

mismatch. We develop a method to grow successfully self-assembly p-type CuO pyramid arrays 
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on Si substrate by pulsed laser deposition (PLD) without metal seeding, whereas liquid-processed 

Zn QDs were synthesized by femtosecond-laser ablation in liquid (FLAL) technique that can be 

scaled up industrially. The findings confirmed that our p-n junction ZnO QDs/CuO pyramid device 

exhibits superior self-powered and solar-blind performance, for the first time. 

  Sample Preparation 

6.2.1. Sample Growth 

To grow CuO pyramids without a catalyst, Si substrate was ablated using ultrafast laser. 

CuO target was provided by Kurt J Lesker Company. To grow the CuO pyramids, a PLD system 

(Neocera, Pioneer 240) equipped with a krypton fluoride (KrF) excimer laser (λ = 248 nm) was 

used to ablate the CuO pyramid target. The substrate was mounted at a large distance (~7 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 CuO pyramids were grown on Si 

substrate by focusing the laser beam of 5 ± 0.5 J/cm2 fluence (350 mJ) on the CuO target surface. 

The deposition consisted of 30,000 laser pulses delivered at 10 Hz frequency and oxygen partial 

pressure of 100 mTorr.  

For solution-processed ZnO QD synthesized by the FLAL method, a titanium-sapphire 

(Coherent-Mira 900) femtosecond (fs) laser was utilized under optimum operating conditions, i.e., 

at 0.33 W power, 150 fs pulse width, and 76 MHz pulse repetition rate at 800 nm wavelength under 

ambient conditions. More details on this material can be found in pertinent literature.246 

6.2.2. Device Fabrication 

To extract the emission arising from the CuO pyramids only, the free space between the 

individual pyramids was filled with PMMA by spin coating. The PMMA layer thickness (~300 
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nm) was optimized by adjusting the spin speed (3,000 rpm) for 40 s, bake temperature (180 °C), 

and baking time (60 s). ZnO QDs were deposited by spray coating 10 ml of colloidal QD solution 

on a heated (100 °C) substrate. To enhance the ZnO QD surface modification, ultrathin ZnO layer 

(5 nm) was deposited using atomic layer deposition (ALD) by performing 50 cycles at 160 °C. For 

current spreading, a 100 nm thin ITO film was subsequently deposited on the ZnO QDs by 

radiofrequency (RF) magnetron sputtering. Finally, Ti/Au contacts were thermally evaporated 

onto the Si substrate. For comparison, we fabricated another device without CuO pyramids under 

the same conditions to confirm the role of CuO in enhancing the device response. 

6.2.3. Structural Characterizations 

 FEI Nova Nano 630 scanning electron microscopy (SEM) and X-ray powder diffraction 

(XRD) measurements (Bruker D8 with CuKα at λ = 1.5406 Å) were conducted to study the 

material structural properties. X-ray photoelectron spectroscopy (XPS) studies were carried out in 

a Kratos Axis Supra DLD spectrometer equipped with a monochromatic Al K X-ray source (hν 

= 1486.6 eV) operating at 150 W, attached to a multi-channel plate and a delay line detector under 

a vacuum of ~10-9 mbar. All spectra were recorded using an aperture slot of 300 μm × 700 μm 

dimensions. The survey and high-resolution spectra were collected at fixed analyzer pass energies 

of 160 and 20 eV, respectively. Samples were mounted in floating mode in order to avoid 

differential charging. Charge neutralization was required for all samples. Binding energies were 

referenced to the C 1s binding energy of adventitious carbon contamination, which was taken to 

be 284.8 eV. The obtained data were analyzed using commercially available software CASAXPS. 
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6.2.4. Optical Characterization  

The optical properties of the ZnO QDs/CuO pyramid/Si were investigated by conducting 

PL measurements at RT using a 325 nm He−Cd laser with 8 mW beam power. Absorption spectra 

were obtained via an Agilent Cary 5000 UV−VIS−NIR spectrometer.  

6.2.5. Device Characterizations 

 For the current−voltage (I−V) measurements, the current was injected by a Keithley source 

2450C operating in continuous mode under different injection currents at RT. A DUV laser 244 

nm source with an intensity of 2.8 mW cm−2 was used for all I−V measurements and calculated R, 

and D* based on the assumption that noise in the current is primarily dominated by shot noise.250,251 

  Structural Properties 

We have developed a novel method for fabricating self-assembly CuO pyramids on Si 

substrate during PLD without metal seeding. We found that a certain Si substrate roughness is 

required to grow vertically aligned CuO-pyramid arrays. To optimize the substrate roughness 

required for forming CuO pyramids, we ablated the Si substrate using titanium-sapphire 

(Coherent-Mira 900) femtosecond (fs) laser under optimum operating conditions, i.e., at 1.7 W 

power, 150 fs pulse width, 76 MHz pulse repetition rate, and 800 nm wavelength. Figure 6.1a 

shows SEM images of the uniformly shaped four-sided CuO pyramids of 6.2 µm × 3.4 µm base 

dimensions and 5.5 µm height located in the ablated Si substrate areas only. 

To investigate the chemical composition of the CuO pyramids, XPS was carried out. The resulting 

high-resolution XPS spectrum of the Cu 2p core level and the Cu LMM Auger spectrum are shown 

in Figure 6.1b and 6.1c, respectively. The Cu 2p core level shape indicates that Cu is present in 

different oxide states. The Cu 2p3/2 core peak was thus fitted using two components located at 
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932.4 eV and 944.1 eV, corresponding to Cu+1 (Cu2O) and Cu2+ as a combination of CuO and 

Cu(OH)2, respectively.252,253 The observed shake-up satellites located in the 940−945 eV binding 

energy range are characteristic of Cu2+ and should not be present in the Cu+ and Cu0 spectra. 

Furthermore, the Cu LMM main Auger peak is observed at the binding energy of 570.2 eV. The 

binding energies of the main Auger peak for Cu, Cu2O, and CuO, respectively, are reported to be 

568.1, 570.2 and 568.9 eV.253 Therefore, the measured value (570.2 eV) confirms that Cu in Cu+ 

oxidation state is present mainly at the sample surface, indicating that the CuO compound is a p-

type material.254 2 XRD scan confirms the CuO phase without any other phases as shown in 

Figure6.1 d.  

 

Figure 6.1: (a) SEM images of CuO pyramids grown on the Si substrate; (b) High-resolution XPS 

spectrum of the Cu 2p core level; (c) Cu LMM Auger spectrum; (d) XRD pattern of the CuO; (e) 

TEM image of ZnO QDs; and (f) after ZnO QD spray-coating on CuO pyramids, pyramids/ZnO-
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QDs heterojunction device, the inset shows schematic of ZnO QDs spray-coated on a CuO 

pryamid. 

The solution-processed n-type ZnO QDs synthesized by our novel FLAL method were 

subjected to HR-TEM measurements to investigate the material crystal quality, as shown in Figure 

6.1e, confirming the crystallinity (wurtzite structure) of the obtained ZnO QDs, where the d-

spacing of ~ 0.28 nm corresponds to the (100) plane in ZnO wurtzite structure.255 The chemical 

composition and nature of these ZnO QDs has been investigated and the relevant findings are 

published elsewhere.246 Available evidence indicates that these ZnO QDs are unintentionally 

doped by C atoms, which was found to enhance the device response.246  

We spin-coating n-type ZnO QDs on p-type CuO pyramids for forming p-n junction 

structure, resulting in a QD greater surface-to-volume ratio will be obtained. This heterojunction 

structure would create a large electric field that would in turn significantly improve the spatial 

separation of photoexcited electrons and holes, thus markedly enhancing the device photo-

responsivity.13 Our device structure design was motivated by this hypothesis. Thus, to deposit ZnO 

QDs on the CuO pyramids, 10 ml of colloidal QD solution was spray-coated on a heated (100 °C) 

substrate. Therefore, after spray-coating, ZnO QDs fully covered the CuO pyramids and could thus 

provide a large surface area for the p−n interface, as shown in Figure 6.1f. 
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 Optical Properties 

Figure 6.2: Room temperature PL spectra of ZnO QDs and the ZnO QDs/CuO pyramid. 

PL measurements were conducted to investigate the QD luminance properties, (b) Absorption 

spectra of ZnO QDs and the ZnO QDs/CuO pyramid. 

 In Figure 6.2a, PL emission of bare ZnO QDs is compared with that of the ZnO QDs/CuO 

pyramid/Si. A typical UV emission is observed from ZnO QDs. The spectrum is dominated by the 

ZnO near-bandedge (NBE) peak centered at around 364 nm,256 corresponding to the highly 

crystalline ZnO QDs,158, 257 and the weak broad band peak at 535 nm, which is attributed to deep-

level defects in ZnO. On the other hand, after hybridizing the ZnO QDs with CuO pyramids, a 

significant enhancement in the ZnO emission at 364 nm is observed, due to the heterojunction 

formation between CuO pyramids and ZnO QDs, which might produce sufficient O supply, 

resulting in a reduction in oxygen vacancy defects and surface defects at the origin of the interband 

radiative recombination.94 In addition, such ZnO emission enhancement has been observed when 

Cu was incorporated in ZnO.258  In the absorption spectrum of ZnO QDs/CuO pyramid, an 

absorption slope at 320 nm can be observed, whereas a long tail can be found in the 400−600 nm 
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range in the absorption spectrum produced by the ZnO QDs, as shown in Figure 6.2b. The shoulder 

peaks at 376 nm are attributed to the surface oxidation of the ZnO QDs.106 ZnO QD/CuO pyramid 

heterojunction exhibits a slight red-shift compared to the ZnO QDs, as the larger absorption tail at 

435 nm compared to that observed in bare ZnO QD spectrum is due to CuO. Such red-shift has 

been previously observed in ZnO/CuO nanocomposites.259,260 

  DUV Device Fabrication   

 

Figure 6.3: (a) The photodetector device fabrication steps; and (b) Energy band diagram of the 

photodetector based on n-ZnO QD/p-CuO pyramid heterojunctions. The Ti/Au metal contact is 

located on Si, whereas transparent ITO contact was fabricated on ZnO QDs. 

Figure 6.3a shows a schematic representation of the device fabrication steps. The p-CuO 

pyramid/ n-ZnO QD heterojunction formation mechanism can be described as follows. Under 

DUV illumination, the electron−hole pairs are generated in both CuO pyramids and ZnO QDs. 

This allows the electrons in the conduction band (CB) of the CuO pyramids (p-type) to migrate 
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into the CB of ZnO QDs (n-type) while the holes migrate from the valence band (VB) of ZnO QDs 

to the VB of CuO pyramids because their CB and VB are located above those of ZnO QDs. The 

favorable formation of the depletion layer in the p−n junction assists with the separation of 

electron−hole pairs, while the presence of DUV light suppresses electron−hole recombination, 

which in turn promotes photocurrent enhancement within the p-CuO pyramid/ n-ZnO QD 

heterojunction, as shown in Figure 6.3b. Due to heterostructure structure stability, low or zero bias 

currents, high impedance, lower applied filed, and faster response, p−n junction enhances 

photodetector performance compared to that of Schottky homojunction.198, 261 These results 

indicate that the photoresponse of the p-n-ZnO QD/CuO pyramid/p-Si photodetectors is higher 

than that of the bare ZnO nano-device. In other words, the results obtained in this work suggest 

that surface modification of ZnO QDs by p-CuO pyramid structures enhances photoresponse and 

photo-responsivity. 
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Figure 6.4: (a) Transient device photoresponse at 1voltage; (b) The photo-responsivity (left axis) 

and the rise and fall time (right axis) of the device as a function of bias voltage; (c) Transient 

device photoresponse at zero bias under DUV illumination; and (d) Transient photoresponse 

measured for ZnO QDs/CuO pyramid. 

Figure 6.4a shows the transient photoresponse of the ZnO QDs/CuO pyramid device 

operating under ambient conditions and UV-C illumination (224 nm) at 1 V voltage. It can be 

noted that the device exhibits stable response over time. We evaluated the photodetector 

performance by examining two key factors, namely R and D*. We found that, under illumination, 

the photo-responsivity reached R = 765 mA/W at 1 V. The highest detectivity value (D* = 1.7 × 

1014 Jones) obtained in this investigation indicates that CuO pyramid/ ZnO QD DUV 
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photodetectors exhibit superior performance. The photo-responsivity approached 0 in the UV-A 

range, as shown in Figure 6.5 where a clear photo-responsivity cutoff at 260 nm can also be noted, 

indicating superior solar-blind characteristics. This behaviour occurs as the quantum condiment 

characteristics of ZnO QDs widen ZnO bandgap, allowing DUV detection. 

 The photo-responsivity value obtained in this work exceeds all previously reported values 

for a ZnO-based solar blind self-powered DUV photodetector as showing in Table 6.1 and 6.2.246, 

262-266 The responsivity of our DUV solar-blind photodetector is significantly higher (>4 times) 

than that of photodetectors based bare ZnO QD.246 In addition, the photo-responsivity value of our 

devices is greater than that reported for the DUV photodetectors based on solution-processed DUV 

incorporating other materials, including those are not self-powered (Table 6.1).19-3, 248, 267 

Furthermore, data reported in Table 6.1 shows that our device exhibits much higher R values in 

the DUV range compared to high-performance state-of-the-art ZnO-based self-powered solar blind 

DUV photodetectors based on heterojunction (Table 6.2).246, 262-266 Table 6.2 shows that our DUV 

photodetector exhibits photo-responsivity greater than that reported for solar blind DUV ZnO-

based devices. In particular, our novel structure showed significant enhancement compared to the 

recent findings of DUV self-powered solar-blind photodetector either based on ZnO reported by 

Zhao et al.262 Figure 6.4b provides a comparison of the rise time, fall time and the responsivity at 

different voltages that do not exceed an average value of 0.3 s, which is comparable to that reported 

in literature as shown in Table 1 and 2. 

Figure 6.4c shows the time-dependent photoresponse of a device based on the ZnO 

QDs/CuO pyramid photodetectors at zero bias under 244 nm DUV illumination. These findings 

confirm that the CuO pyramid/ZnO QD photodetectors produces a stable and repeatable 

photocurrent response at zero bias, confirming the self-powered characteristics of the materials, 
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whereas bare ZnO QD photodetectors based on Schottky junctions do not exhibit self-powered 

characteristics.246 The self-powered behavior of CuO pyramid/ZnO QD p-n junction device can be 

due to the internal electric field that created due to formation of the depletion layer in p-n junction 

structure, creating internal potential at  

 

Figure 6.5: The wavelength dependence of the photo-responsivity for ZnO QDs/CuO pyramid. 

Table 6.1: Comparison of this work with recent reported based solution-processed DUV 

photodetector. 

  Wavelength 

(nm) 

Detectivity 

(Jones) 

Photo-

responsivity 

Ref. 

 MoS2/GaN  265 2.34×1013 187 mA/W 267  

Graphene 

Quantum Dot 

254  9.59 ×1011 2.10 mA /W  248 

ZnO QDs 244 - 100 mA /W 268 

CuO 

pyramid/ 

ZnO QD 

244 1.7 × 1014 765 mA /W This 

work  
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Table 6.2:  Comparison of this work with previously reported photodetector. 

 

 

To further confirm the role of CuO pyramids in enhancing the functionality of ZnO QD-

based devices, we compared the device based on ZnO QDs/CuO pyramids to a ZnO QDs/p-Si 

device without CuO. The fabrication steps of the ZnO/p-Si photodetector device structure without 

CuO are shown in Figure 6.6. Figure 6.7 shows the time-dependent photoresponse of a device 

based on bare ZnO QDs deposited on Si (i.e., without CuO pyramids) compared to that of the ZnO 

QDs/CuO pyramid photodetectors at zero bias under 244 nm DUV illumination. The findings 

confirm that the CuO pyramid/ZnO QD photodetectors produced a stable and repeatable 

photocurrent response at zero bias, which is significantly (>4 times) higher than the photoresponse 

of ZnO QDs on p-Si photodetectors (without CuO prymids) as shown in Figure 6.7a. It is also 

noteworthy that, under 1 V bias, photo-responsivity of the ZnO QDs/CuO pyramid photodetectors 

is twice as high as that of photodetectors based on ZnO/p-Si, confirming the significant role of the 

p-CuO pyramids. In particular, the rise and fall time measured for ZnO/CuO (0.3 s) is much faster 

compared to that obtained for ZnO/p-Si (from 0.6 s), as shown in Figure 6.7b and 6.7c. 

 Type Solar 

blind 

Wavelength 

(nm) 

Self-

power 

Photo-

responsivity 

Ref. 

ZnO–Ga2O3 n-n Yes 251 Yes 9.7 mA/W 262 

Polyailine/MgZnO  p-n Yes 260 Yes 60 μA/W 263 

Ag/ZnMgO/ZnO n-n Yes 275 Yes 16 mA/W 264 

Ga2O3/Ga:ZnO n-n Yes 254 Yes 0.763 

mA/W 

265 

ZnMgO/Si p-n Yes 260 Yes 10 mA/W 266 

ZnO QDs Schottky Yes 244 No 100 mA /W 246 

CuO pyramid/ 

ZnO QD 

p-n Yes 244 Yes 765 mA/W This 

work 
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Figure 6.6: Fabrication steps of the photodetector device structure without CuO growth. 

 

Figure 6.7: (a) Transient device photoresponse under DUV illumination for ZnO QDs on Si at 

zero bias and (b) 1V. 

This is the first report on a ZnO/CuO photodetector operating in the DUV(UV-C) range, 

whereby its high performance is confirmed by all characteristic parameter values. It is worth 

mentioning that all previously obtained ZnO/CuO and other heterojunction ZnO/p-semiconductor-

based photodetectors operated in the UV-A range only, and thus cannot be suitable for solar-blind 

applications.269,270 Most importantly, QD dimensions increase the ZnO bandgap, thus rendering it 

suitable for use in the DUV range. Superior performance of our device confirms the significance 

of our ZnO QDs and CuO pyramid hybridization method can be due to the following reasons. (i) 

The DUV QD-based photodetectors benefit from the quantum confinement effect of ZnO QDs 

that enhances bandgap for DUV region (ii) the inherent junction barrier within the QD network 

that can be modified by photogenerated carrier density, under DUV illumination, increasing the 
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material conductance as the junction barrier between QDs decreases with illumination, easing the 

carrier transient.246, 249 (iii) It is known that p-CuO junction with ZnO materials enhances UV-A 

device performance due to the band alignment between p-CuO and n-ZnO. The same effect can 

be occur in our DUV (UV-C) devices as the band alignment between CuO and ZnO indicates the 

band offset is ΔEc=0.73eVand ΔEv=2.83eV, as shown in Figure 6.3b. Unlike Schottky junction 

of bare ZnO QD/metal contact photodetectors, when ZnO QDs were spray coated on the surface 

of the CuO pyramids, favorable heterojunctions (mainly of p−n type) formed, which assisted in 

significantly improving the device photoresponse by separating the electron−hole pairs that are 

generated in the presence of DUV light, leading to the transit time that is much shorter than the 

recombination lifetime compared to that characterizing bare ZnO QD device. Allowing shorter 

transient time than electron-hole recombination time. (iv) As QDs are spray coated on the 

pyramids, interface defects that are formed due to lattice mismatch during deposition of multi-

layer devices are absent. In addition, unlike Schottky junction photodetectors that are based on the 

oxygen adsorption/desorption process and require a high applied field, p−n heterojunctions have 

low applied fields and do not require excess oxygen.271  

Thus, it can be concluded that the CuO pyramids play an important role in the self-powered 

DUV response properties of the ZnO QD photodetectors. Hence, these results can be used in 

further work aimed at improving the performance of other DUV QD-based optoelectronics. 

  Summary 

In summary, we have developed a novel method for fabricating a device of high structural 

quality, based on p-type CuO via ablating the Si substrate by PLD. Enhanced high-performance 

self-powered DUV photodetectors based on a CuO pyramid/ZnO QD p–n heterojunction were 

obtained by spray-coating n-ZnO QDs on p-CuO pyramids, creating a p–n junction device. The 
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findings reported here demonstrate that the device exhibits excellent photoresponse properties 

under DUV illumination, overcoming issues related to DUV solar-blind photodetectors and 

leading to superior photo-responsivity. These beneficial properties are attributed to the 

advantageous geometry of the CuO pyramid arrays, as well as the high surface area and the built-

in field near the CuO/ ZnO QD interface. We thus conclude that CuO pyramids can be utilized in 

enhancing the performance of DUV QD-based optelectronics fabricated for practical applications. 
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Chapter 7: Enhanced Responsivity of Deep Ultraviolet Self-powered Photodetector Based 

on Sn-doped β-Ga2O3 Nano-flake/MnO Quantum Dot Heterojunction 

  Introduction 

Gallium oxide (Ga2O3), when used as an n-type semiconductor, has a direct ultra-wide 

bandgap (~ 4.9 eV) that is highly suitable for deep ultraviolet (DUV) photodetection due to its 

unique optical and electrical properties. Ga2O3 can be crystallized in five phases (structures), 

denoted as α, β, γ, δ and ε.64 Among these polymorphs, the monoclinic β-Ga2O3 phase is 

recognized as the most suitable for practical optoelectronic applications, as it exhibits high 

chemical, thermal, and mechanical stability.65 For these reasons, it was employed in the present 

study when developing a DUV photodetector in order to achieve high photo-responsivity.  

The space group of monoclinic β-Ga2O3 is C2/m with a lattice angle β = 103.7° and the 

lattice parameters a = 12.23 Å, b = 3.04 Å, and c = 5.80 Å.66 Because its lattice vector is 

significantly larger in the [100] direction relative to the other two, mechanical layer exfoliation of 

β-Ga2O3 can yield high quality exfoliated nanostructure materials. Several studies have been 

conducted in an attempt to fabricate photodetectors on β-Ga2O3 nano-flakes that have been 

exfoliated from bulk substrates due to the high surface-to-volume ratio, quantum confinement 

effects, low power requirement, and flexibility in transferring the obtained nano-flakes to other 

substrates without any damage.272-274  

To date, a number of β-Ga2O3 UV photodetectors based on p−n heterojunction with other 

materials, such as ZnO, GaN, SiC, NSTO and SnO2 have been reported.275-278 However, their 

devices yielded low performance in DUV spectral region. In addition, at present, fabrication of 

such general semiconducting materials and/or their nanostructure equivalents is very expensive 
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and time-consuming. In addition, it requires high-vacuum processing that typically results in 

environmentally harmful byproducts.  

Therefore, many reach works were dedicated to self-powered high performance DUV 

photodetectors. 

Our hypothesis, is to obtain DUV devices based on DUV QDs functionalized with DUV 

materials that can yield a high response such as Ga2O3 to create p-n junction or heterojunctions as 

heterojunction devices and mainly photodetectors are known to be more efficient than single 

junction devices. In addition, the area-to-volume ratio of QDs is significantly high structure that 

can boost the photoresponse of devices.  

This chapter shows that based on this hypothesis, it can be predicated that devices in which 

p-type nano-sized materials such as manganese oxide quantum dots (MnO-QDs) form a 

heterostructure with the n-type β-Ga2O3, the optoelectronic properties of β-Ga2O3 can be tuned 

due to the nano-size effect of the deposited MnO materials and a large number of heterostructures 

formed.279,280 Moreover, MnO is one of the metal oxides that can be potentially utilized in DUV 

applications. Furthermore, owing to their small size (diameter in the 1−10 nm range), QDs are 

classified as zero-dimensional (0D) nanomaterials with several unique properties, such as surface 

effect,280 size effect,281,282 and macroscopic quantum effect that higher-dimensional structures 

cannot possess.283  

Thus, solution-processed QDs can be a very promising alternative for applications 

requiring 0D materials, due to cost-effective synthesis and easy incorporation into a wide range of 

useful substrates under ambient conditions.268, 284-286 Moreover, the absorbed light wavelength can 
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be successfully tuned to the required value depending on the bandgap that can be modified by 

tuning the QD characteristics, such as volume, morphology and surface states.  

However, in order to achieve these aims, three technical conditions must be met :(i) during 

QD synthesis and/or preparation, material crystallinity must be preserved, (ii) the volume 

containing QDs must be homogeneously distributed without aggregation, and (iii) a stable WBS 

material hybridized with stable p-type conductivity QD that would serve both as a photo-signal 

platform as well as a heterojunction counterpart should be used to uniformly disperse the QDs. 

In this work, all conditions outlined above have been met. Specifically, requirements (i) 

and (iii) are achieved by using pulsed femtosecond laser ablation in ethanol (FLAL) to synthesize 

highly crystalline p-type wide-bandgap manganese oxide QDs.268 Moreover, (ii) is achieved as the 

ablated QDs are uniformly coated on the exfoliated β-Ga2O3 substrate by drop casting. We further 

demonstrate that photodetectors based on the heterojunction between coated MnO-QDs and 

exfoliated β-Ga2O3 exhibit enhanced performance, due to increased photocurrent, especially in the 

deep UV region. 

  Sample Preparation 

7.2.1. FLAL Synthesis:  

The solution-processed MnO QDs were synthesized by FLAL method, whereby a titanium-

sapphire (Coherent-Mira 900) femtosecond (fs) laser was utilized under optimum operating 

conditions of 150 fs pulse width and 76 MHz pulse repetition rate, at 800 nm wavelength and 1.75 

W power. More details on this material can be found in pertinent literature.246  
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7.2.2. Material Characterizations:  

FEI Nova Nano 630 scanning electron microscopy (SEM) and X-ray powder diffraction 

(XRD) measurements (Bruker D8 with CuKα at λ = 1.5406 Å) were conducted to investigate the 

material structural properties. The optical properties of the MnO-QDs / β-Ga2O3 flakes were 

assessed by analyzing the absorption spectra obtained through an Agilent Cary 5000 

UV−VIS−NIR spectrometer.  

7.2.3. Device Fabrication:  

Titanium electrodes were deposited on silicon oxide substrate (SiO2) by e-beam 

evaporation (Oxford Instruments, UK). A commercial Sn-doped β-Ga2O3 bulk sample of 1 cm × 

2.1 cm dimensions (Novel) of (100) surface orientation and 5.5 × 1018 donor concentration was 

transferred to the SiO2 substrate via repeated mechanical exfoliation using a commercial scotch 

tape. The exfoliation technique employed in this work is similar to the transfer method applied for 

other 2D materials such as graphene. The resulting MnO-QDs were deposited by drop-casting 

colloidal QD solution on a heated (80 °C) substrate. 

7.2.4. Device Characterizations: 

  For the current−voltage (I−V) measurements, the current was injected by a Keithley source 

2450C operating in continuous mode under different injection currents at RT. A DUV laser (λ = 

244 nm) source with an intensity of 2.8 mW cm−2 was used for all I−V measurements and 

calculated R and D* based on the assumption that noise in the current is primarily dominated by 

shot noise.250-251 
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  Structural Properties  

Figure 7.1 demonstrates the crystallographic and dimensional properties of MnQDs 

synthesized via the FLAL technique. Figure 7.1a shows the MnQDs on a TEM grid, whereby the 

mean diameter was calculated at 4.8 ± 0.2 nm, as indicated by the distribution graph presented in 

Figure 7.1a. The HR-TEM image shown in Figure7.1b clearly demonstrates the atomic distribution 

of the MnQDs with good crystallinity. The inter-planar spacing along the (200) and (111) planes 

was measured at 2.22 Å and 2.57 Å, respectively, which is in good accordance with the results 

reported in pertinent literature for MnO nanoparticles.287 The atomic compositions were confirmed 

by electron energy loss spectroscopy (EELS) mapping, as shown in Figure 7.1d and Figure 7.1e, 

depicting individual elements in a single MnQD. The Mn, O, and C atoms are located in the red, 

yellow and green regions, respectively, confirming that the Mn and O atoms are homogeneously 

distributed within a single MnQD.  

It has been reported by our group that XPS revealed that these QDs comprise different 

chemical phases, mainly MnO phase (81.5%) was found to be predominant, and was accompanied 

by smaller contributions of MnOOH (12.0%) and Mn2O3 (6.5%), producing unique p-type 

characteristics. The p-type stability of such QDs is demonstrated by Kelvin probe and field effect 

transistor measurements along with density functional theory calculations.246 
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Figure 7.1: Structural and material characterization by Transmission electron microscopy (a) TEM 

image of MnQDs. (b) Size distribution of MnQDs obtained using computer software (ImageJ, 

NIH) based on several high-magnification TEM images. (c) TEM image of MnQDs exhibiting 

typical fringes of crystalline structures. (d) A single QD on which the EELS has been performed. 

(e) The color mapping of manganese in red, oxygen in yellow and carbon in green.  

 

SEM is usually performed to study material chemical composition and crystal structure.288 

Figure 7.2a shows SEM images of the β-Ga2O3 nano-flakes of 700 nm thickness that were deposited 

on the SiO2 substrate surface. It is assumed that, when p-type MnO-QDs are used in forming 

heterojunction structures by drop-casting them on β-Ga2O3 nano-flakes, the greater surface area-to-

volume ratio characterizing the QDs will help generate high electric field that would in turn 

significantly improve the spatial separation of photoexcited electrons and holes, thus improving the 

device photo-responsivity.13 These hypothesized benefits motivated the present investigation. To 

deposit MnO-QDs on the β-Ga2O3 nano-flakes, drop-casted colloidal QD solution was coated on a 
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heated (80 °C) substrate. This resulted in a β-Ga2O3 nano-flakes decorated with MnO QDs, which 

could provide a large surface area for the p−n interface, as shown in Figure 7.2b. 

XRD measurements were also carried out to examine the structure and phase purity of β-

Ga2O3. Various closely spaced peaks indexed to the monoclinic phase of Ga2O3 are illustrated in 

Figure 7.2c, indicating that their positions and heights are in good agreement with the values 

reported for β-Ga2O3.
289 The β-Ga2O3 diffraction peaks, including (004), (006), and (008), conform 

to the expected pattern. The XRD pattern shown in Figure 7.2c indicates that no other crystalline 

modifications or impurities are present within the 2θ range of interest (10–70°). The strong 

intensities of β-Ga2O3 diffraction peaks indicate that the resulting material is monoclinic Ga2O3. 

 

Figure 7.2: SEM images of a β-Ga2O3 flake deposited on a SiO2 substrate (a) before and (b) after 

decorating with MnO-QDs; (c) XRD patterns of the β-Ga2O3 nano-flakes. 

  Device Characterizations  

Figure 7.3a shows a schematic representation of the device fabrication steps. To confirm our 

hypothesis that the performance of devices based on MnO-QDs / β-Ga2O3 flake heterojunction can 

be enhanced significantly compared to bare β-Ga2O3 devices, relying on the following 

mechanisms. To generate electron-hole pairs under illumination, there are three absorption paths: 
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the first and second paths (1) and (2) which can be the main photogeneration that corresponding 

to intrinsic bandgap energies β-Ga2O3 and MnO-QDs, respectively, as indicated in Figure 7.3b. 

The third path (3) is related to the p-n junction of the MnO-QDs / β-Ga2O3 flake, which is 

responsible for increasing the photocurrent photodetector devices compared to the bare β-Ga2O3 

device. Under DUV illumination, the electron−hole pairs are generated in both β-Ga2O3 flake and 

MnO-QDs. However, majority of electron generated from β-Ga2O3, whereas majority of hole 

generated from MnO-QDs. This allows the electrons in the conduction band (CB) of MnO-QDs 

(p-type) to migrate into the CB of β-Ga2O3 (n-type), while the holes migrate from the valence band 

(VB) of β-Ga2O3 flake to the VB of MnO-QDs because their CB and VB are located above those 

of β-Ga2O3. The favorable formation of the depletion layer in the p−n junction assists with the 

separation of electron−hole pairs, while the presence of DUV light suppresses electron−hole 

recombination, which in turn promotes photocurrent enhancement within the MnO-QDs/β-Ga2O3 

flake heterojunction, as shown in Figure 7.3b. These results indicate that the photoresponse of a 

device based on the p−n MnO-QDs / β-Ga2O3 flake heterostructure is much higher than that of the 

bare β-Ga2O3 flake-based device.  
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Figure 7.3: (a) The steps involved in fabricating the photodetector device structure; (b) Energy 

band diagram of the photodetector based on MnO-QDs / β-Ga2O3 flake heterojunction. 

Figure 7.4a shows the optical absorption spectra of the Sn-doped β-Ga2O3 with and without 

MnO-QDs in the wavelength range of 200−320 nm. The intensive absorption of Sn-doped β-Ga2O3 

nano-flake is concentrated in the DUV range, whereas the band edge absorption of the Sn-doped 

β-Ga2O3 nano-flakes is located at about 275 nm. The spectrum pertaining to β-Ga2O3 decorated 

with MnO-QDs exhibits a red shift, revealing a greater absorption at about 240 nm. The small 

band edges observed at 265 and 210 nm are attributed to Sn-doped β-Ga2O3 and MnO-QDs, 

respectively.  
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Figure 7.4: (a) Absorption spectra of β-Ga2O3 nano-flakes and the MnO-QDs/ β-Ga2O3 nano-

flakes, and (b) the corresponding I–V curves; (c) Device photo-responsivity under different bias 

voltages for a fixed illumination of 244 nm; (d) Photoresponse time of the β-Ga2O3 flake with and 

without MnO-QDs under 244 nm illumination; (e, f, g) Rise and fall photoresponse time of 

photodetectors fitting using double-exponential functions under 244 nm illumination at bias of 5 

V.(h) the wavelength dependence of the photo-responsivity for the β-Ga2O3 flake with MnO-QDs. 
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To study the device response, current–voltage (I–V) measurements were carried out in the 

dark and under 244 nm illumination at an applied bias of 5 V, as shown in Figure 7.4 b. The dark 

current was 0.0002 A, while the photocurrent increased to 0.0007 A for a device based on bare β-

Ga2O3 only, and further to 0.001 A when β-Ga2O3 was decorated with MnO-QDs, demonstrating 

a nonlinear and asymmetric I–V behavior. As R and D* are the important parameters defining 

photodetector performance, they were calculated for the MnO-QDs / β-Ga2O3 flake heterojunction 

photodetector. Specifically, under 244 nm DUV illumination of 5 V, R = 257.8 A/W, 

corresponding to D = 2.94×1013 Jones, was obtained. When the voltage bias increased to 10 V, the 

photo-responsivity of MnO-QDs / β-Ga2O3 flake increased to 372 A/W, as shown in Figure 7.4c. 

The photo-responsivity value increased from 83 A/W to 257.8 A/W (32 % improvement) at 5V.  

To further confirm the role of MnO-QDs in enhancing the functionality of β-Ga2O3 flake-

based devices, Figure 7.4d shows the time-dependent photoresponse of a device based on bare β-

bare Ga2O3 nano-flake (i.e., without MnO-QDs) compared to that of the MnO-QDs / β-Ga2O3 

nano-flake-based photodetector at 5 V under 244 nm DUV illumination. The obtained findings 

confirm that the MnO-QDs/β-Ga2O3 nano-flake photodetector is capable of producing a stable and 

repeatable photocurrent response at 5 V, which is significantly higher than the photoresponse of 

PDs based on bare β-Ga2O3 nano-flake only. In addition, the on/off ratio of the device based on 

the MnO-QDs / β-Ga2O3 flake is twice as high as that of bare β-Ga2O3 flake-based PD, indicating 

significant dark current suppression. The curve depicted in Figure 7.4e shows the photoresponse 

time pertaining to a bias of 5 V when the photodetector was operated under DUV illumination. 

To define the changes in the photoresponse time during the rise and decay, we fitted by 

double-exponential function.290 The photocurrent rise times τr1 and τr2 are estimated at 200 ms and 

3.66 s (Figure 7.4f), whereas the decay times τd1 and τd2 are estimated at 220 ms and 4.97 s (Figure 
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7.4g), respectively. These results indicate a rapid rise followed by a slow rise, and a rapid decay 

followed by a slow decay. This photoresponse is comparable to the values reported for other high-

performance photodetectors based on β-Ga2O3.
291 In other words, the results obtained in this work 

suggest that surface modification of β-Ga2O3 flakes by decorating with p-type MnO-QDs enhances 

photoresponse and photo-responsivity of the device based on this configuration. Hence, these 

results can be used in further work aimed at improving the performance of other DUV 

optoelectronic devices.  

The photo-responsivity approached 0 in the UV-A range, as shown in Figure 7.4h, where 

a clear photo-responsivity cutoff at 260 nm can also be noted, indicating superior solar-blind 

characteristics. This behavior occurs as the quantum condiment characteristics of MnO-QDs / β-

Ga2O3 flake widen Ga2O3 bandgap, allowing DUV detection. 

  Summary  

In this work, we demonstrated that a self-powered DUV photodetector based on MnO-QDs 

/ β-Ga2O3 flake heterojunction can yield high performance. To produce this enhanced device, β-

Ga2O3 flake was deposited on a silicon oxide substrate by exfoliation from bulk substrates, while 

the MnO-QDs were synthesized by employing the femtosecond-laser ablation in liquid (FLAL) 

technique. The findings reported here demonstrate excellent photoresponse properties of the 

resulting device under DUV illumination, leading to 32 % improvement in photo-responsivity in 

DUV region. These beneficial properties are attributed to the advantages of the MnO-QD 

geometry. We believe that the fabrication strategy adopted in this study will provide a cost-

effective solution for the development of DUV photodetector applications. 

  



134 

 

 

Chapter 8: Conclusion and Future Direction 

  Conclusions 

In this dissertation research, several novel enhancements have been achieved to advance 

the functionality of WBS-based devices that leads to many high performance DUV applications in 

the future. Several challenges related to these devices have been addressed as a part of the work 

reported in this dissertation, such as device fabrication via a simple and cost-effective method 

suitable for large-scale production, using novel high-quality nanostructures, as well as creation of 

a heterojunction based on different emerging materials. For the first time, several unique WBS-

based devices with improved or unique functionalities have been produced, either by 

functionalizing these semiconductors with emerging materials, or by exploring the optoelectronic 

and other pertinent characteristics of new materials. The obtained structures have been subjected 

to extensive optical, electrical and structural characterizations, confirming their superior 

characteristics compared to the existing alternatives. 

Laser ablation of materials in vacuum has been used to fabricate for the first time novel 

high-quality well-defined hexagonal ZnO NT arrays that were obtained without a catalyst using a 

one-step method. For the first time, these arrays were grown on a p-GaN template using PLD, 

resulting in a bright and highly cost-effective UV LED with high optical efficiency without droop. 

The findings reported in this section confirm that the obtained NTs exhibit not only superior optical 

and structural quality, but also high internal efficiency. In the second part, Gd-doped ZnO NRs 

grown on the first cost-effective metal substrate by PLD are presented, and the discussions and 

results reported in this section demonstrate that these NRs can be functionalized by CH3NH3PbI3 

perovskite to extend the functionality of ZnO photodetectors from the ultraviolet to the infrared 
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spectral region (λ > 1000 nm), thus rendering it a high-performance broadband photodetector 

characterized by high responsivity. Once the suitability of the PLD method adopted in this work 

for nanostructure fabrication was confirmed, the research scope was expanded to other oxides. In 

this context, the aim was to achieve p-type oxide nanostructures to create heterojunction devices, 

mainly those of p−n type, as it is known that such junction is the most optimal device architecture 

for high-performance optoelectronic applications. Consequently, the previously described PLD 

method was extended to other high-quality p-type CuO nanostructures. For this purpose, uniform 

p-type CuO pyramids were grown by PLD on a Si substrate without metal catalyst. On the other 

hand, to synthesize n-type WBG nanostructures that are required for p−n junction devices, laser 

ablation method was advanced from vacuum based (PLD) to liquid based (femtosecond-laser 

ablation in liquid − FLAL) method, thus producing high-quality n-type ZnO QDs. The adopted 

strategy involved spray-coating the QDs on CuO to avoid the issues related to lattice mismatch, 

thus preventing any interface defects. By employing this novel strategy, improved DUV 

photoresponse heterojunction device properties were obtained for the first time. The resulting self-

powered DUV photodetectors based on p-CuO pyramids/n-ZnO QDs heterojunction exhibited 

excellent performance, including high photo-responsivity. These beneficial properties are 

attributed to the advantages of the geometry of CuO pyramid arrays, the high surface area, and the 

built-in field near the CuO/ ZnO QD interface. The resulting devices is easy and cost-effective to 

fabricate, while exhibiting high performance, making it suitable for high-scale applications. This 

approach was further advanced by exploring the functionality of devices based on both novel oxide 

QDs and emerging WBGs synthesized by FLAL and exfoliation methods, respectively, to fabricate 

a novel high-performance low-cost DUV photodetector with superior responsivity. Such 

photodetector was fabricated using a new p-type WBG material based on p-type MnO QDs that 
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were synthesized by FLAL in our lab for the first time. Next, high-quality mechanically exfoliated 

n-β-Ga2O3 nano-flakes were functionalized by these QDs, which served as an active layer in the 

heterojunction devices, mainly self-powered DUV photodetectors. The hybridization of p-type 

MnO QDs boosted the responsivity of β-Ga2O3 significantly, indicating the importance role of 

such QDs in enhancing DUV devices (> 30% improvement). Its superior response compared to 

commercial DUV photodetectors was subsequently confirmed by extensive measurements. Thus, 

the work reported in this dissertation paves the way toward the development of cost-effective self-

powered DUV photodetectors for a wide range of commercial devices as well as large scale 

applications. 

All fabrication strategies adopted in this research, including those employed when creating 

heterojunction structures (mainly p−n junction), resulted in cost-effective WBS devices that, 

despite their facile fabrication process, exhibited high performance. Thus, these methods can be 

extended for large-scale applications, as they overcome the aforementioned issues related to the 

currently available WBS devices.  

  Future Direction 

In future research in this field, it would be beneficial to expand upon the results obtained 

in the present study by utilizing the PLD method described in this dissertation to obtain other types 

of WBSs materials NWs/NTs/nano-pyramids such as GaN and other group III−V semiconductors 

with high optical and electrical quality that use in commercial applications. Such materials would 

be of interest in the production optoelectronic and electronic devices, such as light emitting 

devices, as PLD is less expensive than other commercial techniques, such as MBE and MOCVD.  
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Moreover, FLAL technique can be used to synthesize other high-quality WBG 

semiconductor QDs working in DUV, UV or visible spectral range. In addition, such DUV QDs 

can be utilized to manufacture LEDs, whereas visible QDs can be used for solar cell devices. The 

FLAL method developed in this work can also be extended to grow other QD materials, including 

organic materials, such as perovskite, for high-performance heterojunction devices. In addition, 

hybridizing such QDs with 2D materials can lead to promising and novel nano-devices.  
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