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Chapter 1 

Introduction 

 

 

 

This chapter presents a brief review of the nanostructures and their 

remarkable features. The material of interest, i.e. Zinc Oxide (ZnO), has 

been explored in detail with its properties and applications. A brief 

discussion of the synthesis technique used in the present thesis is also 

highlighted. The general background and theory of glancing angle 

deposition technique along with its unique features have also been 

summarized. 
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1.1 Nanostructures: A brief overview 

In 1959, a famous physicist Richard Feynman (Noble prize winner of 

Physics in 1965) while referring to the physics of materials coined a 

sentence “there is plenty of room at the bottom” during his talk in a 

conference at the American Physical Society. This encouraged the 

scientists, and since then the research on nanomaterials boosted up. The 

term ‘Nano’ generally refers to the structure of a material having at least 

one dimension between 1 and 100 nm. The study and technology which 

encompasses such dimensions of structures are known as ‘Nanoscience’ 

and ‘Nanotechnology’, respectively. From the past few years, the field of 

nanotechnology has spread its feathers into the various areas of science and 

engineering including, bio, civil, military, astronomy etc.  

The technology enables to produce the nanostructures not only with 

unique designs but with fascinating functional properties of materials. 

Therefore, depending on the properties of nanostructures, the technology 

can be categorized into nanoelectronics and nanophotonics etc. With the 

advancement of this technology, various applications of nanostructures 

have been realized and implemented too. Till now, the nanostructures of 

different materials, including oxides and nitrides, have been prepared using 

various synthesis techniques, and a variety of morphologies have been 

obtained (Fig. 1.1). The functional nanostructures of semiconductor 

materials play a vital role in device-based technology. In recent years, the 

growth of low dimensional semiconductor nanostructures and their 

integration into working devices have revolutionized the semiconductor 

technology. Therefore, the low dimensions (e.g. 1D) of nanostructures such 

as wires, tubes, rods and belts have significantly stimulated the basic 

research in the scientific as well as industrial communities. 
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Figure 1.1: Assembly of nanostructures showing different types of 

morphology [1]. 
 

 

1.1.1 Features of Nanostructures  

The nanostructure materials have interesting and applicable properties 

which make them distinct from the bulk and thin film structures. Few of the 

key properties of nanostructures are listed as below: 

• Low dimension (size effects): In bulk materials, the electronic 

energy levels have a continuum, whereas, for nanostructured 

materials, the case is different owing to the quantum size effect [2]. 

When the size of any material is reduced to the de-Broglie 

wavelength, the discrete electronic energy levels are realized due to 

the spatial confinement of electrons and holes. The reduced size may 

occupy any shape, e.g. nanowire, nanorod, nanotube, nanosheet etc. 

A blue-shift in the band gap of semiconductor materials is one of the 

examples of size-effects [3]. 

• Large surface-to-volume ratio: The reduction in the size of 

material has a direct relation with the surface-to-volume ratio. As 
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the size reduces, the ratio increases due to the increase in surface 

area per unit volume. Consequently, the increased surface area 

induces porosity in the material. This porosity is essential for the 

ultraviolet photo-detection and gas sensing applications [4,5]. 

• Boundary effects: Grain boundaries play a crucial role in the 

properties of material because a significant portion of atoms resides 

in the grain boundaries. Therefore, with the reduction in grain size, 

the interfacial region must be considered for the nano grain size of 

materials. For example, the reduction in grain size increases the 

surface activity of adsorption and desorption [6]. 

 

1.2 Material 

The choice of material and understanding its properties are the important 

aspects for an efficient device application. In other words, the applicability 

of any device is fully dependent on the properties and characteristics of the 

selected materials. Therefore, the materials must be chosen so wisely that 

they fulfill the criteria and live up to the expectations. For example, 

designing of ultraviolet (UV) photodetector require a wide band gap 

material having defect-free and highly crystalline nature with strong 

absorption of UV light. Hence, zinc oxide (ZnO) at a certain extent proves 

its applicability in UV photodetectors with significant absorption of UV 

light due to its wide band gap nature [7].  

 

1.2.1 Zinc Oxide (ZnO): The material of choice 

Zinc Oxide (Chemical formula: ZnO) is a semiconductor material and has 

been studied for decades. The research on ZnO was initiated in the early 

1900s, and it came up with the first electronic application in radio sets 

during the 1920s [8]. The number of relevant publications on ZnO is the 

evidence of its competency and applications in various fields [9,10]. 

Therefore, among the existing semiconductor materials, ZnO is still being 
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researched by many scientists and engineers due to its attractive properties. 

The advancement in technology with various new synthesis techniques 

made possible the growth of ZnO nanostructures with high-quality and 

crystallinity. However, ZnO finds its application in both forms, i.e. bulk as 

well as nanostructures. One-dimensional (1D) ZnO nanostructures such as 

nanowires and nanorods have attracted considerable research interest due to 

their efficient charge carrier transport properties [11,12]. Moreover, many 

nanostructures of ZnO have needle-like tips or nanocone shapes, which 

enhances the electron field emission due to local field enhancement on their 

tips [13]. Therefore, by using the properties of such 1D-nanostructures, 

various semiconductor devices based on ZnO can be fabricated, for 

example, solar cells, light-emitting diodes, photodetectors, gas/chemical 

sensors etc. [14]. 

 In general, ZnO is an n-type semiconductor material with band gap 

falls in the UV region. Along with UV emission, it also shows emissions in 

the visible region of the electromagnetic spectrum. The intrinsic defects of 

ZnO are mainly responsible for this visible emission [15]. The researchers 

have made full efforts leaving no stone unturned for obtaining p-type ZnO 

[16,17]. However, the self-compensation of charge carriers in ZnO made 

this not possible to some extent. Many impurity elements of group-I and 

group-V have also been doped in ZnO to obtain p-type nature [18], but the 

low reproducibility and poor stability of p-type conductivity is still a 

milestone in this field. The intrinsic conductivity combined with optical 

characteristics led to the new applications of ZnO. This conductive and 

optically transparent nature of ZnO reserved its place amongst the various 

transparent conductive oxide (TCO) materials. The applications of TCO 

include flat panel display, smart windows, transparent electrodes, window 

defrosters, light-emitting diodes etc. [19,20]. 

 All such aforesaid applications of ZnO have been perceived due to 

its enthralling fundamental properties as listed in the discussion below. 
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1.3 Overview of the Properties of ZnO 

1.3.1 Crystal Structure 

ZnO belongs to the category of II-VI group of binary compounds. It 

crystallizes in three different structures, i.e. wurtzite, zinc blende, and 

rocksalt structures, as shown in Fig. 1.2 [9]. At ambient conditions, the most 

stable and most commonly observed phase is the wurtzite with hexagonal 

structure. The latter two structures form cubic structure and can be realized 

at relatively different thermodynamic conditions. 

 

 

Figure 1.2: Different crystal structures of ZnO: (a) cubic-rocksalt, (b) cubic 

zinc blende, and (c) hexagonal wurtzite [9], (d) representing lattice 

parameters ‘a (=b)’ and ‘c’ of hexagonal wurtzite. 

 

 

The wurtzite structure of ZnO consists of a hexagonal unit cell 

having two lattice parameters, ‘a’ and ‘c’ (Fig. 1.2d), typically with a ratio 

(a)

(b)

(c)

Zn
O

(d)
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of c/a= 1.63. However, the lattice constants of an ideal wurtzite ZnO depend 

on the various parameters, i.e. temperature, impurity, etc. The value of 

lattice constants for an ideal and ordered ZnO are a=3.25 Å and c=5.21 Å 

with c/a ratio of nearly 1.6 at the temperature of 297 K [21]. The wurtzite 

structure of ZnO comprises of two interpenetrating hexagonal-closed-pack 

(hcp) sublattices of Zn2+ and O2- ions arranged such that each Zn ion is 

surrounded by a tetrahedron of oxygen ions and vice versa. In this structure, 

the directions parallel to the c-axis are denoted by [000l]. The ab-initio 

calculations for ZnO showed that it has a natural tendency to grow in the 

[000l] directions due to the highest surface energy compared to all low-

index planes of the wurtzite structure [22]. This surface energy plays a vital 

role in the nucleation and growth process of ZnO nanostructures. It should 

be noted here that all the ZnO nanostructures studied for this thesis are 

crystallized in the wurtzite structure and have crystal orientation along the 

c-axis with prominent (002) plane. 

 

1.3.2 Vibrational Properties 

A phonon refers to the elementary excitation of the lattice vibration, and the 

lattice dynamics of any structure are mainly associated with the Raman-

active phonon modes. In the hexagonal wurtzite structure of ZnO, the 

arrangement of Zn2+ and O2- ions produces a polar symmetry along the 

hexagonal vertical axis (i.e. c-axis). The structure has four atoms (i.e. 2 pairs 

of Zn-O) in the hexagonal unit cell leading to the twelve phonon branches, 

out of which nine are the optical and three are the acoustic [23]. The 

symmetry representation of the fundamental optical phonon modes of ZnO 

is given by Г𝑜𝑝𝑡 = 𝐴1 + 𝐸1 + 2𝐸2 + 2𝐵1. The A1 and E1 modes are both 

Raman and IR active, whereas E2 modes are Raman active only, and the B1 

branches are inactive (also known as silent modes). The polar A1 and E1 

modes further split into LO (longitudinal optical) and TO (transverse 

optical) modes with different frequencies due to the long-range electrostatic 
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forces [24]. Hence, the eight sets of characteristic optical phonon modes are 

A1(TO), A1(LO), E1(TO), E1(LO), E2(high), E2(low), B1(high) and B1(low). 

Importantly, the first six modes are also known as first-order Raman active 

vibrational modes. All the modes correlate with a band of wavenumbers (in 

the unit of cm-1) with varying intensities in the Raman spectrum. Fig. 1.3 

schematically depicts the characteristic Raman vibrational modes of 

wurtzite ZnO. 

 

 

Figure 1.3: Optical phonon modes of wurtzite ZnO. Green and red spheres 

represent the oxygen and zinc atoms, respectively. Blue arrows represent 

the dominating displacement vectors. The vibrations of A1 and B1 modes 

are directed towards the c-axis whereas, the E1 and E2 modes have 

vibrations perpendicular to the c-axis. 

 

 

Generally, in Raman spectrum of ZnO, the E2 modes are very 

intense which particularly represents the chemical composition of Zinc (i.e. 

E2(low) mode) and Oxygen (i.e. E2(high) mode) in the wurtzite crystal 

structure. These E2 modes are also defined as non-polar modes due to the 

mutual compensation of the displacement vectors within each sub-lattice 

(Fig. 1.3) and therefore have no net induced polarization. Similarly, the 

silent B1 modes are also non-polar; however, for these modes, one sub-

lattice is essentially at rest while the other neighboring ions move opposite 

E2 (low) E2 (high) A1 (LO) A1 (TO)

E1 (TO) E1 (LO)B1 (high)B1 (low)
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to each other (Fig. 1.3). For the B1(low) and B1(high) phonon modes the 

displacements are caused by the heavier sub-lattice (i.e. Zn) and lighter sub-

lattice (i.e. O), respectively. On the other hand, the A1 and E1 phonon modes 

arise due to oscillations of rigid sub-lattices and are mainly dominated by 

the oxygen ions. These modes are polar in nature, where the Zn and O ions 

both move parallel and perpendicular to the c-axis for the A1 and E1 phonon 

vibrations, respectively. 

Practically, the Raman shift for all these modes (i.e. the vibrational 

properties) of ZnO is strongly affected by the doping or by the microscopic 

nature (i.e. nanostructure form) also [25,26]. 

 

1.3.3 Optical Properties  

1.3.3.1 Band Structure 

ZnO is known to be a wide band gap semiconductor material and have its 

place in the family of II-VI compounds. It has a direct band gap (𝐸𝑔) of 3.4 

eV at room temperature [16]. This band gap corresponds to the UV light of 

wavelength 365 nm and is transparent throughout the visible spectrum of 

light. The term ‘wide band gap’ referred to those semiconductors having a 

band gap about twice or three times the band gap of conventional 

semiconductor Si, the most commonly and widely used semiconductor 

having band gap of ~1.12 eV [27]. The other examples of wide band gap 

semiconductors are GaN (𝐸𝑔=3.39 eV) and SiC (𝐸𝑔=2.9 eV) widely studied 

among the family of indirect band gap semiconductors [28]. 

The direct and indirect band gaps are defined depending on the 

position of extrema and minima of valence band and conduction band. Fig. 

1.4 shows a schematic representation for the direct and indirect band gap of 

semiconductors. The photon emission in the indirect band gap 

semiconductors is accompanied by the phonon emission, as shown in Fig. 

1.4(b). 
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Figure 1.4: Schematic representation for the (a) direct and (b) indirect band 

gap of semiconductors. 

 

 

1.3.3.2 Photoluminescence 

The emission spectrum of ZnO is characterized by near-band 

emission (NBE) and deep-level emission (DLE). The NBE consists of an 

intense emission peak in the UV wavelength range and arises due to the 

band-to-band transition or excitons emission [29]. The various intrinsic 

and/or extrinsic defect states located at the deep levels causes a broad 

emission in the visible region of the electromagnetic spectrum. Fig. 1.5 

shows the typical photoluminescence (PL) spectra of ZnO at room 

temperature. For more understanding of defect-assisted emissions along 

with UV emission, a schematic has been presented in Fig. 1.6 showing the 

various energy levels of ZnO. For a perfect crystalline ZnO, the emission 

from DLE can be highly suppressed. Therefore, the high intense UV 

emission with suppressed visible emission can be considered as an 

indication for the crystallinity of ZnO. 

Conduction band
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Photon emission
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Figure 1.5: Typical photoluminescence spectra of bulk ZnO. 

 

 

 

Figure 1.6: Schematic representation for various energy levels of ZnO. 

 

 

The elementary deep level defects of ZnO include zinc vacancies 

(VZn), interstitial zinc (Zni), oxygen vacancies (Vo) and interstitial oxygen 

(Oi) [30,31] These defects can affect the position of band edge emission as 

well as the shape/width of luminescence spectra. Therefore, the point 

defects play a crucial role in determining the optical properties of ZnO and 
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strongly depend on the growth conditions and synthesis methods [32]. All 

the ZnO nanostructures presented in this thesis show intense UV emission 

with suppressed visible emission, indicating the crystallinity and quality of 

prepared nanostructures. This feature is attributed to the pulsed laser 

deposition technique, as discussed in the chapters. 

 

1.3.4 Other Properties 

Besides the above-mentioned properties of ZnO, it has many other 

important and applicable properties too, as listed below. 

• Large exciton binding energy (60 meV) which is much suitable for 

efficient excitonic emission at room temperature. 

• High radiation hardness, making it more appropriate for use in 

space applications. 

• Piezoelectricity makes it applicable for sensors and actuators. 

• High thermal conductivity ensures the high efficiency for heat 

removal during the device operation. 

• Highly sensitive for adsorbed gas species and has utility in sensing 

of various gases such as CH4, CO, NO2 etc. [33] 

• Bio safe and biocompatible for biomedical applications. For 

example, biomedical imaging and drug delivery [10]. 

 

1.4 Doping in ZnO 

In this section, a brief review on the doping in ZnO is given, also providing 

a visual background for an understanding of chapter-4. Implementing the 

impurities by doping is one of the most efficient ways to modify and tune 

the optical and electrical properties of ZnO. Since it is a wide band gap 

material and doping can efficiently tune such band gap by modifying the 

defect states. Moreover, with appropriate doping of selective elements, the 
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electrical properties of ZnO can be precisely tailored with keeping its optical 

properties unaffected.  

Usually, the resistivity (ρ) for any material having electrons as the 

majority of charge carriers, is given by 𝜌 = (1 𝑛𝑒𝜇⁄ ), where n is the carrier 

concentration, e is the elementary charge and μ is the mobility. It is clear 

that with an increase of carrier concentration and/or mobility, the resistivity 

can be reduced. For ZnO, it should be noted that, even without any doping, 

it shows n-type conductivity with typical resistivity of the order of 10-2 

Ω.cm. However, the intrinsic conductivity can be increased by suitable 

doping of group-III elements (B, Al, Ga and In) acting as electron donors 

[34]. Such dopants can occupy the Zn sites due to similarity in ionic radii 

of respective elements. The dopant also donates one of its electrons to the 

conduction band, thereby increasing the carrier concentration and hence the 

conductivity. Similarly, doping of group-IV elements (Si, Ge, Sn) in ZnO 

has also been reported [35]. Moreover, the doping of group-I (Li, Na, K, 

Cu, Ag) and group-V elements (N, P, As and Sb) with the efforts to fabricate 

p-type ZnO have also been well documented [17,36]. To study the magnetic 

properties of doped ZnO, transition metal elements have also been used as 

a dopant [37].  

The influence of doping in ZnO is not limited. The doping may 

modify the carrier concentrations, electronic structure, luminescence 

properties and structural parameters (i.e. lattice constants). The modified 

properties have their own feasibility and applicability. For example, the 

increased conductivity along with inadequacy and low-cost of doped-ZnO 

has replaced the devices based on indium tin oxide (ITO) materials.  

 

1.5 Synthesis Mechanism and Techniques 

A wide variety of synthesis techniques with unique growth mechanism have 

been developed and used for the growth of ZnO nanostructures. In general, 
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the methods for the fabrication of nanostructures are categorized by the two 

approaches, namely, ‘top-down’ and ‘bottom-up’. In top-down synthesis 

method, the nanostructures are fabricated by etching out the crystal planes 

which are already present on the substrate. This patterning can be done 

using optical or electron beam lithography techniques which however are 

very costly and have long processing time. The main drawbacks of the top-

down approach are imperfections of crystals, impurities and contamination 

caused during the interaction processes. The bottom-up approach includes 

the synthesis of nanostructures on the substrates by precisely stacking the 

atoms onto each other. This approach produces the defect-free, 

homogeneous and long-range ordered nanostructures.  

The synthesis techniques depending on its growth mechanism may 

involve some type of catalyst for the growth of nanostructures. Furthermore, 

based on the phase of catalyst (i.e. liquid or solid), there can be two types 

of mechanisms, namely, vapor-liquid-solid (VLS) and vapor-solid-solid 

(VSS). The nanostructure growth in such type of catalyst-assisted growth 

mechanisms can be controlled by controlling the properties of the catalyst 

material. However, the presence of catalyst particles in the nanostructures 

may result in impurity and hinders the device performance. Therefore, to 

avoid such issues, modern research efforts have been heading for the 

catalyst-free or self-catalyzed nanostructure growths. In this process, the 

semiconductor material or its element itself is used as a promoter instead of 

external catalyst elements, ensuring both controlled and impurity-free 

growth. 

Depending on the processing methods of nanostructures, the 

synthesis techniques can be classified as shown in the chart (Fig. 1.7). Each 

of the method presented in the chart has different growth process and 

different requirements for the synthesis. The chemical methods use a 

chemical form (either liquid or vapor) of the starting material, whereas the 
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other methods use solid target materials. Explaining each of these methods 

is beyond of this thesis.  

 

 

Figure 1.7: Various synthesis techniques of nanostructures. 

 

 

It must be added here that other than the techniques reported above, 

the nanostructures can be prepared by the combination of different methods 

too. For example, ZnO nanorods have been fabricated by mixing laser 

ablation and chemical synthesis techniques [38]. Similar other variants of 

PLD such as RF plasma-assisted PLD, bias voltage-assisted PLD, etc. have 

also been reported to grow ZnO [39–41].  

In the work of the present thesis, the glancing angle deposition 

(GLAD) technique [42] has been adopted by utilizing the conventional 

pulsed laser deposition (PLD) setup. PLD is known to produce highly 

crystalline samples [43]. On the other hand, GLAD assists in the formation 

of pores during the deposition. Thus the crystallinity, as well as porosity in 
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the grown nanostructures, can be realized by the combinatorial effect of 

GLAD and PLD. The details of PLD with its schematic and real 

experimental setup have been presented in chapter-2 of the thesis. The basic 

theory and principle of growth by GLAD technique has been described in 

the following subsection. 

 

1.5.1 Theory of Glancing Angle Deposition (GLAD) 

The GLAD technique was first developed by M. J. Brett’s group around the 

1990s by using the sputtering setup [44,45], and since then it has been 

extensively used in combination with various PVD systems including 

thermal evaporation, PLD, etc. [46–49]. 

 

 

Figure 1.8: Schematic of a basic GLAD apparatus, where ‘α’ defines the 

angle between the axis of vapor flux and substrate’ normal. 

 

 

Usually, in the GLAD technique, the vapor-flux arrives at the 

surface of the substrate at a glancing angle as schematically shown in Fig. 

1.8. The substrate, however, may be stationary or may have rotations during 

the deposition [50]. The GLAD technique is a promising way of obtaining 

α

Vapor source

Substrate
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a variety of nanostructures for different materials with controlled synthesis. 

This technique also enables to tune the surface anisotropy by varying the 

surface morphologies [51]. 

 

 

Figure 1.9: Schematic view of GLAD growth: (a) vapor flux arrives at an 

angle ‘α’ and produces a random distribution of nuclei on the substrate’ 

surface, (b) nuclei grow and evolve shadows, (c) columnar growth with 

partial suppression of neighboring, (d) inclined columnar structures and 

growth restrictions for smaller columns [42]. 

 

 

The growth of columnar structures by GLAD takes places due to a 

combination of the ballistic shadowing effect and the limited surface 

diffusion. Fig. 1.9 represents a schematic view of growth by GLAD 

technique. The vapor-flux is incident at an angle (α) and forms nuclei on the 

substrate surface through a random process (Fig. 1.9a). These nuclei grow 

into small columns and develop shadows with size distribution (Fig. 1.9b). 

Consequently, the growth of smaller columns is suppressed and restricted 

by the screening of neighboring nuclei from the incoming vapor-flux (Fig. 

1.9c). At some instant, the smaller nuclei and columns become totally 

shadowed and stop growing (Fig. 1.9d). With continuing the process and at 

sufficient deposition, a self-reinforcement causes the development of 

(a) (b)

(c) (d)
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isolated columnar structures. Moreover, with the extreme of the shadow, 

porous nanostructures of isolated columns inclined towards the vapor-flux 

can be obtained [45,52]. The induced porosity and column spacing depends 

on the incident flux angle, with a decrease of the incidence angle the 

nanostructures may lose porosity and become dense [44,53]. Therefore, the 

morphology and density of GLAD produced nanostructures are unlike the 

normally deposited films. 

The thickness of nanostructures produced by GLAD technique is 

associated with the two competing factors. The first factor is porosity 

produced by the shadowing effect at higher incidence angles, and the second 

is a geometrical factor (i.e. incidence angle) which causes the thickness to 

decrease with increasing the incidence angle. The reduction in thickness can 

be attributed to the low flux capture at higher incidence angles, as shown in 

Fig. 1.10. 

 

 

Figure 1.10: Schematic representation for the lower flux capture to tilted 

substrates compared to the normally oriented substrates [50]. 

 

 

1.5.1.1 Advanced GLAD Processes 

Nowadays, the advanced GLAD processes have been spaciously used with 

the aim to improve the quality of nanostructures [42]. The advanced 
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approach includes the processing of nanostructures before, during or after 

the GLAD process. Few of the advanced processes are listed below: 

• Pre-deposition treatment (substrate seeding): In this process, seeds 

of the desired materials are first deposited on the substrates, and then 

nanostructures are produced on these seeded substrates using 

GLAD. The seeds act as forced nucleation sites for the growth of 

nanostructures. Moreover, with proper designing of seeds, the shape 

and size of nanostructures can be precisely controlled. There are 

numerous methods by which seeds can be prepared [42]. However, 

in the present work, a PLD has been used to deposited the seeds onto 

the substrate by keeping the substrate parallel to the target’ surface. 

More details with experimental parameters have been presented in 

chapter-2 of the thesis. 

• Controlling substrate motion and temperature. 

• External shadowing. 

• GLAD co-deposition, i.e. deposition of single/two materials from 

similar/different directions. 

• Post-deposition treatments such as annealing, etching, oxidation and 

GLAD templating. 

• Sequential GLAD i.e. deposition of different materials sequentially. 

Due to the flexibility of GLAD technique the fabricated 

nanostructures show improved quality, crystallinity and high surface-to-

volume ratio (i.e. porosity). Such properties are very essential for the 

electrical and optical applications, for example, electrical/optical sensors, 

solar cells etc. 

 

1.6 Utility of ZnO 

Based on the intriguing properties, as discussed in section 1.3, ZnO proves 

to be a good contender of next-generation optoelectronic devices. However, 
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the utility of ZnO is not limited to a specific field. It has applications in 

various sectors including engineering, medicinal, bioscience, food industry, 

cosmetics, electronics, optics and many more [54]. There are various 

devices based on ZnO have been fabricated, such as solar cells, lasers, field 

emission devices and UV photodetectors [55–57]. Here, we constrained 

ourselves to discuss on the UV photodetectors. The following sections 

describe the basics of UV photodetectors and their functioning.  

 

1.6.1 Ultraviolet Photodetectors 

Strictly speaking, a photodetector is a kind of device which converts the 

optical signal into an electrical signal either in the form of a current or a 

voltage. The ultraviolet (UV) photodetectors are meant to measure the UV 

light. The electromagnetic spectrum of UV light lies in the wavelengths 

ranging from 100-400 nm. A wavelength range from 400-700 nm is 

identified as the visible region; therefore, the photodetectors having a 

response only for UV photons are known as visible-blind detectors. This 

character of visible-blindness for UV detection is very useful and applicable 

in various fields in order to avoid an expensive process of filtering. The UV 

range can be further divided into three subcategories depending on their 

energy and wavelengths. For example, UV-A is assigned for the wavelength 

range of 400-315 nm, similarly for UV-B (315-280 nm) and UV-C (280-

100 nm). UV-C is also called a deep UV. In the present work of thesis, 

specifically, we have used two different wavelengths of UV light, i.e. UV-

A (365 nm) and UV-C (254 nm) for the sensing measurements. 

 ZnO is a widely studied material for the fabrication of UV 

photodetectors, and numerous efforts have been put in the direction to 

improve the performance of ZnO based UV photodetectors. For example, a 

low dark current is one of the key factors to improve the sensitivity of such 

photodetectors. The earlier reports suggested that the surface electrons of 

ZnO have a tendency of depletion by the adsorbed oxygen on the surface 
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states [57–60]. Therefore, the UV photodetectors which have been 

fabricated using low-dimensional nanostructures of ZnO such as nanowires 

and nanotubes show high performance than the conventional bulk structures 

[61,62]. The increased performance of photodetectors based on such 

nanostructures is attributed to the large surface-to-volume ratio, which 

contains a high concentration of surface states and is therefore propitious to 

the depletion of electrons under dark conditions. However, the performance 

can be further improved by precise tuning of preparation conditions and 

doping of selective elements.  

 

1.6.1.1 Mechanism and Working Principle of UV Photo-

detection 

The photoresponse in ZnO has been identified due to the two mechanisms, 

namely i) a rapid band-to-band recombination with very short time 

constants, and ii) photo-desorption of oxygen molecules from the surface. 

In the first mechanism, when a photon of incident energy (𝐸𝑃ℎ) greater than 

the band gap energy (𝐸𝑔 ) of the material, falls on the surface of a 

semiconductor material it gets absorbed and generates an electron-hole pair, 

i.e. the excitation of an electron from the valence band to the conduction 

band, leaving a hole in the valence band. These charge carriers (i.e. 

electrons and holes) then drift towards the respective electrodes under the 

applied electric field and generate a signal in the form of a photocurrent in 

the circuit. 

 The second mechanism is considered to be dominant in the ZnO 

nanostructures as schematically shown in Fig. 1.11. In this mechanism, the 

adsorption and desorption of oxygen molecules play a major role in the 

photoresponse process. ZnO has free electrons, and in the surroundings, 

there are plenty of oxygen molecules available (Fig. 1.11a). At ambient 

conditions, the oxygen molecules get attached to the surface of 

nanostructures as negatively charged ions by the adsorption process. The 
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adsorption takes place due to the presence of trap levels and oxygen vacancy 

states near the surface, resulting in the trapping of free electrons and thereby 

creating a depletion layer on the surface of nanostructures as schematically 

represented in Fig. 1.11b. This process can be written as, 

𝑂2 (𝑔𝑎𝑠) + 𝑒− → 𝑂2
−(𝑎𝑑𝑠)    1.1 

The depletion layer causes a reduction in the conductivity of a material. 

Moreover, the oxygen adsorption also results in the band bending due to the 

formation of a potential barrier near the surface of nanostructures [57].  

Now, when the UV light with energy equal to or greater than the 

band gap of material is illuminated on the samples, numerous electron-hole 

pairs are generated by the absorption of photons. 

ℎ𝜈 →  𝑒− + ℎ+    1.2 

The generated electrons and holes take part in the photo-desorption process 

and increase the current. Therefore, the increase in photocurrent upon UV 

illumination is attributed to the supply of necessary photon energy and 

thereby, the desorption of oxygen molecules from the surface of 

nanostructures. The holes further oxidize the ionized adsorbed-oxygen, 

known as the photo-desorption process, shown in Fig. 1.11c. 

ℎ+ + 𝑂2
−(𝑎𝑑𝑠 ) → 𝑂2(𝑔𝑎𝑠)    1.3 

In this way, the depletion region is eliminated, and the photo-generated 

electrons remain, which actually contribute to the increase in photocurrent. 

On the contrary, when the supply of photons is stopped, the re-adsorption 

of oxygen molecules takes place, resulting in a decrease of photocurrent. 
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Figure 1.11: Schematic representation for photo-generation mechanism in 

ZnO nanostructures: (a) in the dark condition, (b) oxygen adsorption and 

formation of the depletion layer, and (c) during UV illumination process. 

 

 

1.7 Motivation and Objectives 

ZnO nanostructures perform the most exclusive role in the advancement of 

semiconductor nanotechnology. Therefore, considering ZnO as an 

important wide band gap semiconductor material for various optoelectronic 

applications, we have selected this material for our present investigations. 

To date, the nanostructures of ZnO have been grown using various synthesis 

techniques including chemical and physical deposition techniques, and a 

variety of morphologies such as nanorods, nanotubes, nanowires, nanowalls 

etc. have been obtained [63–65]. Notably, the controlled synthesis of these 

nanostructures is still a foremost challenge to the researchers.  
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Most of the synthesis method includes some sort of catalyst to 

initiate the growth process, which may degrade the crystallinity and add 

impurities in the samples. Consequently, the poor crystalline nature and 

availability of defects hinder the performance of the ZnO based devices. 

The pulsed laser deposition (PLD) method can overcome such issues, as the 

PLD grown nanostructures prove high-crystallinity and quality due to the 

defect-free nature, which especially suits for UV photo-detection. 

Furthermore, the high surface-area-to-volume ratio is encouraged for ZnO 

nanostructures in the photo- and gas-sensing applications. The glancing 

angle deposition (GLAD) technique in combination with PLD can help 

produce the highly porous as well as crystallographically oriented 

nanostructures. Further, this technique also provides flexibility on the shape 

and size of nanostructures by tuning the various deposition parameters. In 

the present work, synthesis of self-seeded, highly porous and 

crystallographically oriented ZnO nanostructures have been performed, 

without the aid of any catalyst, using the GLAD-assisted PLD technique. 

Further, the UV photo-detection on fabricated photodetectors has been 

performed, and the influence of various atmospheric conditions on the UV 

performance has also been investigated. 

 

Objectives 

The adopted technique is aimed towards fabricating the crystallographically 

oriented, defect-free and visible-blind ZnO nanostructures and providing 

the direct implementation of the fabricated nanostructures for 

multifunctional applications. The precise objectives of this work are as 

follows: 

I. To produce porous and yet crystallographically oriented visible-

blind ZnO nanostructures by GLAD-assisted PLD by varying 

several deposition parameters and study the influence of deposition 

parameters such as oxygen partial pressure and deposition-angle on 
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the growth and optical properties.  

II. To study the crystalline growth, porosity and UV photosensitivity of 

ZnO nanostructures on different substrates. 

III. To study the role of Ga doping in ZnO nanostructures and further to 

investigate the influence of different gas atmospheres and 

temperature on UV photo-sensing properties of these 

nanostructures. 

1.8 Organization of the Thesis 

The above objectives of the work have been presented in the form of six 

chapters, including the introduction and conclusion. The brief on chapter 

contents are given below: 

Chapter 1 entitled ‘Introduction’ presents a brief review of the 

nanostructures and their remarkable features. The material of interest, i.e. 

ZnO, has been explored in detail with its fundamental properties and 

applications. The general background and theory of glancing angle 

deposition (GLAD) technique, along with its unique features, have also 

been summarized. 

Chapter 2 entitled ‘Experimental and Characterization Techniques’ 

consists of a detail description of the experimental setup and method used 

to synthesize the ZnO nanostructures. It also provides a brief detail of 

various analytical tools such as X-ray diffraction (XRD), Raman 

Spectroscopy, Scanning Electron Microscopy (SEM), Atomic Force 

Microscopy (AFM), UV-Visible (UV-Vis) and Photoluminescence (PL) 

Spectroscopy, and the time-dependent photo-sensing measurements used to 

characterize the fabricated samples.  

Chapter 3 describes the study on the role of deposition parameters such as 

oxygen partial pressure and seeding-angle on the growth and optical 
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properties of ZnO nanostructures. 

Chapter 4 contains the study of undoped ZnO and Ga-doped ZnO 

nanostructures. It describes the influence of Ga doping on the growth and 

photoresponse properties of nanostructures. It also shows the comparative 

study on the UV performance under various environmental conditions such 

as in vacuum, air, oxygen and nitrogen. Further, the study of photoresponse 

properties at low temperature (i.e. 10K) has also been presented. 

Chapter 5 describes the study on the growth of ZnO nanostructures 

deposited on various substrates, i.e. quartz, sapphire and MgO. The 

photoresponse study for the nanostructures grown on these substrates has 

also been discussed. 

Chapter 6 entitled ‘Conclusions and Future Prospects’ summarize the 

concluding remarks of the thesis and highlight the possible future directions 

of the present study. 

 

-------------------- 
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Chapter 2 

Experimental and 

Characterization Techniques 

 

 

 

This chapter delivers a brief insight into the experimental techniques to 

synthesize and characterize the ZnO nanostructures used for the present 

research work. The substrate preparation procedure and synthesis methods 

have been described in detail. The synthesis methods include preparation of 

bulk pellets of target materials and fabrication of nanostructures. In 

characterization techniques, X-ray diffraction (XRD) and Raman 

spectroscopy for structural analysis, scanning electron microscopy (SEM) 

and atomic force microscopy (AFM) for surface analysis, UV-Visible (UV-

Vis) and Photoluminescence (PL) spectroscopy for optical analysis, 

transient photocurrent studies with ultraviolet (UV) and visible light 

exposure have been discussed. A brief introduction with the principle of 

operation and the experimental setups used for the various characterization 

techniques has also been described. 
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2.1 Substrate Preparation 

The selection of a substrate is a primary requirement for the growth of 

nanostructures and device applications. There is a variety of substrates 

available, including amorphous and crystalline substrates to synthesize the 

nanostructures. In the present work of thesis, different substrates have been 

used such as quartz (HHV, India), sapphire (Al2O3) (MTI Corp. Germany) 

and MgO (MTI Corp. Germany). These substrates were cut into the desired 

size using a low-speed diamond wheel saw (SYJ-150). Usually, the size of 

the substrate is chosen depending on the requirement for characterization. 

For example, for optical measurements, the size of substrates was kept as 

10×10×0.5 mm, and for SEM it was kept smaller as 2.0×5.0×0.5 mm. A 

glass desiccator filled with silica gel was used to store the substrates and 

samples. One substrate of each batch is kept for reference or background. 

After cutting the substrates, they were chemically cleaned in an ultrasonic 

bath (TELSONIC Ultrasonics), sequentially with acetone and propanol in 

each for 10 minutes at 30 °C. These substrates were then used for the growth 

of nanostructures, as discussed in the subsequent sections. 

 

2.2 Synthesis Methods 

The synthesis methods have been divided into two parts: i) synthesis of bulk 

target materials by solid-state reaction method and ii) synthesis of 

nanostructures by pulsed laser deposition (PLD) at a glancing angle, known 

as glancing angle deposition (GLAD) technique. Brief detail on both 

methods has been described as follows. 

 

2.2.1 Synthesis of Bulk Targets 

The bulk targets (i.e. pellets) of materials have been prepared by using a 

solid-state reaction route. For the present study, the powder of ZnO 

(99.999%, Aldrich) and Ga2O3 (99.999%, Aldrich) have been used to make 
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the target pellets. Firstly, the powders of chosen materials were taken in an 

appropriate ratio and weighed in analytical balances (AXIS, LCGC). For 

doped target materials, the powders were mixed and ground using a mortar 

and pestle to make the mixture homogeneous. The well-grinded powders 

were then poured into a cleaned die-set (Kimaya, India) to make the target 

pellets with dimensions of 3 mm in thickness and 20 mm in diameter. The 

hydraulic press (PCI Analytics, India) with an applied pressure of 5 tons 

was used to press the powder and make into the target pellets. These pellets 

were then sintered at 1000 °C for 12h in a box furnace (Nabertherm, 

Germany) with a controlled rate of heating and cooling program.  

The bulk pellets of target materials used in the present study of the 

thesis are ZnO and 2% Ga-doped ZnO. These targets have been used in the 

second step for the synthesis of nanostructures in a pulsed laser deposition 

system. 

 

2.2.2 Synthesis of Nanostructures 

The synthesis of nanostructures has been performed by Glancing Angle 

Deposition (GLAD) technique in a Pulsed Laser Deposition (PLD) setup. 

The principle mechanism of the GLAD technique is already explained in 

chapter-1 of the thesis. In the present work, the PLD setup is utilized to 

synthesize the nanostructures at glancing angle geometry. However, PLD is 

generally known for fabrication of the thin films. Therefore, it is important 

to discuss first the underlying mechanism and experimental design of the 

PLD system before going into the details of nanostructure synthesis.  

 

2.2.2.1 Experimental Setup of Pulsed Laser Deposition (PLD) 

In 1965, Smith and Turner initiated the fabrication of thin films by utilizing 

the ruby laser. After that, PLD has been used to deposit many materials, 

including high-temperature superconductor materials and nitrides [43,66]. 
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PLD provides a great range for the tunability of parameters which 

significantly affects the properties of deposited thin films. Fig. 2.1 and Fig. 

2.2, respectively, show a schematic design and the real experimental setup 

of the PLD system used for the present work. The standard PLD setup 

consists of the following components: 

• An ablation laser (e.g. KrF or ArF excimer lasers, Nd:YAG lasers, 

femtosecond lasers) 

• A lens for focusing of a laser beam onto the target 

• A vacuum chamber made of stainless steel 

• Processing gas inlets 

• A rotating target holder assembly  

• A substrate holder connected through a programmed heater 

For the present research work, a pulsed excimer laser (Compex Pro 

102 F, Coherent, Germany) of wavelength λ=248 nm, pulse width=20 ns, 

has been used as an ablation source. A vacuum chamber (Excel Instruments, 

India) has been used as a deposition chamber. The vacuum chamber 

contains target holder, substrate holder, heating element, gate valves and the 

provisions for gas admission. A high vacuum of the order of ~10-4 Pa is 

achieved using the efficient rotary and the turbomolecular pumps (Pfeiffer 

Vacuum GmbH). The laser beam is focused onto the target pellet using a 

focusing lens (focal length, f=30 cm). The beam impinges on the upper 

layers of target materials and generates a plasma plume through ablation of 

material. Fig. 2.3 shows a photograph of generated plasma plume from the 

ZnO target material. The generated plume has a nearly elliptical shape, and 

it contains the ejected species from the target materials. These species 

approaches towards the substrate which is kept at a particular temperature 

on a heating stage. During the deposition process, the target is continuously 

rotated in a raster as well as on-axis motion so as to ensure the uniform 

surface-ablation of material. The target material and substrate are kept at a 

fixed distance; however, this distance can be varied depending upon the 
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requirements of a deposition. The substrate is attached to the heating stage 

of a substrate holder, and the temperature is maintained through a controlled 

program.  

 

 

Figure 2.1: Schematic representation of the experimental setup of a pulsed 

laser deposition system. 

 

 

Generally, all the depositions are performed in the presence of a 

background gas. The metal-oxide materials are deposited with supplying an 

oxygen gas into the deposition chamber, and the gas pressure is maintained 

throughout the deposition process. Interestingly, the shape and focus of 

generated plasma plume can be modified by adjusting the partial pressure 

of background gas. Moreover, the color of this plasma plume may vary 

depending upon the target materials used for the deposition. For example, a 

violet-blue color of the plume can be seen for ZnO material (Fig. 2.3). The 

interaction of the laser light with the target material is quite complex. There 

are numerous models explaining the growth of thin films such as the 

Volmer-Weber growth model, Frenk-van der Merve growth model and 

Stranski-Krastanov growth model [67]. 
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Figure 2.2: Experimental setup of pulsed laser deposition system at a thin 

film laboratory, IIT Indore. 

 

 

 

Figure 2.3: Photograph of the plasma plume generated from a ZnO target. 

 

 

The synthesis of nanostructures is completely different than the thin 

films when the GLAD technique is employed in a PLD setup. Fig. 2.4 shows 

the schematic presentation for the fabrication of nanostructures using the 

GLAD technique.  
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Figure 2.4: Schematic diagram of the experimental arrangement for the 

synthesis of nanostructures by GLAD-assisted PLD method. 

 

 

The synthesis process has been divided into two stages, described as 

follows: 

2.2.2.2: Pre-deposition Treatment (Stage-I: Substrate Seeding)  

The process responsible for producing the GLAD nanostructures begins 

with the initial nucleation of the deposited material. In this stage, seeds of 

the target material grow at the surface of the substrate. Therefore, in order 

to produce highly ordered nanostructures, the seeds have been prepared by 

keeping the substrate parallel to the target’s surface, as shown in Fig. 2.4 

(stage-I). This stage can be considered as a normal PLD geometry with 0° 

(zero) deposition-angle. The deposition-angle ‘α’ can be defined as the 
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angle subtended between the substrate normal and the incident plume. 

These deposited seeds serve as nucleation sites and support the growth of 

nanostructures in the next stage. The quality of the seed layer is considered 

the dominating factor that influences the final growth of nanostructures 

[68]. The effect of a seed layer on the growth of nanorods has extensively 

investigated by Brett et al. [69], it has been shown that the individual 

nanocolumns are more uniform in the seeded substrates due to the reduction 

of competitive growth. Moreover, the seed layer provides smooth electrical 

conduction of electrons without the use of any conducting substrate. The 

seed layer can be deposited by any material or catalyst. However, in the 

present work, the target material is itself used as seeding material. Such type 

of self-seeding eliminates the possibility of any impurity in the samples and 

produces high-quality nanostructures without disorders. 

 

2.2.2.3 Glancing Angle Deposition (Stage-II: Nanostructures 

Growth) 

The ultimate growth of nanostructures depends on the formation of seeds 

during the first-stage. In stage-II, for the growth of nanostructures, the 

seeded substrate is kept at an angle of 85° with respect to the incident plume. 

Fig. 2.4 (stage-II) shows the schematic for the basic structure of GLAD. The 

mechanistic factor in this stage which controls the nanostructure growth is 

a ‘shadowing effect’, preventing the deposition of particles in the regions 

situated behind initially formed nuclei (i.e. shadowed regions) [42]. The 

ballistic deposition during this process gives rise to the tilted columnar and 

highly porous nanostructures of the target material. The underlying 

mechanism and the principle of GLAD have been discussed with detail in 

chapter-1 of the thesis. An important feature of this technique is that it does 

not require any catalyst to initiate growth. The self-seeded substrate itself 

works as nucleation sites for the growth of nanostructures. This type of 

catalyst-free growth provides high-quality nanostructures. Till now, many 
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materials, including organic and inorganic, have been successfully 

deposited using the GLAD technique [42].  

 

Based on the growth and quality of the synthesized nanostructures, 

this technique has some advantages and disadvantages discussed as follows: 

 

Advantages: 

• The growth of nanostructures is simple, and it gives flexibility in the 

deposition parameters such as laser energy density, pulse repetition 

rate, substrate temperature, background gas pressure etc. 

• It is a clean process and no catalyst required to initiate the growth 

process. 

• Stoichiometric transfer with exact chemical proportion. 

• Production of highly crystalline and phase-pure nanostructures. 

• Assists in the formation of porosity with high surface-to-volume 

ratio. 

• High-quality and defect-free nature of nanostructures. 

• Confer the shape and size control of nanostructures by tuning the 

various parameters. 

• Multiple depositions can be performed using a single target material, 

i.e. no need to prepare the target pellet of the same material for every 

deposition process. 

 

 

Disadvantages: 

• The cross-section of the projected plume is generally small; 

therefore, it is difficult to grow the nanostructures on large area 

substrates. 
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2.3 Characterization Techniques 

The synthesized nanostructures have been studied by a variety of 

characterization techniques. The phase purity or crystalline nature has been 

determined by the XRD measurements. The vibrational modes have been 

studied by Raman spectroscopy. The surface topography and growth has 

been determined by SEM and AFM. Optical properties such as band gap 

and defect analysis have been carried out by UV-Visible and PL 

spectroscopy. The ultraviolet photo-detection has been confirmed by 

performing transient ultraviolet photoresponse studies by illuminating the 

samples with UV (365/254 nm) lights. The visible-blindness of the 

detectors has been tested by exposing visible light of different colors (i.e. 

red, blue and green). The concise details of these techniques have been 

described in the following sub-sections. 

 

2.3.1 Structural Characterization 

2.3.1.1 X-ray Diffraction 

The X-rays are scattered by successive atoms in the crystals which can 

interfere and give rise to the diffraction effects. This process is known as X-

ray diffraction (XRD). The underlying basic mechanism of XRD can be 

explained as follows; when the X-rays enter into a crystal, each atom 

behaves as a diffraction point, and the whole crystal behaves like a three-

dimensional diffraction grating. The obtained diffraction pattern provides 

information about the internal arrangement of atoms in the crystals, which 

helps to determine the crystal structure. 

Bragg condition: 

In 1912, W. L. Bragg predicted the relationship among various factors and 

proposed a diffraction law, known as Bragg’s law [70]. According to this 

law, when a monochromatic X-ray of wavelength λ falls on a material, it 
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gets diffracted by the different set of atomic planes present in the crystal 

structure. Constructive interference occurs between the diffracted waves if 

the following Bragg relation is satisfied, 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆     2.1 

where d is the inter-planer distance, θ is the incident angle (as shown in Fig. 

2.5), n is a positive integer and λ is the X-ray wavelength. When the above 

criterion is fulfilled, a peak in the diffraction pattern appears at a particular 

angle. It is noteworthy that the XRD pattern of each material is different 

and unique, which validate the purity of the structural phase of that material. 

In addition to the phase purity, it also helps to confirm the chemical 

stoichiometry of particular material. The obtained diffraction pattern 

comprises of almost complete information about the crystal structure, for 

example, lattice parameter, bond angles, grain size, strain etc. The samples 

to be measured by XRD can be powders, pellets or thin films.  

 

 

Figure 2.5: Schematic diagram of the experimental setup for XRD 

measurement for the θ-2θ scan. 

 

 

Fig. 2.5 shows the schematic diagram of a typical experimental 

setup for XRD measurement. In the diagram, θ is the angle between the 
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incident X-ray beam and sample’s surface, ɸ is the angle of rotation about 

a plane perpendicular to the surface, ѱ is the angle about a line parallel to 

the surface, and 2θ is the angle between the incident beam and diffracted 

beam. In θ-2θ scan, the obtained intense peak corresponding to an angular 

position is the signature from the atomic crystal planes. These planes are 

generally denoted as (hkl) in the form of the numerical values. 

In the present thesis, the structural phase purity and crystalline 

nature of prepared nanostructures have been examined by X-ray diffraction 

(XRD) with Cu Kα radiation (=1.54 Ǻ) using a Rigaku SmartLab X-ray 

diffractometer. 

 

2.3.1.2 Raman Spectroscopy 

The Raman effect was detected in 1928 by the Indian physicist Sir 

Chandrasekhara Venkata Raman. In this technique, the sample is irradiated 

by a laser beam and the scattered light is observed. Due to the nature of the 

interaction of incident light with the sample, the scattered light can have 

identical, higher or lower frequency than the incident light frequency. The 

observed frequency shift provides the information on the vibrational, 

rotational and other low-frequency excitations of the sample. The 

conventional Raman spectroscopy measures intensity versus frequency or 

wavenumber. 

Fig. 2.6 illustrates the different Raman scattering processes 

involved. The basics of Raman scattering can be explained as follows. 

When an electromagnetic wave of electrical vector E interacts with a 

molecule, an electric dipole moment P(= α𝐄) is induced, where α is a 

proportionality constant called ‘polarizability’ [71]. The deformations of 

the lattice due to phonons modulates this polarizability at the phonon 

characteristic frequency, 𝜐𝑚. Raman scattering is an inelastic scattering of 

photons. According to the classical theory of Raman scattering, a molecule 
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with a dipole oscillating with three frequency components, known as (i) 

Rayleigh scattering (the scattered photon has same the frequency as the 

original incident photon), (ii) anti-Stokes Raman scattering with frequency, 

𝜐0 + 𝜐𝑚, (i.e. the frequency of the scattered photon is increased), and (iii) 

Stokes Raman scattering with frequency, 𝜐0 − 𝜐𝑚 (i.e. the frequency of the 

scattered photon is decreased). Thus the Stokes and anti-Stokes scatterings 

are respectively referred as to whether the light-matter interaction and the 

transfer of energy and momentum involve the creation or annihilation of 

elementary photons.  

 

 

Figure 2.6: Schematic representation of elastic and inelastic Raman 

scattering processes. 

 

 

Raman Instrumentation 

Depending on the type of investigation, different types of Raman setups can 

be used. For example, macro Raman setups are used to study the large 

crystalline samples and liquids. While micro Raman setups are generally 

used to probe the smaller samples. Fig. 2.7 shows the schematic diagram of 
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a usual Raman spectrometer. A Raman spectroscopy setup typically 

consists of a He-Ne laser source (λ~633 nm), spatial filters, microscope, 

sample stage, monochromator and charge-coupled device (CCD) detector. 

In the present thesis, a commercially available JOBIN-YVON HORIBA 

LabRAM HR Evolution micro Raman spectrometer has been used to study 

the Raman modes. An appropriate microscope objective, which mostly 

operates in the backscattering geometry, is used to focus the incident laser 

beam. In this thesis, the phonon excitations of ZnO nanostructures have 

been examined which are indicative of a particular structure. 

 

 

Figure 2.7: Schematic diagram of a micro Raman spectroscopy setup. 

 

 

2.3.2 Surface Morphology and Porosity Analysis 

In the present thesis, the surface morphology of synthesized nanostructures 

has been characterized by scanning electron microscopy (SEM). However, 

the surface topography for a few of the samples has also been analyzed by 

atomic force microscopy (AFM). The SEM images have been further 

utilized for the porosity analysis by the help of ImageJ software. The brief 

detail on the above techniques is described as follows. 
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2.3.2.1 Atomic Force Microscopy 

AFM is an experimental technique which characterizes the surface of a 

material down to nanometer scale and creates a 3D profile. It also provides 

the roughness and surface quality of the samples. Fig. 2.8(a) shows the 

schematic representation of an AFM setup. It uses a sharp cantilever tip to 

image the surface. This tip scans the surface very gently and measures the 

forces between the tip and the surface. The amount of force depends on the 

spring constant of the cantilever and the distance between the tip and 

surface. This result in the bending of a cantilever which is monitored by a 

laser beam reflected towards the position-sensitive detector, as shown in 

Fig. 2.8(a). Thus by measuring the cantilever deflections, the surface 

topography can be mapped out. An important feature of AFM is that it can 

image the electrically non-conductive materials too and does not require any 

sample preparations. AFM can be operated in different modes, as shown in 

Fig. 2.8(b). The brief detail on the operating modes is given below. 

 

Operating modes of AFM 

1. Contact mode: This is the simplest operating mode of AFM and also 

known as a static mode or repulsive mode. In this mode, a cantilever tip is 

scanned by making soft physical contact with the sample. This mode can 

work in two ways: i) constant height and ii) constant force. In constant 

height mode, the deflection of cantilever maps the topography of the 

surface. While in constant force mode, a feedback loop is provided to 

maintain a constant cantilever deflection so that the force between the probe 

and the sample remains constant. The contact mode provides fast scanning 

and is good for rough samples. However, the dragging of the probe can 

deform or damage the soft samples and can contaminate the surface. To 

overcome such issues, tapping or non-contact mode is generally preferred. 
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Figure 2.8: Schematic representation of (a) atomic force microscope and (b) 

contact and non-contact modes of AFM. 

 

 

2. Tapping mode: Tapping mode or intermittent contact AFM is the most 

preferred mode of operation for the high-resolution images. In this mode, 

the cantilever tip oscillates up and down near its resonance frequency and 

intermittently contacts the sample. The image is obtained by variation in the 

amplitude of oscillations when the cantilever tip taps the sample surface 

during scanning. 

In the present thesis, tapping mode has been used for imaging the 

nanostructures. 

3. Non-contact mode: The non-contact mode is operated if the separation 

between tip and sample is increased. In this mode, the oscillation of 

cantilever is larger than its resonance frequency with small amplitudes. 

 

2.3.2.2 Scanning Electron Microscopy 

Imaging the microstructures require electron microscopes which have much 

higher resolving power than optical microscopes. The scanning electron 
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microscope is one of the most important instruments used for the 

examination of micro/nano-structure morphology and analysis of their 

chemical compositions. In the SEM imaging method, a high energy electron 

beam hits the sample and either interacts with the whole volume of the 

sample or passes the sample unaffected. Fig. 2.9 schematically shows the 

possible interaction of the electron beam with an atom. 

 

 

Figure 2.9: Schematic diagram showing the interaction of electrons with an 

atom. 

 

 

The energy exchange between the primary electron beam and the 

sample results in the emission of secondary electrons by inelastic scattering 

processes. These secondary electrons can be detected by specialized 

detectors. Fig. 2.10 shows the schematic diagram of a scanning electron 

microscope. An electron gun of tungsten filament cathode emits the electron 

beam by thermionic emission. This electron beam which typically has an 

energy ranging from 0.2 keV to 40 keV, is focused by condenser lenses. 

The beam then passes through a pair of scanning coils which deflects the 

beam in x and y directions so that it scans in a raster motion over the sample 

surface area. The generated secondary electrons are mainly used as a signal 

to create the topography of the sample. These secondary electrons are 

collected by a collector grid which is kept at higher voltages to attract the 

low energy electrons. A scintillator is used to convert the electrons into 

photons. These photons are guided by the photomultiplier tube, where the 

photons are again converted to electrons and amplified to generate an 
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electrical current. The signal is translated into a grey value and displayed as 

variations in brightness on a screen of the computer. 

 

 

Figure 2.10: Schematic representation of a scanning electron microscope. 

 

 

In the present research work, Supra T M 55; Carl Ziess FESEM has 

been used to record the images of samples. 

 

2.3.2.3 Porosity Analysis by ImageJ 

The obtained SEM images have been further analyzed by using ImageJ 

software (IJ 1.46r) to determine the porosity of grown nanostructures. The 

software comes with different tools for analyzing the various properties of 

images. The brief detail on obtaining the porosity value by this software is 

given as follows.  

Firstly, the desired SEM image for which porosity measurement is 

to be performed is opened. We then select the image type and use the 

rectangular selection tool to select the largest rectangular section of the 

image. After that, a threshold tool is selected to choose the area of porosity. 

Electron source

Anode

Condenser lens

Objective lens

Scan coils

Sample

Secondary electron 

detector



 

45 

 

The grey/white values in the SEM image shows the grown structures while 

the dark area represents the void space in the structures. Initially, both the 

slider bars on the threshold menu are set to zero. Then the value on the lower 

slider is slowly increased. With this process, the darkest regions of the 

image become red. The value is continuously increased until all of the dark 

porosity spots become fully red. Fig. 2.11 gives a view of an original and 

ImageJ processed-SEM images. With this process, the area fraction value is 

observed and noted. This value shows the percentage (%) of porosity.  

 

 

Figure 2.11: Evaluating the porosity value by processing the SEM image 

using ImageJ. 

 

 

By repeating the above analysis at least three times, the average 

porosity of the sample can be determined. For the present work, the obtained 

values by this analysis show the average top to bottom porosity (%) for the 

vertically oriented nanostructures of low thickness. 

 

 

2.3.3 Optical Characterization 

2.3.3.1 Ultraviolet-Visible Spectroscopy 

Ultraviolet-Visible (UV-Vis) spectroscopy refers to the 

absorption/reflectance spectroscopy technique. As the name suggests, this 

spectroscopy utilizes the ultraviolet and visible electromagnetic spectral 

Original SEM image Processed by ImageJ
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regions for the measurements. It is a non-contact characterization technique 

to determine the optical band gap of semiconducting materials. In this 

technique, optical absorption spectra are recorded, which give an insight 

into the intrinsic properties of semiconducting samples. The obtained 

absorption spectra may be divided into three regions; (i) the main intense 

absorption indicates the optical band gap of the material, (ii) near absorption 

edge or Urbach tail represents the disorder in the material, and (iii) the lower 

absorption spectra with low intensities show the presence of defect states. 

The optical absorption spectra of any material depend on the internal and 

external parameters such as doping, thickness, structural transitions and 

temperature. Fig. 2.12 shows a schematic diagram of the typical UV-Vis 

spectroscopy setup with the key components. It consists of a light source, 

monochromator to disperse the incident light, sample holder, detector, and 

data display unit. 

 When a monochromatic light of intensity 𝐼0(𝜆) is incident on the 

sample, absorption takes place as per the Beer-Lambert law [72]. The 

absorbance (A) is defined via the incident intensity 𝐼0(𝜆)  and the 

transmitted intensity 𝐼(𝜆) by the following relation, 

𝐴 = 𝑙𝑜𝑔10 (
𝐼0

𝐼
)     2.2 

 

Figure 2.12: Schematic diagram of UV-Visible spectroscopy setup. 
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In work presented in this thesis, UV-Vis spectroscopy has been used 

to determine the optical band gap of grown ZnO nanostructures. The 

measurements were performed on Carry 60 (Agilent) UV-Vis spectrometer. 

Before placing the sample, a reference beam is used to set a baseline 

correction for the removal of absorption from the transparent substrate. 

 

2.3.3.2 Photoluminescence Spectroscopy 

Photoluminescence (PL) spectroscopy is a contactless, non-destructive and 

high-sensitive technique used for the characterization of electronic structure 

and optical properties of semiconductor materials. The luminescence from 

semiconductor materials is obtained by the photo-excitation process. When 

a semiconductor material absorbs an electromagnetic light with energy 

equal or greater than the band gap of the semiconductor, an electron is 

excited to the conduction band leaving a hole in the valence band. The 

material can dissipate this energy through radiative/non-radiative transition 

of electrons either to defect states or valence band. In radiative decay a light 

of particular wavelength is emitted while in a non-radiative decay phonons 

are emitted instead of photons. Fig. 2.13 schematically represents the basic 

principle of PL spectroscopy. 

 

 

Figure 2.13: Principle of photoluminescence spectroscopy. 
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A schematic diagram of the typical PL setup is shown in Fig. 2.14. 

For the present work, PL spectroscopy has been used to ensure the intense 

UV emission from the grown ZnO nanostructures. The intense UV emission 

validates the quality of samples. The PL measurements were performed 

using DongWoo Optron DM 500i PL spectrometer with (He-Cd) laser 

(λ=325 nm). 

 

 

Figure 2.14: Schematic diagram of photoluminescence spectroscopy setup. 

 

 

A typical PL setup consists of two main components: Excitation 

source and Detection system. 

Excitation source 

In a PL spectrometer, Helium-Cadmium (He-Cd) laser is used as a source 

of ultraviolet light (λ=325 nm). He-Cd lasers with UVA wavelength have 

an excellent beam quality and have been extensively used for many 

applications such as holography, spectroscopy, non-destructive testing, 

diffraction grating fabrication, microlithography etc. The ‘Cd’ atoms play 

the role of the lasing element and are heated to convert into the gas phase to 

start the lasing action. The laser tube contains a reservoir for Cd metal and 

a heater for vaporization. The ‘He’ atoms are excited by collisions with the 

accelerated electrons generated through gas discharge. These He atoms then 
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pass their energies to Cd atoms by collisions. The emission takes place in 

the ultraviolet region. 

 

Detection system 

The luminescence collection system consists of a pair of lenses, mirrors, 

filters, monochromators, a photomultiplier tube (PMT), and a computer. 

The excited and emitted wavelengths are separated by using the filters. A 

collimating mirror is used to collimate the light to a parallel beam. This 

collimated beam falls on a monochromator with a diffraction grating. The 

desired emission wavelength is selected by the monochromator. 

Photomultiplier tubes are used as the detectors. The output from the detector 

is amplified and displayed on a digital display. 

 

2.3.4 Transient Ultraviolet Photo-detection Studies 

ZnO is a wide band gap semiconductor material and quite suitable for 

detecting the ultraviolet (UV) light. The photocurrent mechanism in ZnO 

nanostructures includes the photo-generation of free charge carriers and it 

is governed by the adsorption and desorption processes, as described 

schematically in chapter-1 of the thesis.  

 The time-dependent photocurrent characteristic curves help in 

determining the various parameters for a specific UV photodetector, for 

example, dark/photo-current, photosensitivity, switching time (i.e. rise and 

decay-time) etc. The parameters of the fabricated photodetector and sensing 

experimental setup with its working principle have been described in the 

following subsections.  

 

2.3.4.1 Photodetector Fabrication 

In order to study the UV light-sensing, the UV photodetectors have been 

fabricated using the grown nanostructures. The gold (Au) electrodes with 
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50 μm spacing were deposited on the samples using a physical vapour 

deposition (PVD) sputtering system. The channel width for all the detectors 

was 2 mm, and the total active area of the device was 0.001 sq. cm. The 

step-III of Fig. 2.15(a) shows a schematic diagram of the fabricated 

photodetector.  

 

2.3.4.2 Photo-sensing Setup and Working Method 

Fig. 2.15(b) schematically represents the home-made sensing experimental 

setup where the fabricated photodetectors have been tested. The detectors 

were placed in a measurement chamber and connected through a Keithley 

meter (4612A). The meter is connected through a computer having 

KickStart software where the data is stored and displayed on the monitor. 

The Keithley meter is also used to record the current-voltage (I-V) 

characteristics of detectors. The sensing measurements have been 

performed in darkness and under the exposure of different lights. The UV 

photo-detection was performed using UV (365 nm) light, and few of the 

photodetectors were tested for deep-UV sensing using 254 nm UV light. 

The visible lights, i.e., red, blue and green LEDs (light-emitting diodes) 

were used to test the visible-blindness of detectors. 

The experimental setup has a provision for gas admittance into the 

measurement chamber. It also has a facility of connecting a vacuum pump 

to perform the measurement under vacuum. With the use of the above 

facilities, few of the photodetectors were tested under different atmospheres 

such as in vacuum, air, nitrogen and oxygen gas. The detectors have also 

been tested at low-temperature (10K) to ensure the reproducibility and 

sustainability of the photocurrent. For the low-temperature measurements, 

a closed-cycle cryostat system (JANIS) was used. Importantly, the 

measurement chamber consists of a platform where a maximum of two 

samples can be connected and measured at a time. This simultaneous 

measurement helps for a comparative study of results and also ensures the 
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identical conditions for the detectors. The chamber was also covered with a 

black rectangular wooden-box to avoid the obstruction of light from 

outside. 

 

 

Figure 2.15: Schematic diagram of (a) fabricated photodetector and (b) 

photo-sensing experimental setup. 

 

 

Working Method: 

The following steps were followed while performing the measurements: 

• Initially, under the dark condition (i.e. when the light source is 

switch-off) with a suitable bias voltage, the current is stabilized for 
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a few minutes and then recorded. The obtained current is known as 

the dark current. 

• A UV light is then switched on, this changes the dynamic response 

of the material, and the photocurrent is recorded in the meter. 

• After saturation under UV exposure, the light is again switched off. 

This brings down the current at its lower or initial level. In this way, 

the first cycle is completed.  

• The above procedures are again followed, and at least two or three 

photocurrent switching cycles are obtained to ensure the 

repeatability of photocurrent and switching. 

• The same setup has also been used to study the current-voltage (I-

V) characteristics.  

 

-------------------- 
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Chapter 3  

Influence of Deposition 

Parameters on the Growth and 

Properties of ZnO 

Nanostructures 

 

 

In the present chapter, the role of deposition parameters, i) oxygen partial 

pressure and ii) deposition-angle (seeding-angle) have been investigated. 

The effects of these deposition parameters in controlling the growth, 

porosity, crystallinity and optical properties of ZnO nanostructures have 

been studied systematically. The nanostructures have been synthesized on 

quartz substrates by using the GLAD technique with PLD setup. The 

influence of the above deposition parameters on the growth has been studied 

by field emission scanning electron microscope (FESEM). The crystallinity 

has been verified by X-ray diffraction (XRD) studies. Study of vibrational 

modes has been performed by Raman spectroscopy. Further, the optical 

properties have been studied by UV-Visible and photoluminescence (PL) 

spectroscopy. 

It has been demonstrated here that both the deposition parameters 

strongly influence the morphology and hence the ultraviolet photo-detection 

properties of ZnO nanostructures. The results presented in this chapter are 

published in peer-reviewed journals* $. 

------------------------------------------------ 

* Soni et al., Scripta Materialia, 162 (2019) 24-27. 
$ Soni et al., Materialia, 6 (2019) 100326. 
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3.1 Introduction 

The nanostructure forms of ZnO semiconductor play a significant role in 

the development of device-based technology. The high surface-area-to-

volume ratio can be utilized for many optoelectronic and gas sensing 

applications [33,73–76]. Therefore, controlling the porosity becomes 

important in nanostructured ZnO materials. Till now, many nanostructures 

of ZnO with different surface morphologies including nanorods, nanowires, 

nanowalls, nanosheets and many more have been fabricated and studied 

[63,77–81]. These nanostructures have been prepared by variety of 

synthesis techniques such as hydrothermal method [63,75], chemical 

deposition method [77,82], sputtering [64,83], electrospinning method 

[84,85], and pulsed laser deposition (PLD) method [49,62,65,78,79,86,87]. 

Each synthesis methods have different growth mechanism which results in 

different morphology of resultant nanostructures. However, the physical 

properties of these nanostructures can be controlled by the various synthesis 

parameters. For example, tapered tips and flat tips of ZnO nanorods have 

been observed, respectively, under Ar and N2 ambient during the growth by 

PLD [88]. 

Crystallinity is one of the important properties of ZnO 

nanostructures which determine their applicability for visible-blind 

ultraviolet photodetectors. Large attention has been paid by the scientific 

and industrial community for the improvement of optoelectronic devices 

based on the various ZnO nanostructures. One reason for the low 

performance of the devices can be identified as poor crystalline nature and 

lower surface area of the grown nanostructures [89,90]. The samples grown 

by PLD method are highly crystalline in nature. PLD offers a variety of 

tunable parameters such as laser energy, background gas pressure, substrate 

temperature, deposition time etc. These parameters can be controlled, and 

thereby the growth and the properties of the resultant nanostructure samples 

can also be controlled. For example, the effects of substrate temperature on 
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the growth-morphology and properties have been reported by many 

researchers [91–94]. Besides, the doping can also influence the structure 

and properties of nanostructures. For example, Gondoni et al., in their study, 

reported the structure-property relation of crystalline and oriented 

nanostructured Al-doped ZnO thin films for the applications in photovoltaic 

devices [95,96]. 

Another advantage of the PLD method is that it does not require any 

catalyst to initiate the growth process, while the other methods use some 

chemicals for the growth of nanostructures. Therefore, PLD helps self-

seeding; this is a key parameter for the catalyst-free growth of 

nanostructures. In the present work of the thesis, the target material itself is 

used as a seed material. The seeding usually provides nucleation sites which 

help for the directionality to the nanostructures and also supports the 

growth. Moreover, connected seeding also helps in the smooth electrical 

conduction without the need of any conducting substrate. Such type of 

catalyst-free growth not only eliminates the possibility of unexpected 

doping but also provides pure nanostructures. 

Here, we have used glancing angle geometry in a PLD setup for the 

growth of porous and c-axis oriented ZnO nanostructures. This technique is 

generally known as glancing angle deposition (GLAD) [42]. The details 

with geometrical representation and the working principle of this technique 

have already been described in chapter-2 of the thesis. As discussed above, 

the PLD method offers control by tuning a variety of deposition parameters 

which directly affects the properties of the grown samples. The processing 

parameters also play an important role during the deposition process in 

texturing the ZnO. Therefore, the deposition conditions must be chosen in 

such a way that the desired properties can be obtained. In the present study, 

the oxygen partial pressure and the deposition-angle (seeding-angle) have 

been varied to study the growth and the optical properties of ZnO 
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nanostructures. The influence of each of these two parameters has been 

discussed in detail as below: 

 

PART-A 

3.2 Influence of Oxygen Partial Pressure 

The oxygen partial pressure is considered to be the most crucial parameter 

of PLD growth process. It can affect the oxygen stoichiometry, crystal 

structure and can also tune the defects. In this section, for investigating the 

influence of oxygen partial pressure on the ZnO nanostructures, only the 

oxygen partial pressure was varied, and the other parameters were kept 

constant. For the part-A, the detail information on the experimental 

parameters and results have been described as follows. 

 

3.2.1 Experimental 

A disc-shaped bulk pellet of ZnO was synthesized by pressing the ZnO 

powder and sintered at 1000 °C for 10 hours. Using this pellet, ZnO 

nanostructures were grown on quartz substrates by the GLAD-assisted PLD 

method. The schematic representation for this combination is given in Fig. 

2.4 of chapter-2. The quartz substrates were sequentially cleaned with 

acetone and propanol for 10 minutes in an ultrasonic bath to remove dirt 

and impurities. The base pressure of the vacuum chamber was achieved at 

10-4 Pa. The pulsed KrF excimer laser ( =248 nm) was used to ablate the 

ZnO target material. A focused laser beam hits the rotating target at an angle 

of 45° with respect to the target normal. Before starting the deposition, the 

target pellet was ablated by a few laser shots to clean the surface. The ZnO 

nanostructures were grown in two stages as described in chapter-2. For 

stage-I, all the substrates were seeded by ZnO by exposing the target with a 

laser at a repetition rate of 8 Hz for 5 min. In the same condition, the 

geometry was then changed to glancing angle (stage-II), and the ZnO 
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nanostructures were grown on ZnO seeded substrate with a laser repetition 

rate of 10 Hz for 30 min. The substrate temperature and target to substrate 

distance were kept at 650 °C and 4 cm, respectively. During the growth of 

nanostructures (i.e. stage-II), the oxygen partial pressure (PO2) in the growth 

chamber was varied to study the effects on ZnO nanostructures. For a 

comparative study, the nanostructures were grown at three different oxygen 

partial pressures, i.e. 7.5 Pa, 10.0 Pa and 15.0 Pa, and the samples were 

denoted as ZnO-7.5, ZnO-10 and ZnO-15, respectively. 

The crystallographic structure of samples was characterized by X-

ray diffraction (XRD) using a Rigaku SmartLab X-ray diffractometer. The 

surface morphology was investigated by a Field Emission Scanning 

Electron Microscope (FESEM, Supra 55 Ziess). Optical properties were 

studied by UV-Vis spectrometer (Carry 60, Agilent) and 

Photoluminescence (PL) spectrometer (DongWoo Optron DM 500i). 

Photocurrent measurements were performed using Keithley meter in the 

dark and under UV illumination (365 nm, < 4 mW) at ambient atmosphere 

and temperature. A detail description of the above experimental techniques 

is described in chapter-2. 

 

3.2.2 Results and Discussion 

In this section, the structural, morphological and optical properties are 

discussed for the nanostructures grown on quartz substrates with different 

oxygen partial pressure. 

 

3.2.2.1 Structural Analysis 

X-ray Diffraction 

Fig. 3.1 shows the X-ray diffraction (XRD) patterns of ZnO nanostructures 

grown by varying the oxygen partial pressure. The XRD peaks at 2θ≈31.09° 

and 34.5° represents (100) and (002) peaks, respectively for ZnO crystal 
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planes. The absence of a substrate’s peak in the spectra is due to the 

amorphous nature of quartz substrates.  

 

 

Figure 3.1: XRD patterns of ZnO nanostructures grown at different oxygen 

partial pressure. 

 

 

The present XRD results are clear evidence for the crystallinity of 

grown nanostructures. The intense (002) peak shows that the ZnO 

nanostructures are predominantly oriented along the c-axis and demonstrate 

the wurtzite structure of ZnO. Moreover, the narrow full width at half 

maximum (FWHM) of (002) peaks clearly represent the quality and 

crystalline nature of present ZnO nanostructures. The XRD results also 

reveal that the nanostructures are free of any impurity. Such type of 

impurity-free and crystalline nature of ZnO nanostructures are highly 

commendable for the UV photo-sensing applications. From XRD results, it 

is also observed that the lattice parameters have no significant variations in 

spite of the different oxygen partial pressure. It has already been reported 

that an increase of oxygen partial pressure (PO2) beyond a certain limit 

reduces the kinetic energy of the ablated species to occupy the lowest 

energy sites which may result into the degradation of crystallinity at higher 

PO2 [79]. 
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3.2.2.2 Morphological Analysis 

Scanning Electron Microscopy 

In order to understand the influence of oxygen partial pressure (PO2) on the 

growth and surface morphology, the samples were characterized by 

scanning electron microscope (SEM). Fig. 3.2 shows the SEM images of 

grown ZnO nanostructures with varying PO2.  

 

 

Figure 3.2: Scanning electron micrographs with surface morphology (left 

panel) and cross-sectional view (right panel) of ZnO nanostructures grown 

at 7.5 Pa (a,b), 10.0 Pa (c,d), and 15.0 Pa (e,f). 
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The micrographs confirm the growth of ZnO nanostructures like 

nanowalls which are porous in nature. The average height of these 

nanowalls as measured from the cross-section images were found in the 

range 0.6-1.0 μm. It is evident from the SEM images that the samples form 

stacked structures with porosity and connectivity throughout the sample. 

Importantly, the porosity exists for all the samples without losing 

crystallinity. The porosity enhances the surface area, and the connectedness 

of walls helps in the smooth electrical conduction. The value of porosity 

was determined by using ImageJ software as discussed in chapter-2. The 

obtained porosity (%) values were 41.2, 34.5, and 23.8 for ZnO-7.5, ZnO-

10 and ZnO-15, respectively. This induced porosity is attributed to the 

GLAD technique.  

In the present case, both the porosity and the growth were observed 

to be different for the different PO2. Initially, at low PO2 the nanostructures 

are aligned, creating the caves like structures and for the sample grown at 

elevated PO2 show some vertically open structural growth. The sample ZnO-

10 shows the mixed type of morphologies, which can be seen in the other 

two samples. Such trend shows that the increase in PO2 transfers the one 

type of morphology into another type. It is evident from the cross-sectional 

SEM images that the low PO2 favors porous and rough structures. 

Theoretically, it has also been reported that the diffusion coefficients of Zn 

or O atom decrease with decreasing partial pressure of oxygen [97]. Thus 

the growth of ZnO under oxygen-poor condition is more likely results into 

the rougher surface. It has also been suggested that the growth and 

morphology of nanostructures greatly depend on the type and pressure of 

gas employed during the fabrication process [98–101]. 

The variation in surface morphology and growth can be understood 

as follows. The oxygen pressure greatly influences the kinetic energy of 

ejected species. Moreover, the mean free path of ejected species depends 

upon the processing gas pressure and increases with decreasing the pressure 
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[102]. When the nanostructures are processed under high PO2, the ejected 

species undergo a large number of collisions with the background gas 

molecules. The particles after collisions reach to the surface of the substrate 

and promote the growth. The nucleation of these particles is either 

controlled by the seed layer or by the processing conditions. Depending on 

the kinetic energy of ablated species, interesting nanostructures can be 

realized with different surface morphology and porosity. The effect of 

processing gas pressure can also be visualized on the size of ablated plume. 

The size of plume decreases with an increase in gas pressure. For the present 

case, the surface morphology is different due to the growth kinetics 

involved in the process as discussed above. 

 

3.2.2.3 Optical Analysis 

UV-Visible Spectroscopy 

To determine the optical band gap, room-temperature UV-Visible (UV-Vis) 

spectroscopic study is carried out on the grown ZnO nanostructures. The 

details of UV-Vis spectroscopy are described in chapter-2. Fig. 3.3 shows 

the absorbance spectra of samples ZnO-7.5 and ZnO-15. Clearly, a sharp 

absorption edge appears at about 378 nm, which is attributed to the band 

gap of ZnO.  

In order to determine the optical band gap (𝐸𝑔 ) of grown ZnO 

nanostructures, a Tauc plot has been made using the following equation 

[103,104]: 

(𝛼ℎ) = 𝐴 (ℎ − 𝐸𝑔)
𝑛    3.1 

where 𝐸𝑔  is an optical band gap for the particular transition, A is the 

proportionality constant,  is the transition frequency, h is the Planck’s 

constant and n determines the nature or type of transition-band. For 

example, if n=1/2 and 3/2, the transitions are direct allowed and direct 



 

62 

 

forbidden, respectively, while for n=2 and 3 the transitions are indirect 

allowed and indirect forbidden respectively. The optical band gap 𝐸𝑔 can 

be calculated by plotting (𝛼ℎ)2 on y-axis and photon energy (ℎ) on x-

axis [103]. The intercept of the linear region of this graph gives the value of 

optical band gap, as shown in the inset of Fig. 3.3. The calculated optical 

band gap is 3.19 and 3.17 eV for the samples ZnO-7.5 and ZnO-15, 

respectively. The obtained values of the band gap lie in the UV region and 

agree well with the reported values of ZnO [105,106]. The strong absorption 

in the UV range and visible-blind character makes these samples more 

suitable for UV light-sensing applications. 

 

 

Figure 3.3: UV-Visible spectra of ZnO nanostructures grown at different 

oxygen partial pressure. The inset shows a linear fit of the graph (𝛼ℎ)2 

versus (ℎ) for the optical band gap (𝐸𝑔) calculation. 

 

 

Photoluminescence Spectroscopy 

The information regarding the defects involved in ZnO nanostructures such 

as oxygen vacancy and other defects can be determined from the 

photoluminescence (PL) measurements. The PL spectroscopy enables to 
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study the various emission processes involved in the system. The details of 

PL spectroscopy have been described in chapter-2. Fig. 3.4 represents the 

room-temperature PL spectra of the samples ZnO-7.5 and ZnO-15 excited 

at 325 nm using He-Cd laser.  

 

 

Figure 3.4: Photoluminescence spectra of ZnO nanostructures grown at 

different oxygen partial pressure. 

 

 

It can be seen from the PL graph that the spectrum consists of two 

emission peaks. Notably, an intense emission peak in the UV region, 

centered at about 382.5 nm, was observed for both the samples. This intense 

ultraviolet peak is attributed to the recombination of free excitons through 

exciton-exciton collision process [29] due to the 3.26 eV wide direct band 

gap transition of ZnO. This high intense UV peak also indicates the 

crystallinity and quality of grown ZnO nanostructures. It is evident from the 

PL graph that the excitonic emission is predominant from the high intensity 

of UV emission and is much higher than the visible luminescence. A weak 

and broad peak in the green-red range is also observed from the PL spectra 

which are referred as the deep-level emission (DLE), as it involves electron 

transition from the various defects of ZnO. The DLE is generally created by 

impurities and defects such as zinc interstitials and mainly from oxygen 

vacancies [30,107].  
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It is clear from the spectra that the emission in the visible region is 

comparatively negligible, which authenticates that the samples have 

negligible defects. In the present case, the visible emission is highly 

suppressed for all the samples. This type of features generally is never 

reported for the nanostructures grown by other methods [31]. Thus, these 

PLD grown nanostructures are completely visible-blind and quite suitable 

for the application of visible-blind UV light detection. 

 

3.2.2.4 Transient Ultraviolet Photo-detection Studies 

In order to study the photoresponse properties, the transient photocurrent 

was measured for the fabricated photodetectors. The measurement was 

performed in darkness and under the exposure of UV light (365 nm). Fig. 

3.5 shows the transient photocurrent characteristic curves taken at 5 V of 

applied bias voltage. It was noticed that the current after switching on UV 

light was greater than the observed dark current. The light was kept on for 

nearly two hours to achieve a saturation condition, and then the 

photocurrent cycles were taken to assure the repeatability and 

reproducibility of the photocurrent. In Fig. 3.5, three cycles of photocurrent 

switching clearly demonstrate the reproducibility of UV photoresponse for 

all the samples. 

The adsorption and desorption dynamics are considered to be 

responsible for the rise and decay of photocurrent. For example, the increase 

in current upon the illumination of UV light is attributed to the desorption 

of oxygen molecules from the surface that governs the generation of free 

charge carriers for ZnO. In ambient conditions, the oxygen molecules are 

adsorbed onto the surface of nanostructures and capture the free electrons 

creating a depletion layer on the surface with low conductivity. This 

mechanism has already been explained in detail in chapter-1 of the thesis. 

However, the adsorption and desorption of oxygen molecules are well 

established and reported very long back [108]. 
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Figure 3.5: Transient photoresponse characteristic curves of ZnO 

nanostructures grown at different oxygen partial pressure. 

 

 

The bi-exponential function [109], given by the following equation, 

has been used to determine the rise time constants for the present 

photodetectors.  

𝐼 = 𝐼0 + 𝐴1𝑒𝑥𝑝(
−𝑡

𝜏1⁄ ) + 𝐴2𝑒𝑥𝑝(
−𝑡

𝜏2⁄ )   3.2 

where 𝐼0 is the steady-state photocurrent, t is the time, 𝐴1 and 𝐴2 are the 

constants, 𝜏1and 𝜏2 are the relaxation time constants. The average-weighted 

rise time (𝜏𝑟) has been evaluated by using the following expression [62]: 

𝜏𝑟 =
𝐴1𝑡1+𝐴2𝑡2

𝐴1+𝐴2
    3.3 

For the present study, the saturation takes place in seconds of rise 

time (r), which is comparable to that of single nanowire [82]. Thus, in spite 

of the thickness of the present samples is nearly 1 mm, r is comparable to 

the single nanowire’ response, due to the high crystallinity of these 

nanostructures. Table 3.1 shows the various parameters calculated from the 

photocurrent curves. It is clear from the table that the sample grown at low 

PO2 (7.5 Pa) exhibits a higher photo-to-dark current ratio (𝐼𝑝 𝐼𝑑)⁄ , however 

the rise time is sacrificed for this sample due to lower electrical 
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conductivity. This lower conductivity is attributed to poor connectivity 

amongst the nanostructures. Thus, a lower PO2 brings more porosity to the 

nanostructures and enhances the UV photoresponse. In the present case, 

these parameters tune very systematically with PO2. 

 

Table 3.1: Derived parameters from the transient photoresponse 

characteristic curves of ZnO nanostructures. 

 

Sample Dark current 

𝐼𝑑 (mA) 

Rise time 


r
 (sec) 

Photo-to-dark current ratio 
𝐼𝑝 𝐼𝑑⁄  

ZnO-7.5 
ZnO-10 

0.14 
0.48 

36 
20 

94.38 
47.50 

ZnO-15 0.77 18 25.37 

 

3.2.3 Summary 

Highly c-axis oriented ZnO nanostructures were successfully grown using 

the GLAD technique with varying PO2. Different oxygen partial pressure 

results in a variation in surface morphology and porosity. The cross-

sectional SEM images confirm the interconnected nano-walls of grown 

ZnO nanostructures. The transient photocurrent study revealed that the 

fabricated photodetectors have appreciable UV response due to the defect-

free and crystalline nature. The nanostructures, grown at low PO2 show the 

highest photoresponse due to increased porosity. The UV-Visible spectra 

confirmed the optical band gap in the UV range with no significant 

variations. Photoluminescence spectra show that the samples are highly 

sensitive for the UV light and thus can be used in the application of visible-

blind ultraviolet light-detection. This study opens an avenue for studies on 

PLD-grown oxide nanostructures with desired control on crystalline growth 

and porosity. 
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PART-B 

3.3 Influence of Deposition-angle (Seeding-angle) 

Deposition-angle or seeding-angle is one of the most important parameters 

of GLAD technique which must be chosen very carefully. The seeding-

angle determines the shape, size and the growth of nanostructures. In the 

present section of the thesis, the seeding-angle has been varied from 0°-75° 

during the first stage of a deposition only. The GLAD technique has been 

utilized in stage-II (85°) for the growth of nanostructures. The details of 

synthesis and obtained results of Part-B have been discussed in the 

following subsections. 

 

3.3.1 Experimental 

The same prefabricated ZnO pellet was used here to synthesize the ZnO 

nanostructures. All the nanostructures were grown on the quartz substrates. 

The growth of ZnO nanostructures for the present study was performed by 

following the two stages, as described below: 

Stage-1: This includes the same seeding process of ZnO, as discussed 

earlier. However, in the present case, the seeding has been performed at 

different deposition-angles, i.e. during the process of seeding the substrate 

were kept at fixed angles of 0° (ZnO-0), 30° (ZnO-30), 45° (ZnO-45), 60° 

(ZnO-60) and 75° (ZnO-75). The pictorial representation for the different 

seeding conditions has been schematized in Fig. 3.6. For seeding, the 

nucleation seeds of ZnO were deposited at a repetition rate of 8 Hz, and 

oxygen partial pressure of 5 Pa. The target was ablated for 5 min during the 

seed layer formation for all the samples.  

Stage-2: In this stage, the ZnO-seeded quartz substrates, as obtained from 

stage-I, were used for the growth of ZnO nanostructures using a GLAD 

geometry (i.e. 85°). The repetition rate and deposition time for this stage 
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were kept at 10 Hz and 10 min, respectively. During the growth of 

nanostructures, the oxygen partial pressure in the growth chamber was fixed 

at 15 Pa for all the samples. Based on our earlier study, optimized deposition 

time and oxygen partial pressure have been used to obtain porous as well as 

conductive nanostructures. In the present case, the growth of seeds is 

different due to different back-scattering of molecules/particles and a lower 

flux captured for tilted substrates compared to the normally oriented 

substrates. Thus the growth of crystalline-seeds (i.e. size, shape, porosity 

and distribution) is different at different deposition angles which eventually 

influence the further growth of material at a glancing angle in the second 

stage. These nucleated seeds support the growth of nanostructures, and this 

type of catalyst-free growth provides high-quality nanostructures.  

 

 

Figure 3.6: Schematic representation of the seeding-angles for the first-

stage of deposition. 

 

 

The rest of the deposition parameters and characterization 

techniques are the same as discussed in section 3.2.1. However, in this 

study, the samples have also been characterized by Raman spectroscopy 

using LabRam HR Evolution spectrometer (HORIBA Scientific) with an 

excitation wavelength of 633 nm. 
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3.3.2 Results and Discussion 

In this section, the structural properties using XRD and Raman 

spectroscopy, morphological analysis by SEM, and optical properties using 

UV-Vis, PL and ultraviolet photo-detection have been discussed for the 

samples grown at different seeding-angles. 

 

3.3.2.1 Structural Analysis 

X-ray Diffraction 

Fig. 3.7 shows the XRD patterns of ZnO nanostructures grown by varying 

the seeding-angle. An intense (002) peak shows the ZnO nanostructures are 

preferentially oriented along the c-axis; although a structural alignment 

along (100) direction is also visible. 

 

 
Figure 3.7: XRD patterns of ZnO nanostructures grown at different seeding-

angles. 
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The narrow full width at half maximum (FWHM) and intense peaks 

in XRD patterns demonstrate the good crystallinity of present 

nanostructures. The obtained crystallinity of these nanostructures is better 

than that of many reported ZnO nanostructures [110–113]. That is because 

of seeding and two-stage deposition in the present work. However, in any 

condition, the (002) peak remains predominant, this is due to the highest 

surface energy of {0001} basal planes of ZnO as compared to the all low-

index planes of the wurtzite ZnO crystal [22]. In addition, the seed-layer 

also helps the c-axis growth of nanostructures due to the highly oriented 

grains of ZnO seed-layer along the (002) direction [115].  

The abstracted information form the XRD patterns are presented in 

Fig. 3.8 which shows the variation in the crystallite-size, FWHM and the 

intensity ratio of (002) and (100) peaks at different seeding-angles. 

Comparatively narrow FWHM and large crystallites were obtained for the 

sample grown at the condition of 0° seeding-angle. Interestingly, the ratio 

of intensity for (002) and (100) peak is found to decrease in a strikingly 

systematic manner with increasing the seeding-angle. Moreover, it clearly 

shows that the sample grown at higher seeding-angle exhibits only one 

crystallographic orientation. These XRD patterns suggest that the 

crystallographic orientation is controlled by the seeding-angle during the 

first-stage of deposition. 

The crystallite size of the samples has been calculated using the 

Scherrer equation [116] as given below, 

𝐷 =
𝐾

 𝐶𝑜𝑠
    3.4 

where D is the mean size of the crystalline domains, K is a dimensionless 

shape factor with a value close to unity,  is the X-ray wavelength,  is the 

line broadening at half the maximum intensity and  is the Bragg angle. The 

lattice parameter ‘c’ was calculated using 2 values of intense (002) peak 
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and found nearly constant for all the samples. This insignificant change in 

the lattice parameter shows that the ZnO lattice is free from strain. This 

feature signifies that the obtained nanostructures are highly crystalline and 

pure. 

 

 

Figure 3.8: Variation in crystallite size, FWHM of (002) peak, and intensity 

ratio of (002) and (100) peaks with changing seeding-angle. 

 

 

Raman Spectroscopy 

In order to understand the vibrational modes and related structure of grown 

nanostructures, the samples were characterized by Raman spectroscopy 

technique. The technical details of Raman spectroscopy measurements have 

been described in chapter-2 of the thesis. Fig. 3.9 shows the room-

temperature micro-Raman spectra of ZnO nanostructures grown by varying 

the seeding-angle.  

At ambient conditions, ZnO crystallizes in the wurtzite structure. It 

has a hexagonal lattice which is characterized by the two interpenetrating 

sub-lattices of Zn2+ and O2- ions. Each Zn ion is surrounded by a tetrahedron 

of oxygen ions and vice versa, generating the polar symmetry along the 
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symmetry of ZnO, the optical modes (Ґ𝑜𝑝𝑡)  can be represented by the 

following equation [23]: 

Ґ𝑜𝑝𝑡 = 𝐴1 + 𝐸1 + 2𝐸2 + 2𝐵1    3.5 

where A1 and E1 are polar modes and are both infrared and Raman active, 

while E2 modes are non-polar and Raman active only. The B1 modes are 

called silent modes and are both Raman and infrared inactive. The non-polar 

E2 mode split into two branches and show two wavenumbers, namely 

E2(high) and E2(low). The A1 and E1 modes are translated into longitudinal 

optical (LO) and transverse optical (TO) due to long-range electrostatic 

field. A detailed study on Raman modes has been reported by Russo et al., 

[25] where the modes are excited by varying different wavelengths too.  

 

 

Figure 3.9: Room-temperature Raman spectra of ZnO nanostructures grown 

at different seeding-angles. A Raman spectrum of the quartz substrate is 

also plotted for the comparison. 
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In Fig. 3.9, the intense and prominent peaks of ZnO are observed at 

98 cm-1 and 436 cm-1. These characteristic Raman frequencies have been 

denoted as E2(low) and E2(high) modes respectively, which are attributed 

to the non-polar E2 vibrational modes of the wurtzite ZnO. The E2(low) 

mode is related to the vibration of heavy Zn sub-lattices, and E2(high) mode 

is associated with the motion of oxygen atoms [25,81]. However, the E2 

(high) Raman peak was found to slightly shift for the sample ZnO-45; this 

could be due to the variation in morphology (Fig. 3.10) and presence of 

defects, as confirmed by PL studies, discussed in later sections. Moreover, 

a very less intense peak near about 330-340 cm-1 was also observed in all 

the samples, which is assigned as E2(high)-E2(low) mode due to the second-

order Raman processes [117]. The intense peak of quartz substrate was 

observed at 489 cm-1 due to the Si-Si stretching vibrations of the quartz 

substrate [118]. These results show that all the nanostructures are highly 

crystalline as indicated by the sharp E2 phonon peaks, which are the 

significant feature for the wurtzite lattice structure of hexagonal ZnO. This 

Raman results also agree with the XRD results. 

 

3.3.2.2 Morphological Analysis 

Scanning Electron Microscopy 

Fig. 3.10 shows the SEM images of ZnO nanostructures grown on the quartz 

substrate with a variation of the seeding-angle from 0° to 75°. The 

micrographs confirm the growth of ZnO nano-network. It is also apparent 

that the growth is gradually varied for the different seeding-angles. At 0° 

seeding-angle, hollow structures with nanowall-network are clearly visible 

in top-view SEM image. At 30° seeding-angle, the surface morphology of 

nanostructures seems like the series of peaks and valleys with decreased 

porosity; and at higher seeding-angles, the surface morphology is entirely 

different albeit with a connecting network of nanowalls and porosity. The 

variation in surface morphology upon changing the seeding-angle is 
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attributed to the growth of seeds at different angles, influencing the growth 

of nanostructures at stage-II. The cross-sectional view of SEM images (Fig. 

3.10) explicitly shows the growth of nanostructures is perpendicular to the 

substrates’ surface.  

 

 

Figure 3.10: Surface morphology (left panel) and cross-sectional view (right 

panel) of ZnO nanostructures grown at 0° (a,b), 30° (c,d), 45° (e,f), 60° 

(g,h), and 75° (i,j) seeding-angle. 
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The porous areas of obtained SEM images were analyzed using 

ImageJ software, and it was found that the porosity decreases with the 

increase in seeding-angle. The induced porosity increases the surface-to-

volume ratio and thus, the photocurrent. Table 3.2 shows the variation in 

porosity (% area) with changing the seeding-angle. Since all the deposition 

parameters were kept constant in both the stages, no significant variation in 

the thickness was observed. The measured thickness of all the samples was 

found to be in the range of 400-420 nm by cross-section SEM. For the 

present samples, the thickness is much smaller; therefore, the variation in 

the surface porosity of these thin structures can be considered to reflect the 

variation in the volume porosity. The variation in porosity entirely depends 

on the experimental conditions used during the growth of nanostructures 

[49]. In the present case, the porosity is maximum for the samples grown at 

lower seeding-angles. It is also confirmed from the SEM images that the 

samples show the distinguishing interconnection of morphology over the 

entire sample surface area. The cross-sectional view shows the density and 

well-connectedness of grown nano-network. Such type of variations in the 

physical parameters can be utilized to design efficient optoelectronic 

devices. 

 

3.3.2.3 Optical Analysis 

UV-Visible Spectroscopy 

In order to obtain the optical quality and band-gap of these samples, UV-

Visible spectroscopic measurements were performed. Fig. 3.11(a-e) shows 

the UV-Vis spectra of ZnO nanostructures grown at different seeding-

angles. An intense UV absorption has been observed for all the samples, 

which is attributed to the band-edge absorption of ZnO. The variation in 

band-tails suggests defects such as oxygen vacancies, interstitial Zn, and 

impurity-induced disorder in ZnO [119]. At lower seeding-angles, i.e. ZnO-
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0 and ZnO-30 samples show very feeble absorption in the visible region as 

compared to the other samples deposited at higher seeding-angle. 

 

 

Figure 3.11: (a-e) UV-Visible spectra of ZnO nanostructures grown at 

different seeding-angles. The inset shows a linear fit of the graph (𝛼ℎ)2 

versus (ℎ) for the optical band gap (𝐸𝑔) calculation. (f) Absorbance ratio 

in UV and visible wavelengths.  

 

 

This clearly indicates the presence of defects in the samples at higher 
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400 500 600 700 800

0

3

6

9

12

15

400 500 600 700 800

1

2

3

400 500 600 700 800

1

2

3

4

400 500 600 700 800

0.6

0.8

1.0

1.2

1.4

400 500 600 700 800

0.9

1.0

1.1

1.2

1.3

3.0 3.1 3.2 3.3

1

2

3

3.0 3.1 3.2 3.3

1

2

3

4

3.0 3.1 3.2 3.3

2

4

6

3.0 3.1 3.2

1

2

3

4

2.9 3.0 3.1 3.2

6

12

18

 

 

A
b

so
rb

an
ce

 (
a.

u
.)

Wavelength (nm)


b
so

rb
an

ce
 (

a.
u

.)
Wavelength (nm)

A
b

so
rb

an
ce

 (
a.

u
.)

Wavelength (nm)

A
b

so
rb

an
ce

 (
a.

u
.)

Wavelength (nm)

(
h


) 


 


 (

eV
/c

m
)2  

Eg (eV)

ZnO-30

 Exp. data

 linear fit

 

(
h


)2  

 1
012

 (
eV

/c
m

)2

ZnO-45

 Exp. data

 linear fit

 
Eg(eV)

(
h


)2  

 1
010

 (
eV

/c
m

)2

ZnO-60

 Exp. data

 linear fit

Eg(eV)

(
h


)2 


 1

010
 (e

V
/c

m
)2

Eg(eV)

ZnO-0

 Exp. data

 linear fit

400 500 600 700 800

0

3

6

9

12

15

400 500 600 700 800

1

2

3

400 500 600 700 800

1

2

3

4

400 500 600 700 800
0.4

0.6

0.8

1.0

1.2

1.4

400 500 600 700 800

0.9

1.0

1.1

1.2

1.3

3.0 3.1 3.2 3.3

1

2

3

3.0 3.1 3.2 3.3

1

2

3

4

3.0 3.1 3.2 3.3

2

4

6

3.0 3.1 3.2

1

2

3

4

2.9 3.0 3.1 3.2

6

12

18

0

5

10

15

20

25

A
b

so
rb

a
n

ce
 (

a
.u

.)

Wavelength (nm)

 

(
h


)2


 1

0
1

0
 (

eV
/c

m
)2

 

ZnO-75

 Exp. data

 linear fit

Eg(eV)

Z
n

O
-7

5

Z
n

O
-6

0

Z
n

O
-4

5

Z
n

O
-3

0

A
U

V
 / 

A
V

is
Z

n
O

-0

(a) (b)

(c) (d)

(e)
(f)



 

77 

 

0 and ZnO-30 is different from that of the rest of the samples. Hence, in the 

present case, the surface morphology becomes an indirect indication for the 

level of defects. In order to evaluate the visible-blindness of these samples, 

we have also calculated the absorbance ratio in UV (AUV) and visible (AVis) 

wavelength region and plotted as in Fig. 3.11(f). The value of this ratio was 

found to decrease with increase in seeding-angle and decreasing porosity. 

This change in ratio clearly indicated the nature of visible-blindness of the 

PLD-grown nanostructures. 

The optical band gap (𝐸𝑔) was calculated using the eq. 3.1 and with 

Tauc plots, as shown in the inset of Fig. 3.11. The variation in 𝐸𝑔  with 

respect to seeding-angle was found in the range of 3.16 to 3.26 eV. It is 

observed that as the seeding-angle increases, the band gap variation goes 

through the highest value at 30° and then it decreases systematically. This 

variation is although small, but noticeable, and it can be attributed to the 

potential fluctuations in the electronic band structure of ZnO nanostructures 

[120]. Except for the as-grown ZnO-0, the obtained band gaps were in 

accordance with the crystallite size variation estimated from the XRD 

patterns. Such size-dependent variations in the band gap are earlier 

observed for semiconducting nanostructures [110,121,122]. It is also clear 

from the band gap calculations that all the samples have strong absorption 

for UV wavelength and thus are very appropriate for optoelectronic 

applications in the UV range. 

 

Photoluminescence Spectroscopy 

Fig. 3.12(a) shows the room-temperature photoluminescence (PL) spectra 

of ZnO nanostructures grown at different seeding-angles. Each spectrum 

consists of two different emission peaks. A strong emission peak centered 

around 382.5 nm is attributed to the recombination of free excitons through 

exciton-exciton collision process due to the wide direct band-gap transition 

of ZnO [29]. The broad peak appearing in the visible range of wavelength 
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indicates the presence of defects. It is also observed from the PL graphs that 

the excitonic emission is leading with the high intensity of UV emission and 

is much higher than the luminescence in the visible range for ZnO-0, ZnO30 

and ZnO-75 samples.  

 

 

Figure 3.12: (a) Photoluminescence spectra of ZnO nanostructures grown 

at different seeding-angles. (b) The ratios of intensities for near-band 

emission to deep-level emission. (c) Normalized PL plot. 
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with the reported ZnO nanorod arrays [65]. Additionally, these three 
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region. Sun and Tsui have also reported similar kind of weak visible 

emission for porous nanostructured ZnO thin films grown by pulsed laser 

deposition [49]. Thus the PLD-grown samples have a very low level of 
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defects. On the other hand, samples ZnO-45 and ZnO-60 show an intense 

peak in the green-red wavelength range (Fig. 3.12c) which is referred to as 

deep-level emission (DLE), as it involves electron transition from the 

defects in the grown nanostructures. The DLE is generally created by 

various kinds of defects such as impurities, zinc interstitials and mainly 

from oxygen vacancies. This is a useful finding where the level of defects 

can be controlled by tuning the seeding-angle during PLD process. Here, 

the near band emission (NBE) is predominant for the samples grown at 

lower seeding-angles (i.e. 0° and 30°).  

The intensity of the visible emission is desired to be low for many 

applications. Therefore the intensity ratio of UV emission to the visible 

emission is usually considered as an important criterion to indirectly assess 

the quality and crystallinity of ZnO [123]. The intensity ratio of NBE to 

DLE (𝐼𝑁𝐵𝐸 𝐼𝐷𝐿𝐸⁄ ) is calculated and presented in Fig. 3.12(b) which clearly 

indicates high crystallinity and quality of present ZnO nanostructures grown 

by GLAD technique. The above studies show that the selective samples 

show the character of visible-blindness due to which they do not need any 

kind of filtering of visible light. 

 

3.3.2.4 Transient Ultraviolet Photo-detection Studies 

To study the photosensitivity of these nano-networks, photocurrent 

measurements were performed by illuminating the samples with UV light 

of 365 nm wavelength. Fig. 3.13 represents the photocurrent cycles taken 

under the bias voltage of 1.5 V at ambient temperature and atmosphere.  

The current was found to increase as the UV light was switched on. 

The light was kept on nearly for 2 h to check the saturation, and then the 

photocurrent cycles were taken to ensure the repeatability and 

reproducibility of the curves (Fig. 3.13). The increase or decrease in current 

is attributed to desorption or adsorption of oxygen molecules from the 
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surface. The phenomenon is explained in detail in chapter-2 of the thesis. 

Table 3.2 shows the obtained parameters from the photocurrent switching 

curves.  

 

 

Figure 3.13: Transient photoresponse characteristic curves of ZnO 

nanostructures grown at different seeding-angles. 

 

 

It was found that the photosensitivity is higher for the sample grown 

at lower seeding-angle, and then it decreases systematically with the 

increase in seeding-angle. The increase in photosensitivity is attributed to 

the increase in surface porosity of the nano-networks. The increased 

surface-area helps adsorption and desorption of oxygen more promptly on 

the surface and pores, and thus increases the response [124]. The slow decay 

of photocurrent could be due to the delayed re-adsorption process. This 
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measurement clearly shows that the grown samples have a strong influence 

of UV light and quite suitable for UV light-detection due to the visible-

blindness character. 

 

Table 3.2: Obtained values for porosity, dark current and a photo-to-dark 

current ratio of ZnO nanostructures. 

 

Sample Porosity 

(% ) 

Dark current 

𝐼𝑑  (mA) 

Photo-to-dark current ratio 

(𝐼𝑝 𝐼𝑑⁄ ) 

ZnO-0 

ZnO-30 

31.42 

30.28 

0.071 

0.072 

57.67 

31.42 

ZnO-45 

ZnO-60 

ZnO-75 

20.32 

10.31 

9.81 

75.32 

58.23 

53.65 

4.72 

1.53 

1.16 

 

3.3.3 Summary 

The catalyst-free crystalline and porous ZnO nanostructures were 

successfully grown by a two-stage PLD. In the first stage, the deposition-

angle was varied during self-seeding, and in the second stage, the 

nanostructures were prepared by glancing angle PLD. The cross-sectional 

SEM confirms the growth of the wall/stack-like nanostructure network. The 

top view of the surface shows a porous network of these nanostructures, and 

the porosity exists without losing crystallinity and without any impurity in 

these samples. The growth and optical properties highly depend on this 

seeding-angle (first-stage). Thus, by varying the seeding-angle during PLD, 

the gradual and systematic variations were observed for the crystallographic 

orientation, porosity, defect-level and visible-blindness. The UV 

photocurrent studies show that seeding at an angle facing the plume 

provides a defect-free crystalline growth of ZnO nanostructures with 

maximum porosity and maximum photosensitivity for the application in 
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visible-blind UV photo-detection, whereas a high defect-level and 

luminescence can be attained for visible-light at higher seeding-angle. Thus, 

this geometrical variation during PLD has proved to be highly effective in 

tuning almost all the functional properties of ZnO nanostructures. 

 

-------------------- 
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Chapter 4 

UV Photo-detection by ZnO 

and Ga-doped ZnO 

Nanostructures: A 

Comparative Study under 

Different Gas Atmospheres and 

Temperatures 

 

 

 

In this chapter, the effects of Ga doping in ZnO and various properties of 

prepared nanostructures have been discussed. These nanostructures have 

been grown on the quartz substrates by the GLAD-assisted PLD method. 

The fabricated photodetectors have been tested for deep-UV photo-sensing. 

In the previous chapter, a discussion on the photo-detection performed at 

ambient temperature and atmosphere (i.e. in the air) have been discussed. 

While the present study manifests the performance of photodetectors under 

different gas atmospheres such as in vacuum, air, nitrogen and oxygen. The 

UV photo-detection has also been tested at low temperature (10 K) to 

validate their applicability for space applications and atmospheric study. To 

prove the visible-blindness of present photodetectors, the photo-detection 

measurements have been performed under the exposure of visible lights 

such as blue, red and green light-emitting diodes (LEDs). More importantly, 

these detectors need a very low operational voltage and do not need any 

filtering to low energy photons. 
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Hence, the present study significantly contributes to the synthesis 

and designing of an efficient deep-UV photodetector which can sustain at 

diverse environmental conditions without letting down its performance. The 

results presented in this chapter are published in peer-reviewed journal#. 

-------------------------------------------- 

# Soni et al., J. Mater. Chem. C, 2020, 8, 7837. 
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4.1 Introduction 

Usually, the UV light-sensing is performed by using silicon-based 

photodetectors. It has a low sensitivity for UV lights due to its small band 

gap (1.1 eV). Moreover, the drawback of such photodetectors is their 

sensitivity towards visible and infrared regions too. Therefore, ZnO with a 

wide band gap of 3.37 eV is a good substitute for such photodetectors. ZnO 

is a binary semiconductor material having hexagonal wurtzite crystal 

structure [16]. The pure and defect-free ZnO nanostructures are highly 

transparent for the visible spectrum of light. Such crystalline ZnO 

nanostructures with high surface-to-volume ratio find broad applications in 

visible-blind UV photodetectors and various gas/chemical sensors [33]. As 

discussed in chapter-3, the different morphologies and properties of ZnO 

nanostructures can be obtained by tuning the various deposition parameters. 

Therefore, based on the different shapes and size of nanostructures, an 

efficient device can be designed for optoelectronic applications. For 

example, 1D ZnO nanostructures are very useful for field emission device 

applications due to their sharp tips [125].  

The enhancement in the performance of photodetectors can also be 

obtained by impurity doping, coating, annealing etc. [126–128] Also, the 

incorporation of selective elements has become one of the crucial 

parameters to improve and control the optoelectronic properties of ZnO. 

Doping has shown tremendous influence on the photo-detection and other 

optical properties of ZnO. For example, many elements such as Ni, Cu, V 

etc. have been used as a dopant for ZnO to fabricate efficient UV 

photodetectors and various gas sensors also [129–131]. Till now, different 

studies have been carried out with doping in ZnO such as the study of 

luminescence and light guiding properties based on Er and Li codoped ZnO 

nanostructures [132].  
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The type and amount of doping have a rigorous impact on the overall 

properties of ZnO, including, structural, optical and electrical properties. 

Therefore, the choice of suitable dopants with desired properties is very 

essential for any applications. Among the elements of group III, Al tends to 

form its own oxides, and In3+ has a large size (0.8Å), which causes more 

lattice distortion. Ga is comparatively suitable dopant since the ionic radius 

of Ga3+ (0.62 Å) is comparable to Zn2+ (0.74 Å), and therefore it is easy to 

dope Ga impurity in ZnO lattice without much lattice distortion. Besides, 

this does not lose its attractive optical and electrical properties after a 

fractional Ga doping. It is an effective n-type dopant in ZnO, which helps 

to increase the electrical conductivity by increasing the carrier density 

[133]. The earlier reports suggested that Ga doping in ZnO significantly 

enhanced the field emission (FE) properties, and it is found the best suitable 

for the UV photo-detection and FE-based device applications [134–137]. 

Thus an understanding of the impression of dopants on the optical 

properties of ZnO nanostructures can help to materialise and fabricate new 

devices for optoelectronic applications. Recently, remarkable efforts have 

been made to improve the performance of ultraviolet photodetectors. 

Therefore, with the continuing research into this field and the development 

of various synthesis methods have led to an increased interest in using the 

various ZnO nanostructures for UV sensing and other applications. For 

example; Chiu et al. reported the improved performance of Ga-doped ZnO 

nanopagodas by enhanced O2 and H2O chemisorption reactivity of different 

crystal planes [138]. 

UV photodetectors find their applicability in various fields including 

biomedical instrumentation, missile launching and testing, space 

communications etc. [139]. Therefore, with a motivation to compare the 

properties, the undoped ZnO and 2% Ga-doped ZnO nanostructures have 

been synthesized and studied for the deep-UV photoresponse properties 

under different environmental conditions, including various gas 

atmospheres and at low-temperature. 
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4.2 Experimental 

4.2.1 Bulk Zn1-xGaxO (x= 0.00, 0.02) 

The bulk target pellets of Zn1-xGaxO (x= 0.00, 0.02) were prepared using 

solid-state reaction method. The powders of ZnO and Ga2O3 were mixed in 

appropriate molar ratios and then ground for 4-5 hours to make a 

homogeneous mixture. This mixture was pressed into pellet form with 5 

tons of pressure using a hydraulic press and kept in a box furnace at the 

temperature of 1000 °C for 10 hours for the densification of pellets. These 

pellets were then used as a target material for the synthesis of 

nanostructures. 

 

4.2.2 Nanostructure Synthesis 

The synthesis of undoped ZnO and 2% Ga-doped ZnO nanostructures were 

carried out using the GLAD-assisted PLD method. The quartz substrates 

were sequentially sonicated in acetone and propanol for 10 min, before 

loading into the deposition chamber. The base pressure of the deposition 

chamber was attained at the order of 10-4 Pa. The laser ablation was 

performed using a pulsed KrF excimer laser (λ= 248 nm) at an energy 

fluence of ~3 J/cm2. For the present study, two samples were prepared, 

namely, ZnO and Ga:ZnO for undoped ZnO and Ga-doped ZnO, 

respectively. The nanostructural growth takes place in the two stages as 

described in detail with schematically in chapter-2 of the thesis. Firstly, the 

nucleation seeds of target material were deposited on the substrate at a 

repetition rate of 8 Hz with 5 Pa partial oxygen pressure. The target was 

ablated for 5 min for the formation of crystalline seeds. The nanostructures 

were then grown on the seeded substrates with a GLAD geometry. The laser 

repetition rate and deposition time for this stage were kept at 10 Hz and 10 

min, respectively. During the growth of nanostructures, the oxygen partial 

pressure in the growth chamber was maintained at 15 Pa for both the 
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samples. The photodetectors were fabricated based on ZnO and Ga-doped 

ZnO nanostructures using Au electrodes for the photo-detection studies. 

The schematic representation of fabricated detectors has been depicted in 

chapter-2 of the thesis. 

The as-prepared samples were investigated systematically using 

XRD, Raman spectroscopy, SEM, UV-Visible and PL spectroscopy. The 

current-voltage (I-V) characteristics were recorded using Keithley meter by 

sweeping the voltage from -2 to 2 mV. The visible-blindness of detectors 

was confirmed by performing the measurements with LEDs of three 

different visible lights (i.e. red, green and blue). The deep-UV sensing was 

tested by the exposure of UV light (254 nm, 5 mW cm-2) under diverse 

atmospheric conditions such as in a vacuum, air, nitrogen and oxygen. The 

photodetectors were also tested at low-temperature (10K) using a closed-

cycle cryostat system. The schematic for sensing experimental setup has 

been shown in chapter-2 of the thesis. Notably, the photocurrent 

measurements were performed simultaneously, keeping both undoped and 

doped samples in a single chamber. This simultaneous measurement 

ensures the identical conditions for both the detectors. 

 

4.3 Results and Discussion 

In this section, the various experimental results have been discussed and 

analyzed in detail. The structural, morphological and optical properties 

along with the peculiarity of visible-blindness and deep-UV photo-sensing 

for undoped ZnO and Ga-doped ZnO nanostructures have been described 

in the following subsections. 

 

4.3.1 Structural Analysis 

X-ray Diffraction 
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Fig. 4.1 shows the X-ray diffraction (XRD) patterns of ZnO and Ga:ZnO 

nanostructures grown on quartz substrates. The samples show (002) and 

(004) peaks which correspond to the hexagonal wurtzite crystal structure. 

In addition to these peaks, another peak at (101) with lower intensity is 

observed for Ga:ZnO. The absence of impurity peaks in the XRD patterns 

clearly demonstrates the purity of the nanostructures and decisively 

suggests the applicability of present nanostructures to fabricate visible-blind 

UV photodetectors. The present glancing angle deposited nanostructures 

have a lot better crystallinity as compared to the other ZnO based 

nanostructures grown by using various synthesis techniques [140,141]. 

 

 

Figure 4.1: XRD patterns of undoped and Ga-doped ZnO nanostructures. 

 

 

From XRD figure, it is also evident that the preferential orientation 

of the crystallites is along the c-axis, representing the (002) plane of wurtzite 

ZnO. The FWHM (full width at half maximum) of (002) peak was 

calculated from the Gaussian fit of the curve and found ~0.17° and 0.23° 

for ZnO and Ga:ZnO, respectively. However, the intensity of this peak 

slightly decreased with Ga doping. The crystallite size as calculated from 

the Scherrer’s formula (eq. 3.4) was ~50.83 and 38.16 nm for ZnO and 
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Ga:ZnO, respectively. This variation in crystallite size is corroborated to the 

difference in ionic radii of Zn and Ga. 

 

Raman Spectroscopy 

To study the vibrational modes, Raman spectroscopy of undoped and Ga-

doped ZnO nanostructures were performed. Fig. 4.2 shows the room-

temperature micro Raman spectra of the two samples along with a quartz 

substrate. For a perfect ZnO crystal with wurtzite symmetry, a total of six 

Raman active modes are present, given as, 

A1(TO)+A1(LO)+E1(TO)+E1(LO)+2E2 [23]. The origin and significance of 

each of these modes have been discussed in chapter-1 of the thesis. The 

present Raman spectra consist of the peaks at different wavenumbers 

emanated from the samples and quartz substrate. The obtained peaks are 

represented by the dashed lines in Fig. 4.2, where the letter ‘S’ represents 

the contribution of the quartz substrate. The two most prominent peaks are 

observed for undoped ZnO at about 97 cm-1 and 436 cm-1 which are 

assigned as E2(low) and E2(high) modes, respectively. The E2(low) mode 

involves the vibrations of Zn sub-lattice, while E2(high) mode arises due to 

the motion of oxygen atoms [25]. It is seen that the frequency of E2(low) 

mode shifted at 99 cm-1 upon Ga doping. As the E2(low) mode is associated 

with the vibration of Zn atoms, therefore substitutional doping of the Zn 

atoms changes the vibrational frequencies of the Ga-doped sample. Such a 

significant shift clearly indicates that Ga dopant atom has been successfully 

substituted at Zn atom sites. On the other hand, the frequency of E2(high) 

mode (436 cm-1) remains unaltered with Ga doping. As the E2(high) mode 

is dominantly related to the vibration of oxygen atoms, the presence of Ga 

atom does not change the frequency of this mode. However, the E2(high) 

mode becomes less intense and broader, which indicates a slight decline in 

the crystallinity of Ga:ZnO. An analogous feature also observed earlier by 

Horzum et al. with Ga doping in ZnO thin films [142]. 
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For the highly oriented ZnO nanostructures, when the incident light 

is normal to the surface, only E2 and A1(LO) modes can be monitored, and 

other modes are forbidden due to the Raman selection rules. Thus the 

absence of A1(TO) mode in the present spectra suggests the vertical growth 

of nanostructures along the c-axis. The peak located at 573 cm-1 observed 

for the undoped ZnO is assigned as A1(LO) mode, which arises due to the 

intrinsic defects of oxygen vacancies and zinc interstitials. The 

disappearance of LO mode for Ga:ZnO indicates the variation in inherent 

lattice defects related to the oxygen vacancies and interstitial zinc due to the 

screening of internal electric fields by the free charge carriers. Hence, these 

Raman results explicitly show the presence of Ga into ZnO and also confirm 

the wurtzite structure of grown nanostructures, supporting the XRD 

findings. 

 

 

Figure 4.2: Room-temperature Raman spectra of undoped and Ga-doped 

ZnO nanostructures. A Raman spectrum of the quartz substrate is also 

plotted for the comparison. 
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4.3.2 Morphological Analysis 

Scanning Electron Microscopy 

Fig. 4.3 illustrates the surface morphologies and cross-sectional view of 

undoped ZnO and Ga-doped ZnO nanostructures by scanning electron 

microscope. The top view of undoped ZnO nanostructures (Fig. 4.3a) 

explicitly shows hexagonal facets indicating the wurtzite structure. A 

distinct change in the surface morphology was observed by the 

incorporation of Ga into ZnO, as seen in SEM of Ga:ZnO (Fig. 4.3c), and a 

wedge-shaped morphology originated due to the mixed orientations and 

doping. The obvious change in morphology upon Ga doping has also been 

reported earlier for ZnO nanostructures grown by the hydrothermal method 

[143]. The cross-sectional view (Fig. 4.3(b, d)) confirms the perpendicular 

growth of nanostructures on the quartz substrate. The total thickness of 

samples as measured from the cross-sectional SEM lies in the range of 400-

500 nm. It is also evident from the SEM images that, the grown 

nanostructures exhibit a porous structure with void spaces. The porosity 

analysis was performed by using ImageJ software and found to be ~6.20% 

and 20.88% for ZnO and Ga:ZnO, respectively. The details for analysis of 

porosity by ImageJ is presented in chapter-2 of the thesis.  

In the present case, the induced porosity is attributed to the change 

in morphology of nanostructures upon Ga doping. A similar result has also 

been observed earlier for Al-doped ZnO [144], where doping significantly 

affected the surface morphology and porosity. It should be noted here that, 

the growth of these nanostructures is uniform throughout the thickness; 

hence, the porosity analysis applies the volume of the 400-500 nm thin 

structures above the seeding layer. Fig. 4.3(e) shows the energy-dispersive 

X-ray spectroscopy (EDX) results for Ga:ZnO sample. The spectra confirm 

the presence of Ga in ZnO nanostructures with a required amount as 

presented in the inset table. 
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Figure 4.3: (a-d) Surface morphologies and the cross-sectional view of 

undoped ZnO and Ga-doped ZnO nanostructures. (e) EDX spectra image of 

Ga-doped ZnO nanostructures grown on a quartz substrate. 

 

 

4.3.3 Optical Analysis 

UV-Visible Spectroscopy 

The optical quality and band gap of grown nanostructures have been 

determined by UV-Visible (UV-Vis) spectroscopy technique. Fig. 4.4 

shows the absorbance spectra in the wavelength range of 300-800 nm. The 

sharp absorption-edge in the UV region confirms the high-quality and 

crystallinity of both the samples. Such intense UV absorption and 

crystalline nature make the present nanostructures more suitable for UV 

light-sensing applications. The optical band gap (𝐸𝑔) was calculated from 

the Tauc relation (eq. 3.1). The inset of Fig. 4.4 represents the Tauc plots 
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which determine the value of optical band gap (𝐸𝑔). The value of 𝐸𝑔 was 

found to be nearly 3.24 eV for both the samples, representing the wide band 

gap of the nanostructures. Also, these values of optical band gap are close 

to the band gap of intrinsic ZnO and are in good agreement with the reported 

works of literature [105,106]. 

 

 

Figure 4.4: UV-Visible spectra of undoped ZnO (left) and Ga-doped ZnO 

(right) nanostructures. The inset shows a linear fit of the graph (𝛼ℎ)2 

versus (ℎ) for the optical band gap (𝐸𝑔) calculation. 

 

 

Photoluminescence Spectroscopy 

Fig. 4.5 shows the representative photoluminescence (PL) spectra of 

undoped ZnO and Ga-doped ZnO nanostructures. Generally, the room 

temperature PL of ZnO exhibits two emission peaks. The first peak in the 

UV range called near-band emission (NBE) due to the recombination of free 

excitons. Another emission in the visible range of spectrum called deep-

level emission (DLE) due to defect-assisted broad emission [145]. In the 

present case, both the samples show an intense and prominent UV emission 

peak at about 380 nm, suggestive of the movement of electrons from the 

conduction band to the valence band. However, the intensity of NBE 

increases for Ga:ZnO sample. The increase in intensity and broadening of 

UV emission upon Ga doping has also been reported earlier by Escobedo-
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Morales et al. [143]. The Ga atoms occupied at Zn vacancies defect position 

and increased the donor-related defects (such as shallow donor and zinc 

interstitials) in ZnO nanostructures which lead to an intense UV emission 

in the PL spectra. The high-intense UV signal as compared to the visible 

emission is an indication for the quality of grown nanostructures. It is clear 

from the PL graph that both the samples show negligible defect-assisted 

emission. Therefore, it can be deduced that the nanostructures by the GLAD 

technique are visible-blind and highly crystalline. Such merits make these 

nanostructures more suitable for highly sensitive UV photo-detection 

applications. 

 

 

Figure 4.5: Photoluminescence spectra of undoped ZnO and Ga-doped ZnO 

nanostructures. 
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In this section, a comparative study of various measurements performed on 

the fabricated photodetectors has been discussed. Firstly, the current-

voltage (I-V) characteristics of the detectors have been analyzed. Secondly, 

the visible-blindness character of the detectors has been determined by 

exposing under different visible lights (i.e. blue, red and green LEDs). At 

last, the deep-UV (254 nm) photo-sensing has been performed under 

various atmospheric conditions such as in air, oxygen, nitrogen and 

vacuum. The photodetectors have also been tested at low-temperature (10K) 

320 400 480 560 640 720
0

1000

2000

3000

4000

 

 ZnO

 Ga:ZnO

P
L

 i
n

te
n

si
ty

 (
a
.u

.)

Wavelength (nm)

N
B

E

https://aip.scitation.org/author/Escobedo-Morales%2C+A


 

96 

 

to confirm their suitability for low-temperature applications. The physical 

significance of all the obtained results has also been explained in detail. 

For every measurement, initially, a dark current has been stabilized 

and observed for 10 minutes, and then lights were switched on. More 

importantly, these photo-detection studies have been performed with a 

minimal applied bias of 2 mV. Generally, a high bias voltage of several 

volts is applied to detect the signal, whereas here only a few millivolt of 

operating voltage for the detection is required. The bias voltage usually 

creates an electric field near the surface. The larger voltage creates a large 

electric field, and the high field may result to damage the device. The high 

bias voltage also results in self-heating of the device, which eventually 

hinders the photocurrent switching cycle too [146]. Therefore, to keep the 

device at safe, a low or zero bias voltage is preferred for highly sensitive 

photodetectors. 

 

4.3.4.1 I-V Characteristics 

Fig. 4.6 shows the current-voltage (I-V) characteristics of detectors taken in 

the air under darkness. The linearity of the I-V graph clearly suggests the 

ohmic nature of contacts. A manifold decrease in the dark current (Id) was 

clearly observed upon Ga doping. Generally, the low dark current is 

considered very helpful to enhance the detector’s signal-to-noise ratio. In 

the present case, the reduction in dark current for Ga-doped ZnO 

nanostructures is ascribed to the increased amount of porosity and large 

grain boundaries which scatters the charge carriers and reduces the 

conductivity. Further, the large surface area helps in the diffusion of oxygen 

gas promptly into the grain boundaries, which expands the amount of 

adsorbed oxygen at the grain boundaries, resulting in the increase of 

depletion width and hence favouring the low dark current [147–149]. 
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Figure 4.6: I-V characteristics of undoped ZnO and Ga-doped ZnO 

nanostructures. 

 

 

4.3.4.2 Study of Visible-blindness 

In order to confirm the visible-blindness of present photodetectors, the time-

dependent photo-detection has been performed in the air under three 

different lights, i.e. red, green and blue LEDs. Fig. 4.7 shows the 

performance of both photodetectors under different visible lights. It is clear 

that both the detectors show absolutely no response for red and green lights. 

However, under blue exposure, the signal response is extremely low, and 

notably, the generated photocurrents are comparable to the dark currents 

itself. The minor response can be due to the wide band gap nature of ZnO 

material (3.24 eV for the present case). More importantly, this response is 

negligible as compared to the deep-UV photoresponse.  

As clear from Fig. 4.8 (a, b), the photoresponse under blue light is 

insignificant compared to the UV photoresponse, and this is true for both 

the detectors. For example, the UV response for Ga:ZnO is nearly 3 times 

compared to the blue light (Fig. 4.8b). Likewise, when comparing only the 

UV performance of both the detectors, it is observed that Ga:ZnO have a 

maximum photo-to-dark current ratio (𝐼𝑝 𝐼𝑑⁄ ) under UV light illumination 

(Fig. 4.8(a,b)).  
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Figure 4.7: Transient photoresponse characteristic curves of (a) undoped 

ZnO and (b) Ga-doped ZnO nanostructures under red, green and blue lights. 

 

 

Figure 4.8: Comparison of photoresponse under blue and UV light for (a) 

undoped ZnO and (b) Ga-doped ZnO nanostructures. 
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Thus, a much larger response to UV light ensures the applicability 

of these detectors for visible-blind UV photo-detection applications. A 

detailed mechanism of photoresponse, including in air, is explained in the 

next sections. 

 

4.3.4.3 Photo-detection under Various Atmospheres 

 

Figure 4.9: Room-temperature transient photoresponse characteristic curves 

of undoped ZnO and Ga-doped ZnO nanostructures under different 

atmospheric conditions. The gases are at ambient conditions. The increase 

in response upon Ga doping is denoted by a vertical arrow in the figure. 
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In order to test the performance versatility of these visible-blind 

photodetectors, a comparative study on the photo-detection under diverse 

atmospheric conditions such as in air, oxygen, nitrogen, and vacuum has 

been performed. All these measurements have been performed at room-

temperature under the illumination of deep-UV (254 nm) light. The 

obtained results are shown in Fig. 4.9. 

The adsorption process under different medium is schematized in 

Fig. 4.10. The values of 𝐼𝑝 𝐼𝑑⁄  derived from the adsorption and desorption 

dynamics of the characteristic curves under the different conditions are 

reported in Table 4.1. The influence on the performance of photodetectors 

under different atmospheric conditions, and the mechanism is explained as 

follows: 

 

 

Figure 4.10: Schematic representation of the adsorption process under 

different medium. The red color spheres represent adsorbates, bottom layer 

(green color) represents the quartz substrate, and the thick top layer (yellow 

color) represents the depletion width. 
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Table 4.1: Derived parameters from the transient photoresponse 

characteristic curves of undoped ZnO and Ga-doped ZnO nanostructures. 

 

Sample 𝐼𝑝 𝐼𝑑⁄  at room temperature 𝐼𝑝 𝐼𝑑⁄  at 10K 
air vacuum nitrogen oxygen vacuum 

ZnO 1.59 2.22 1.75 1.22 1.6 

Ga:ZnO 3.10 12.42 3.30 2.58 10.5 

 

Photoresponse in Air: 

Fig. 4.9(a) shows the photoresponse behavior of both detectors in 

the air as the surrounding medium. A weak current is detected in the absence 

of UV light, while upon UV illumination, the current suddenly increased 

and saturated at a certain level. Noticeably, for an individual detector, 

compared to the dark current, the photocurrent increased enormously upon 

UV light exposure. This clearly demonstrates that the samples have an 

appreciable deep UV photo-detection under an open environment. 

Moreover, the multiple illumination cycles exhibit nearly identical 

photocurrent switching, as shown in Fig. 4.11, which certifies the 

repeatability and reproducibility of the rise in photocurrent.  

The mechanism responsible for the rise and decay of photocurrent 

is attributed to the desorption and adsorption processes of the constituent 

adsorbates of the medium. For the present case of air, at normal conditions, 

the volume contains the essential adsorbates, mostly nitrogen (~78%) and 

oxygen (~22%). However, the adsorption/desorption is mainly dominated 

by oxygen adsorbates.  
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Figure 4.11: Transient photoresponse characteristic curves in the air at room 

temperature for undoped ZnO and Ga-doped ZnO nanostructures. 

 

 

The observed steady-state dark current is nearly 26.3 and 1.3 μA for 

ZnO and Ga:ZnO, respectively. Thus, the photo-generated current of the 

device can be calculated as 

∆𝐼 = (𝐼𝑈𝑉 − 𝐼𝑑𝑎𝑟𝑘)     4.1 

where 𝐼𝑈𝑉 is the current under UV light and 𝐼𝑑𝑎𝑟𝑘 is the dark current. Then 

the sensitivity (S) of the detectors can be defined as [150] 

𝑆(%) = (
∆𝐼

𝐼𝑑𝑎𝑟𝑘
) × 100    4.2 

The calculated percentage sensitivity of the detectors is 

approximately 59 and 210 for ZnO and Ga:ZnO, respectively. Table 4.2 

summarizes the UV response performance of present and different UV 

photodetectors based on various ZnO nanostructures. It is seen that Ga 

doping has significantly improved the sensitivity of a detector. The obtained 

values of sensitivity for the present detectors are pretty higher than the 

reported values of the detectors based on Ga-doped ZnO films [152]. 

Moreover, the dark current and photo-to-dark current ratio for the present 
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detectors are far better than the reported Mg-doped ZnO thin films [153]. 

The present results are also comparable to the single nanowires and other 

nanostructures [159,160]. Notably, the fabrication of single nanowires and 

making electrodes on them is itself a problematic and tedious task along 

with a challenge to upkeep the device. However, the similar results are 

obtained here with the nanostructures of high porosity and crystallinity 

acquired by the GLAD technique. 

 

Table 4.2: Comparison of the reported performance of various UV 

photodetectors based on different ZnO nanostructures. 

 

Photodetector 

sample 

Fabrication 

method 

Photo-

to-dark 

current 

ratio 

(𝐼𝑝 𝐼𝑑)⁄  

Bias 

voltage 

Wavelength Sensitivity 

(%) 

Ref. 

ZnO:AuNPs Sputtering 1.46 - 254 nm 46 [151] 

GZO 

nanopagodas 

MOCVD 1.26 1 V 254 nm 26.82 [138] 

GZO/ZnO 

heterojunction 

PLD - - UVA 29.10 [152] 

MgZnO/ZnO 

thin film 

Spin coating 1.23 4 V 365 nm 23 [153] 

Al/ZnO 

nanorods/Pt 

Hydrothermal 1.3 2 V 365 nm 34.1 [154] 

ZnO nanowire Hydrothermal 1.4 -3 V 254 nm 40 [155] 

Ag/ZnO/Ag Thermal 

evaporation 

- 0-30 V 365 nm 0 [156] 

Ga-doped 

ZnO films 

MBE 1.06 20 V 374 nm 6.03 [157] 

Au/GaZnO 

NRs/Au 

Hydrothermal 1.18 3 V 200-400 

nm 

18.1 [158] 

ZnO 

(Ga:ZnO) 

nanostructures 

GLAD-

assisted PLD 

1.59 

(3.10) 

2 mV 254 nm 59 (210) This 

work 
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Photoresponse in Oxygen: 

Fig. 4.9(b) shows the photo-detection performance of both detectors under 

an oxygen atmosphere. Under this circumstance, the surface of 

nanostructures has abundant oxygen, creating a thick depletion layer with 

an increased potential barrier (Fig. 4.10). With UV light exposure, these 

oxygen molecules get desorb and initiate the photocurrent. The calculated 

sensitivity (%) (by eq. 4.2) under this medium is 22 and 158 for ZnO and 

Ga:ZnO photodetectors, respectively. It is clear that the photo-to-dark 

current ratio (Table 4.2) and sensitivity are reduced as compared to the air 

medium. This reduction is originated due to the sufficient and continuous 

re-adsorption of oxygen molecules during the UV illumination. 

 

Photoresponse in Nitrogen: 

Fig. 4.9(c) shows the photo-detection measurements performed in nitrogen 

gas-ambient. It is observed that the photoresponse in nitrogen is comparable 

to the response in air and much higher to the oxygen atmosphere (Table 

4.1). From the studies of density functional theory by Breedon et al., it has 

been deduced that the binding energy of stable nitrogen is -1.42 eV and for 

oxygen is -2.47 eV [161]. This shows that the adsorption rate and interaction 

of nitrogen on the surface is very weak as compared to the oxygen 

molecules. Moreover, the adsorption of nitrogen adsorbates is directed by 

the physisorption process while for oxygen adsorbates it is due to the 

chemisorption process. Therefore, due to the weak bonding of nitrogen 

adsorbates, a thinning in the depletion width can be observed (Fig. 4.10). 

This is the reason that ZnO based photodetectors possess better 

photoconductivity in a nitrogen atmosphere as compared to the oxygen/air 

media. The calculated sensitivity (%) under this medium is 75 and 230 for 

ZnO and Ga:ZnO photodetectors, respectively.  
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Photoresponse in Vacuum: 

Fig. 4.9(d) demonstrates the performance of photodetectors when tested in 

a vacuum. The detectors are found to be highly sensitive under vacuum with 

sensitivity (%) values of 122 and 1142 for ZnO and Ga: ZnO, respectively. 

It is noteworthy that among all the mediums, the maximum photo-detection 

is observed in a vacuum condition. This increase in response is attributed to 

the vacuum-assisted easy desorption of oxygen molecules from the surface. 

Additionally, by the release of trapped electrons, more carriers are 

generated through the photo-generation process, which increases the 

photocurrent and hence the photosensitivity. It has been suggested that UV 

exposure removes the loosely bound oxygen from the surface and in 

vacuum further removes the lattice oxygen via surface hydrocarbons [162]. 

In the present case, the photoresponse for Ga:ZnO was found to be 

roughly 4 times more to that in air. Whereas, compared to the undoped ZnO, 

this response increased by roughly 6 times (Table 4.1). The slow or non-

saturation behavior of the photoresponse in a vacuum is representing the 

non-equilibrium between desorption of oxygen molecules and photo-

generated electron-hole pairs. Moreover, the photocurrent decays very 

slowly when the UV light was turned off. It should be noted here that this 

decay was considerably slower as compared to the decay in other mediums. 

This slow decay of photocurrent may reflect the residual oxygen in the 

vacuum chamber. However, the current comes to its initial value after a very 

long time due to the slow re-adsorption process, indicating the persistent 

photoconductivity to some extent in the samples. 

 

4.3.4.4. Photo-detection at Low-temperature 

In order to test the suitability of present photodetectors for space 

applications, the photo-detection is performed at the lower temperature 

(10K). A closed-cycle cryostat has been used here to perform the low-

temperature measurements. The samples were kept on a stage which was 
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connected through a temperature controller. The measurement was 

performed in a vacuum chamber, and a high vacuum of the order of 10-7 

mbar was attained before starting the sensing measurements. Fig. 4.12 

shows the measured transient photoresponse at 10K, along with the results 

obtained at 300K for a comparison. It is observed that both the detectors 

show significant response even at the low-temperature. However, the 

response at 10K is slightly reduced compared to the response at room 

temperature. ZnO and Ga-doped ZnO are both semiconducting materials; 

hence, this reduction in response is corroborated to the increased resistance 

at low temperatures [163]. The typical semiconducting nature of ZnO 

material is shown in the resistivity (ρ) versus temperature (T) curve (inset 

of Fig. 4.12). It is further clear from Table 4.1 that a remarkable photo-to-

dark current ratio is obtained without a major change even at 10K. Hence, 

this measurement clearly demonstrated the applicability of present 

photodetectors even at low-temperatures. 

 

 

Figure 4.12: Temperature-dependent transient photoresponse characteristic 

curves of undoped ZnO and Ga-doped ZnO nanostructures. The inset shows 

a typical semiconducting behavior of ZnO in resistivity (ρ) versus 

temperature (T) curve.  
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4.3.4.5 Role of Ga Doping in Improving the UV 

Photoresponse 

It is clear from the above photo-detection studies that Ga doping 

significantly improved the photoresponse of ZnO. It was also noticed that 

the detector Ga:ZnO attains a maximum photo-detection in all the 

atmospheric conditions. The advantage of Ga doping in ZnO can be 

understood by the following arguments.  

Primarily, the Ga3+ ions at Zn2+ site in ZnO account for the increase 

in this photoresponse. These ions act as the cationic dopants in the ZnO 

lattice, permitting the electrons to transport easily to the conduction band 

[164]. Therefore, this leaves the more electrons of the pair in the conduction 

band. The photo-carrier generation increases the conductivity of Ga:ZnO 

nanostructures under UV illumination by increasing the carrier number and 

simultaneously reducing the depletion width or barrier height under 

different atmospheres. 

It should also be noted here that, in addition to the surrounding 

gases, the depletion width is also affected by the surface morphology, grain 

size and surface-to-volume ratio (i.e. porosity) of nanostructures [165,166]. 

In the present case, Ga doping significantly changes these parameters as 

discussed in the above studies. Fig. 4.13 shows the basic mechanism for the 

improvement of photoresponse upon Ga doping under air. When the 

nanostructures are exposed with an open environment, the adsorption by 

oxygen molecules forms a potential barrier with band-bending across the 

grain boundaries. For smaller grain size, higher will be the adsorption rate 

due to the improved density of adsorption sites per unit area of the surface. 

Thus the higher adsorption rate causes a higher rate of desorption upon UV 

exposure which releases more number of electrons contributing the 

photoresponse. 
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Figure 4.13: Schematic representation for the principal mechanism of 

photoresponse for different grain size of nanostructures. 

 

 

4.4 Summary 

In summary, undoped and Ga-doped crystalline ZnO nanostructures were 

successfully grown by the GLAD-assisted PLD method. The fabricated 

photodetectors were visible-blind and demonstrated substantial 

photocurrent generation under UV illumination in diverse atmospheric 

conditions. This kind of visible-blind UV photo-detection may less 

expensive as compared to the Si-based technology where filtering is 

required.  

The Ga doping significantly influenced the porosity and 

photoresponse of ZnO nanostructures. Both the detectors were tested 

simultaneously under identical conditions for a comparative study on the 
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performance. There is a manifold enhancement in the current gain and 

sensitivity by only fractional Ga doping in ZnO. Moreover, both the 

photodetectors possess reversible switching characteristics with UV on/off. 

The thermal stability shows the applicability of photodetectors in the 

application area, where the temperature is sufficiently low. Our results 

suggest a high possibility of using these UV active visible-blind 

photodetectors to perform specific functions in optoelectronic applications. 

These results also suggest the potentiality of harnessing the GLAD 

technique in combination with PLD for an efficient UV photodetector. The 

study can be extended to encompass the growth of other types of materials 

and to further investigate the ability of nanostructures to sense other gases. 

 

-------------------- 
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Chapter 5 

Fabrication of Ultraviolet 

Photodetectors of ZnO 

Nanostructures on Different 

Substrates 

 

 

 

In this chapter, a comparative study on the growth and photo-sensing 

properties of ZnO nanostructures fabricated on different types of substrates 

has been presented. The GLAD-assisted PLD method has been used to 

synthesize these nanostructures on the various substrates such as quartz, 

sapphire (Al2O3) and MgO. The quartz substrate has an amorphous nature, 

while the latter two substrates have crystalline nature with (001) and (100) 

crystal orientation for sapphire and MgO, respectively. Using the grown 

nanostructures on different substrates, three photodetectors have been 

fabricated and studied for deep-UV photo-detection. This study provides an 

idea on the selection of substrates for the crystalline growth of 

nanostructures and their UV performance comparison. The results 

presented in this chapter are published in peer-reviewed journalΨ. 

 

--------------------------------------------  

Ψ Soni et al., Sensors and Actuators A: Physical 313 (2020) 112140, 

(doi.org/10.1016/j.sna.2020.112140). 
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5.1 Introduction 

Highly oriented, aligned and ordered ZnO nanostructures attracted huge 

attention of the scientific community due to their fundamental properties 

and potential device applications which shows incredible performance. 

Apart from the piezoelectric nature and biomedical applications, the ZnO 

has gas sensing and light-sensing applications too [167]. Owing to its wide 

band gap (~3.37 eV) nature, it is used for ultraviolet (UV) photo-detection 

that covers diverse fields of application regions including environmental 

monitoring, solar astronomy, missile warning system and air quality 

monitoring [74,168]. For any of the applications, the morphology of ZnO is 

a crucial parameter in determining the physical and optoelectronic 

properties. Furthermore, this can be grown in various nanoforms, and their 

properties can also be tuned by tuning the synthesis conditions [110,169–

171].  

The shape and morphology of ZnO nanostructures are much 

dependent on the quality and the type of substrate used. Till date, in the 

device perspective, different kinds of substrates, including solid and flexible 

substrates, have been used to grow the ZnO nanostructures. These 

nanostructures have been grown using different methods, and various 

morphologies have been obtained [172,173]. The solid substrates can be of 

amorphous or crystalline nature. Moreover, it may have conductive or non-

conductive nature depending on the applications. For example, Cu and n/p-

type Si substrates have been used to grow ZnO nanorods by hydrothermal 

and PLD method [65,113,172,174]. Amorphous quartz and glass substrates 

have been used for the growth of different ZnO nanostructures 

[94,174,175]. On the other hand, in spite of large lattice mismatch, the ZnO 

nanostructures have also been grown on single crystals including sapphire 

[64], MgO [176] and perovskite crystal SrTiO3 [177]. Yang et al. reported 

the oriented growth of ZnO nanostructures on different substrates via 

hydrothermal method [172]. More recently, Cossuet et al. studied the 
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growth and nucleation of ZnO nanowires on the poorly and highly textured 

polycrystalline ZnO seed layer and showed that the vertical directional 

growth dominates on the highly textured ZnO seed layer [178]. 

For an effective growth of ZnO nanostructures on various substrates, 

coating of a seed layer has become the modern approach. The seed layer 

can be formed by using any catalyst, but this may cause unintentional 

doping and impurity in the resultant nanostructures. Therefore, the catalyst-

free growth can be realized by self-seeding of the target material. The seed 

layer also assists in the smooth electrical conduction along with supporting 

the growth of nanostructures. Therefore, the directional growth of high-

quality nanostructures with excellent electrical conduction on self-seeded 

solid substrates has become an essential and promising way. However, there 

are still many factors, including deposition methods and processing 

environment which directly or indirectly affect the properties of ZnO 

nanostructures.  

For the present investigation, we purposely chose two kinds of 

substrates (i.e. amorphous and crystalline). Therefore, total three different 

substrates, i.e. quartz, sapphire (hexagonal) and MgO (cubic) have been 

used for a comparative study on the growth and UV performance of ZnO 

nanostructures fabricated by the GLAD-assisted PLD method. The quartz 

substrate is amorphous and from our earlier studies (as discussed in chapter 

3 and 4) it is apparent that the GLAD-assisted PLD helps the highly-

oriented growth on ZnO even on the quartz [170,171,179]. On the other 

hand, sapphire and MgO substrates are single crystals with different crystal 

structures, i.e. hexagonal for sapphire and cubic for MgO; hence that can 

affect the crystalline growth of ZnO. A pre-treatment of substrate, i.e. 

formation of ZnO seeds ensures the directionality and electrical conduction. 

This crystalline ZnO-seeding further makes sure the crystallinity of 

nanostructures. The morphological and structural properties are 

characterized and discussed in detail. The electronic properties of 
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synthesized nanostructures are probed by the optical band gap and 

luminescence studies. Finally, the deep-UV photo-sensing properties with 

the sensing mechanism have been discussed, and the results are analyzed. 

 

5.2 Experimental 

A disc-shaped bulk pellet of ZnO was synthesized by pressing the ZnO 

powder and sintered at 1000 °C for 10 hours. The prepared ZnO bulk pellet 

was then used as a target material for the synthesis of nanostructures. The 

nanostructures were deposited on the quartz, sapphire (Al2O3) (001) and 

MgO (100) substrates under identical growth conditions by the GLAD-

assisted PLD method. All the substrates were sequentially sonicated in 

acetone and propanol for 10 min, before loading into the deposition 

chamber. The base pressure of the vacuum chamber was attained at the 

order of 10-4 Pa. The laser ablation was performed using a pulsed KrF 

excimer laser source of 248 nm wavelength and energy fluence of ~3 J/cm2. 

The nanostructural growth takes place in the two stages as described in 

chapter-2 of the thesis. Firstly, all the three substrates were loaded into the 

PLD chamber, and the self-seeding of ZnO target material was performed 

at a repetition rate of 8 Hz with 5 Pa oxygen partial pressure. The target was 

ablated for 5 min for the formation of crystalline seeds. The geometry was 

then changed to glancing angle and nanostructures were grown on ZnO 

seeded substrates. The repetition rate and deposition time for this stage were 

kept at 10 Hz and 10 min, respectively. The background oxygen partial 

pressure was maintained at 15 Pa during the growth process. The prepared 

nanostructures on quartz, Al2O3 and MgO substrates were named as ZnO/Q, 

ZnO/ALO and ZnO/MgO, respectively. To study the ultraviolet (UV) 

photo-sensing properties of these nanostructures, photodetectors were 

fabricated as discussed in chapter-2. 

The deposited nanostructures were then systematically investigated 

by the various experimental techniques such as XRD, Raman spectroscopy, 
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SEM, AFM, UV-Visible and PL spectroscopy. The photo-detection 

measurements of the fabricated detectors were performed under deep-UV 

(254 nm) and visible light exposure. All the measurements were performed 

in air at room temperature. 

 

5.3 Results and Discussion 

In this section, the results of various experiments and characterizations 

performed on ZnO nanostructures have been discussed. The structural, 

morphological and optical properties have been explained in detail one by 

one in the following subsections. 

 

5.3.1 Structural Analysis 

X-ray Diffraction 

Fig. 5.1 shows the XRD patterns of ZnO nanostructures synthesized on the 

different substrates. The absence of any impurity peaks in the diffraction 

pattern confirms the formation of pure ZnO nanostructures. In addition to 

the substrate’ peaks, the nanostructures show intense peaks corresponding 

to ZnO (002) and (004) planes. The produced ZnO nanostructures are 

crystallographically oriented, and the grain-growth direction is vertical in 

the same direction making columnar structures. This shows that the grown 

nanostructures are preferentially oriented along the c-axis and indicating the 

hexagonal wurtzite structure of ZnO.  

A strong relationship with (00l) orientations is the key evidence for 

the vertical growth rate of ZnO [68]. Notably, all three samples are 

crystallographically oriented towards (002) plane in spite of different types 

of substrates. Nistor et al. reported the formation of (002) plane of ZnO on 

MgO (100) substrate, attributing the high flux of incident species and 

therefore favouring the (002) ZnO growth rate [176]. It is important to note 

here that, the ZnO nanostructures on quartz substrate also show crystallinity 
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regardless of the amorphous nature of the substrate. This interesting feature 

is attributed to the growth of nanostructures using the GLAD-assisted PLD 

method and self-seeding of the highly crystalline thin seed layer. The 

crystallinity of present nanostructures on the amorphous quartz/glass 

substrate is far better than the crystallinity of reported ZnO nanostructures 

synthesized by different methods [110–112,156]. For example, the ZnO 

nanostructures grown by a hydrothermal method generally show several 

diffraction peaks [180,181], clearly indicating that the orientation of 

nanostructures is deviating from the substrate’ normal. In the present case, 

the underlying ZnO seed layer helps to improve the crystallinity, which can 

be identified as the controlling parameter for the crystal quality too [182]. 

 

 

Figure 5.1: XRD patterns of ZnO nanostructures grown on the quartz, MgO 

and Al2O3 substrates. 

 

 

Fig. 5.2(a) shows the magnified part of XRD patterns around (002) 

Bragg peak. The 2θ position of (002) peak slightly differs for different 

samples. The broadening in this peak is an indication of crystallite size 

distribution towards smaller size, causing the higher density of 
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nanostructures as also seen in the scanning micrographs discussed latter. 

The average value of crystallite size is calculated from the Scherrer formula 

(eq. 3.4) and shown in Fig. 5.2(b). The comparatively smaller full width at 

half maximum (FWHM) indicates that the crystalline substrates have 

significantly affected the growth and hence the nanostructures on quartz 

show wider FWHM. The lattice constants were estimated as a~0.32 nm and 

c~0.52 nm with minimal variation in these three samples. These values are 

in good agreement with the values reported in the literature [21]. 

 

 

Figure 5.2: (a) Enlarged view of ZnO (002) XRD peak, (b) Crystallite size 

and FWHM of (002) peak of ZnO nanostructures grown on different 

substrates. 

 

 

Raman Spectroscopy 

Fig. 5.3 shows the Raman spectra of ZnO nanostructures grown on different 

substrates. The spectra consist of the peaks at different wavenumbers 

represented by the black dashed lines. It is observed that all three samples 

show typical peaks associated with the wurtzite ZnO. The physical 

significance of Raman modes of ZnO has been given in chapter-1 of the 

thesis. In Fig. 5.3, the two most prominent peaks are associated with E2 

phonon modes, namely, E2(low) and E2(high) located at  wavenumbers ~98 

cm-1 and ~437 cm-1, respectively. There is no significant variation observed 

in the position of E2 modes for these three different samples. A very less 

intense peak near about 330-340 cm-1, though absent in ZnO/Q, is assigned 
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as E2(high)-E2(low) mode due to the second-order Raman processes [117]. 

The E2(low) and E2(high) modes are basically related to the vibrations of 

the heavy Zn sub-lattice and the oxygen atoms, respectively. These modes 

are also known as non-polar modes due to the opposite motion of 

neighbouring ions of each sub-lattice, resulting in finally a net-zero 

polarization. It is observed that the intensity of the E2(low) mode is stronger 

than the intensity of E2(high) mode, and this is a typical case of non-

resonant Raman scattering [183]. The high intense E2(low) mode represents 

a high degree of local order in the Zn sub-lattice. 

 

 

Figure 5.3: Room-temperature Raman spectra of ZnO nanostructures 

deposited on different substrates. The letter ‘S’ represents the contribution 

from individual substrates. 
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measurements are performed in backscattering geometry, the absence of TO 

modes in the present Raman spectra further confirms the highly c-axis 

orientation of grown ZnO nanostructures corroborating the XRD results. In 

Fig. 5.3, a broad signal also appears in between 500 cm-1 and 600 cm-1 with 

center frequency at about 575 cm-1. Specifically, the LO phonon modes are 

located in this region with high phonon density of states. This band is 

attributed to the disorder-induced Raman scattering [185]. The mode at 

frequency 575 cm-1 is assigned as A1(LO) phonon mode and is observed for 

all the three samples. However, the intensity of this mode is very low for 

the samples ZnO/Q and ZnO/ALO, while it is broadened and red-shifted for 

the sample ZnO/MgO. Such a shift and broadening in the A1(LO) phonon 

mode can be attributed to the scattering contributions of the A1(LO) branch 

outside the Brillouin zone center [185] which represents the extent of 

intrinsic defects or disorder in ZnO/MgO sample. 

 

5.3.2 Morphological Analysis (by SEM and AFM) 

Fig. 5.4 shows the surface morphologies obtained by SEM and AFM 

techniques for the ZnO nanostructures grown on different substrates. The 

SEM images (a-c) reveal the formation of ZnO nanostructures, which 

accords with the AFM results (d-f). These micrographs also indicate the 

facile growth of ZnO nanostructures on the entire substrate with 

perpendicular direction, i.e. oriented along the c-axis, which is also 

confirmed from the XRD analysis. The top view of different SEM images 

shows the grains are hexagonal on the top and have columnar like shape 

perpendicular to the substrate as seen in the cross-sectional SEM images 

The root mean square (rms) surface roughness as determined by AFM is 

38.2, 35.4 and 16.8 nm for ZnO/ALO, ZnO/MgO and ZnO/Q, respectively. 

Maximum surface roughness provides a more effective surface area and 

thus improves UV photoresponse. It is observed that the grown 

nanostructures are porous, unlike any solid film; however, the porosity 
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values are different for the different samples. The estimated values for 

porosity are 26.32%, 15.72% and 6.20% for ZnO/ALO, ZnO/MgO and 

ZnO/Q, respectively. The porosity analysis was performed on SEM 

micrographs by using ImageJ software as discussed in chapter-2 of the 

thesis. The pores occupy volume within vertically grown crystalline grains 

of ZnO. For the present thin vertical nanostructures, the pores are also 

vertical. Hence the present porosity analysis shows the average top to 

bottom porosity (%) for the vertically oriented nanostructures. The 

thickness is determined using cross-sectional SEM images with an average 

value of 350 nm for all the samples (inset Fig. 5.4). The formation of such 

porous yet crystalline nanostructures with large surface area is encouraging 

for UV photo-detection applications. 

From the SEM images, some intermittent particles with hexagonal 

shape typical for crystalline ZnO are evident. For ZnO/ALO, some of these 

hexagonal particles have sharp edges (Fig. 5.4a), and it is little distorted for 

the other two samples and therefore exhibit a different surface morphology. 

The present results show that the size and number of particles are strongly 

influenced by the substrate and the ZnO seeding-template. The variation in 

morphology is ascribed to the difference in lattice mismatch between the 

substrate and the seed layer [56,186]. Well-separated nanostructures are 

produced due to a large lattice mismatch for sapphire, while comparatively 

less lattice mismatch for MgO substrate resulted in the less separation of 

nanostructures. On the other hand, ZnO/Q shows the coalescence of 

nanostructures with few existing pores. It should be noted here that all 

vertically standing nanostructures are connected through the seed layer, 

which helps in the electrical conduction of electrons. The above study 

showed that growth and morphologies are significantly influenced by the 

type of substrate and nevertheless providing the highly directional growth 

with crystallinity and porosity. 
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Figure 5.4: SEM (top) and AFM (bottom) images of ZnO nanostructures 

grown on Al2O3 (a,d), MgO (b,e) and quartz (c,f) substrates. The inset 

shows corresponding cross-section SEM images. The circles in red color 

indicate the hexagonal grains of the nanostructures. 
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5.3.3 Optical Analysis 

UV-Visible Spectroscopy 

Fig. 5.5 shows the UV-Vis spectra of ZnO nanostructures grown on quartz 

and sapphire substrates. The substrate MgO was not polished on both the 

sides and hence UV-Vis spectroscopic measurements were not possible for 

ZnO/MgO sample. It is observed that the absorption edge for both the 

samples lies in the UV range, representing the visible-blind, defect-free and 

wide band gap of present nanostructures. Moreover, the UV absorption 

intensity of sample ZnO/ALO is much stronger than the sample ZnO/Q, 

indicating the synthesized nanostructures on a sapphire substrate have 

comparatively good optical properties. The band gap of grown ZnO 

nanostructures is calculated using the Tauc plot by eq. 3.1 and shown in the 

inset figures. A vertical straight portion in higher energy region confirms 

the direct allowed transition in ZnO nanostructures. The obtained value of 

band gap is 3.24 and 3.25 eV for ZnO/Q and ZnO/ALO samples, 

respectively. The present values of the optical band gap agree well with the 

reported band gap of ZnO [105]. 

 

 

Figure 5.5: UV-Visible spectra of ZnO nanostructures deposited on (a) 

quartz and (b) sapphire substrates. The inset shows a linear fit of the graph 

(𝛼ℎ)2 versus (ℎ) for the optical band gap (𝐸𝑔) calculation. 
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Photoluminescence Spectroscopy 

In order to get more insight into the optical characteristics, 

photoluminescence (PL) spectroscopy of grown ZnO nanostructures was 

performed, as shown in Fig. 5.6(a). Generally, the room-temperature PL of 

ZnO exhibits two emission peaks. The first peak in the UV range is called 

near-band emission due to the recombination of free excitons and another 

emission in the visible range is called deep-level emission due to the 

presence of defects [31]. In the present case, a sharp and intense peak 

centered at ~380 nm related to the UV emission is observed for all the three 

samples. This intense UV emission is ascribed to the dominant 

recombination of free excitons through exciton-exciton collision process 

[29]. This indicates the wide direct band gap transition of ZnO and 

represents the high crystallinity of present nanostructures. Moreover, the 

absence or suppression of visible emission in the samples ZnO/ALO and 

ZnO/Q reveals that the concentration of defects is negligible here, 

representing the visible-blindness of nanostructures. 

 

 

Figure 5.6: (a) Photoluminescence spectra of ZnO nanostructures deposited 

on different substrates, (b) De-convoluted PL spectra of ZnO nanostructures 

grown on MgO substrate. 
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ZnO/MgO show a highly asymmetric PL feature along with few 

emissions in the visible region. To study this, the PL curve has been de-

convoluted into several distinct individual peaks by Gaussian fit. Fig. 5.6(b) 

highlights the possible de-convoluted components of the PL curve, 

indicated by the peak numbers as P1, P2 and P3. The peaks P1 and P2 are 

very close to each other and located at ~380 and 392 nm respectively, 

representing the UV/UV-violet emission attributed to the band-edge and 

near band emission. The peak P3 of low intensity spanning from 300-650 

nm is ascribed to the point defects related to the Zn interstitials or oxygen 

vacancies [187]. The broad spectrum of P3 assisted in the emissions related 

to the green-yellow and orange-red levels. The earlier studies on ZnO 

reported the green emission possibly due to the substrate surface effect 

[188,189]. However, in the present case, the intensity of the latter two 

emissions can be considered very feeble as compared to the band-edge 

emissions. 

 

 

Figure 5.7: Schematic representation of the various emission lines from the 

different energy levels of ZnO. 
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features for these three nanostructures are attributed to the difference in 

morphology and defect-level. The possible emissions from different energy 

levels of ZnO have been schematized in Fig. 5.7. The contribution of UV 

and visible lights has been further determined by the time-dependent photo-

detection on these nanostructures, as explained in the next section. 

 

5.3.4 Electrical and Photo-detection Studies 

Three different photodetectors have been fabricated (the fabrication method 

has been described in chapter-2) to study their electrical and photo-sensing 

properties. The following subsections represent a comparative study of 

various measurements performed on the fabricated photodetectors. 

 

5.3.4.1 I-V Characteristics 

To investigate the electrical properties of these photodetectors, the I-V 

characteristics are measured in the dark from -0.1 to 0.1 V, as shown in Fig. 

5.8. The linearity of the I-V curve demonstrated the ohmic nature of 

contacts. The different values of dark current (𝐼𝑑) are observed for these 

nanostructures, as reported in Table 5.1. The smaller dark current helps in 

the reduction of noise and therefore enhances the signal-to-noise ratio and 

performance of the device. It is noticed that the dark current is quite low for 

ZnO/ALO, which is due to the lower connectivity of grains and higher 

porosity as compared to the other two samples. The lower connectivity is 

originated due to the large lattice mismatch, which resulted in the separated 

nanostructures as revealed by SEM also. Moreover, the large surface-area-

to-volume ratio helps in the diffusion of oxygen gas promptly into the grain 

boundaries, which expands the amount of adsorbed oxygen at the grain 

boundaries, resulting in the increase of depletion width and hence favouring 

the low dark current [147–149]. On contrast, ZnO/Q shows a higher dark 

current, which is attributed to the higher density of nanostructures without 

many pores. 
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Figure 5.8: I-V characteristics of ZnO nanostructures deposited on (a) 

sapphire and MgO, (b) quartz substrates. 
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photoluminescence behavior in the visible region of the electromagnetic 

spectrum (as seen in Fig. 5.6b).  
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photocurrent switching cycles ensure the stability of photocurrent with UV 

on/off. The adsorption and desorption of oxygen molecules are accountable 

for the rise and decay of photocurrent with UV on/off. 

 

 

Figure 5.9: Transient photoresponse characteristic curves of ZnO 

nanostructures grown on different substrates. The solid line represents the 

fitting of the curves using eq. 3.2. 
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Table 5.1: Derived parameters from the transient photoresponse 

characteristic curves of ZnO nanostructures grown on different substrates. 

 

Sample Porosity 

(%) 
Dark 

current 

(𝐼𝑑) 

Photo-to-dark 

current ratio 

(𝐼𝑝 𝐼𝑑⁄ ) 

Sensitivity 

(S) (%) 

ZnO/ALO 26.32 0.14 nA 2.82 182 
ZnO/MgO 15.72 45.2 μA 1.53 53 
ZnO/Q 6.20 1.57 mA 1.32 32 

 

Table 5.1 shows the extracted parameters from the photocurrent 

switching curves of Fig. 5.9. The rise and decay-time constants are 

determined by fitting the curves using a bi-exponential function (eq. 3.2) 

[109]. The photoresponse processes are well fitted with the equation, as 

shown by the solid lines in the first cycle of Fig. 5.9. The rise and decay of 

photocurrent consist of two components, i.e. the fast and slow-response 

components, respectively denoted as 𝜏𝑟1 and 𝜏𝑟2 for the rise, and 𝜏𝑑1 and 

𝜏𝑑2 for the decay of photocurrent. Clearly, the sample having high porosity 

shows the fast rise and decay-time as compared to the other samples. 

Moreover, the high photo-to-dark current ratio (𝐼𝑝 𝐼𝑑⁄ ) and the highest 

photosensitivity is evidence of the highly porous and crystalline 

nanostructures. The sensitivity (S) of the detectors is determined by using 

eq. 4.2. 

Table 5.2 shows a comparative performance with different 

parameters of present and similar ZnO-based UV photodetectors fabricated 

by different methods. It is apparent that the present nanostructures show 

improved performance in terms of photo-to-dark current ratio, sensitivity 

and response times as compared to the ZnO based samples grown by other 

synthesis routes. In Fig. 5.9, it is also noticed that the response slightly 

increases after each cycle which could be due to the non-equilibrium 

between adsorption and desorption. The transient photoresponse 

characteristics for ZnO/Q show a slow saturation as compared to the other 

two samples, representing a slow transfer of charge carriers between the 
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conduction band and the valence band. The slow decay of photocurrent on 

switching off the UV light is also an indication of a slow re-adsorption 

process. 

Table 5.2: Comparison of the reported performance of various UV 

photodetectors based on different ZnO samples. 

 

Photodetector 

samples 

Fabrication 

method 

Rise time 

constants 

Decay time 

constants 

Ref.  

U-ZnO NWs 

(ZnO NWs) 

Electrodeposition 

and atomic layer 

deposition 

28.49 s 

(83.33 s) 

𝜏𝑑1= 60.29 s, 

𝜏𝑑2= 700.47 s 

(𝜏𝑑1= 120.05 

s, 𝜏𝑑2= 1372 

s) 

[190] 

  

ZnO 

nanowires 
Vapor transport 

method 
𝜏𝑟1= 52 s, 

𝜏𝑟2= 121 s 
𝜏𝑑1= 59 s, 

𝜏𝑑2= 347 s 

[191] 

Ga-

incorporated 

ZnO 

nanowires 

𝜏𝑟1= 164 s, 

𝜏𝑟2= 250 s 

𝜏𝑑1= 124 s, 

𝜏𝑑2= 243 s 

N:ZnO thin 

film 

Radio Frequency 

(RF) Sputtering 

𝜏𝑟1= 18 s, 

𝜏𝑟2= 285 s 

𝜏𝑑1= 67 s, 

𝜏𝑑2= 680 s 

[192] 

ZnO Nws Vapor Liquid 

Solid (VLS) 

method 

𝜏𝑟1= 24.7 s, 

𝜏𝑟2= 295 s 

𝜏𝑑1= 25.7 s, 

𝜏𝑑2= 347.9 s 

[57] 

ZnO/Q GLAD-assisted 

PLD 
𝜏𝑟1= 42 s, 

𝜏𝑟2= 251 s 
𝜏𝑑1= 27 s, 

𝜏𝑑2= 243 s 

This 

work 

ZnO/MgO 𝜏𝑟1= 12 s, 

𝜏𝑟2= 59 s 
𝜏𝑑1= 12 s, 

𝜏𝑑2= 158 s 

ZnO/ALO 𝜏𝑟1= 9 s, 

𝜏𝑟2= 48 s 

𝜏𝑑1= 7 s, 𝜏𝑑2= 

130 s 
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Photo-detection of ZnO/MgO under Visible Lights 

From the optical properties, as discussed in PL spectroscopy of section 

5.3.3, it was observed that the sample ZnO/MgO show defect-assisted low-

intense emissions. Therefore, a transient photocurrent is measured under the 

illumination of visible lights of different LEDs (i.e. red, green and blue), 

and the obtained results are compared with the UV measurements to see 

whether such sample can be useful for UV light-detection. It is found that 

this photodetector shows a huge response to UV light as compared to any 

visible light, as shown in Fig. 5.10.  

 

 

Figure 5.10: Transient photoresponse characteristic curves of the sample 

ZnO/MgO under the illumination of different lights. 
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agrees with the PL spectra. This finding implies that all three nanostructures 

grown by the GLAD-assisted PLD method have reasonable UV photo-

detection performance for an application. 

 

5.4 Summary 

In summary, porous ZnO nanostructures have been successfully grown on 

three different substrates by the GLAD-assisted PLD method. Due to this 

combination of GLAD and PLD, the nanostructures grew vertical with 

highly crystalline and yet porous morphology even for the amorphous 

nature of the quartz substrate. The absence of TO modes and high intense 

fundamental E2 modes in the Raman spectra confirmed the c-axis growth 

and the wurtzite structure of grown nanostructures, which also corroborate 

well with the XRD results. However, due to different substrates, the 

morphology and porosity were different for the nanostructures. These 

nanostructures were used to fabricate UV photodetectors. Although the 

same techniques were employed in preparing these photodetectors, the 

photodetector with sapphire substrate exhibited extremely low dark current 

with high UV photosensitivity as compared to the other two samples. 

Mainly, the growth on sapphire is much porous and defects-free, causing a 

high surface-to-volume ratio for effective UV photo-detection. This study 

highlighted the importance of the GLAD-assisted PLD method for 

maintaining the quality with the porosity in the nanostructures grown on 

any type of substrates. 

 

-------------------- 
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Chapter 6 

Conclusions and Future 

Prospects 

 

 

 

This chapter concludes the present work with highlights. It also provides an 

outlook for future prospects that can be carried out in this area. The key 

objectives of this thesis were to produce highly porous and yet 

crystallographically oriented ZnO nanostructures using the GLAD-assisted 

PLD method. Further, to explore the structural, morphological, optical and 

photo-sensing properties of fabricated nanostructures to make them 

applicable for various optoelectronic applications even at diverse 

environmental conditions. 
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6.1 Conclusions 

The present study significantly contributed to the study and development of 

visible-blind ultraviolet photo-detection of glancing angle deposited ZnO 

nanostructures. The study also accomplishes the prime objectives and 

validates the title of the dissertation. These objectives were chosen in the 

form of different studies to investigate the ZnO nanostructures and their 

properties. The main highlights of the work presented in the thesis are listed 

as follows: 

• The produced ZnO nanostructures by the GLAD-assisted PLD 

method are crystallographically oriented and show crystallinity. A 

pre-deposition treatment (i.e. substrate seeding) with usual PLD 

geometry significantly help in the formation of crystalline seeds and 

directionality to the nanostructures. Moreover, the prodigious ability 

of PLD to produce impurity-free samples made the present 

nanostructures highly pure and defect-free. 

 

• Specifically, the GLAD technique is a kind of constructive inclusion 

to the PLD. This technique assisted in the formation of pores during 

the deposition and also produced the nanostructures with isolated 

columnar structures. Importantly, the porosity exists without losing 

the crystallinity. The induced porosity and high surface-to-volume 

ratio make the samples fairly suitable for photo-sensing 

applications. 

 

• In chapter 3, the effects of deposition parameters such as oxygen 

partial pressure and seeding-angle are discussed. The variation in 

growth and properties of ZnO nanostructures is clear evidence of the 

effects of these deposition parameters. The difference in growth 

process resulted in the difference in morphology and properties. The 

obtained nanostructures are vertical, crystallographically oriented 
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and show the preferential orientation of the wurtzite ZnO. The 

increase in porosity helps the adsorption of oxygen molecules and 

increases the photosensitivity upon photo-desorption. 

 

• In chapter 4, the effects of Ga doping in ZnO and their properties 

are discussed. In particular, the results obtained in chapter 3 

encouraged us to study the effects of doping on the morphological 

and UV photo-sensing properties. In the study, a multifold 

enhancement of UV photosensitivity and a substantial reduction in 

dark current by Ga substitution is observed. Moreover, the Ga 

doping significantly changed the surface morphology and grain size, 

which resulted in the increased adsorption and photo-desorption 

activity. For Ga-doped ZnO nanostructures, the photoresponse in a 

vacuum is increased roughly by 4 times as compared to the air 

medium. Also, the UV photoresponse is stable even at low 

temperature (10K). The photo-detection study under different 

atmospheric conditions (such as in vacuum, air, nitrogen and 

oxygen) and temperature variation revealed the applicability of the 

photodetectors for a diverse environment. 

 

• Lastly, in chapter 5, a comparative study on the growth and UV 

photosensitivity of ZnO nanostructures grown on various substrates 

is presented and discussed. These nanostructures are deposited on 

amorphous (quartz) and crystalline (Al2O3 and MgO) (of different 

crystal structures) substrates. All the deposited nanostructures are 

porous and crystallographically oriented. This study suggested that 

the crystalline substrates, especially Al2O3 (in the present study), is 

the most suitable option for the growth of highly crystalline, defect-

free and porous ZnO nanostructures, also exhibit high UV 

photosensitivity. Moreover, despite the amorphous nature of quartz 

substrates, the grown nanostructures on quartz are 

crystallographically oriented, suits for commercialization or 
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industrial applications. These results represented the ability and 

efficiency of the GLAD-assisted PLD method. 

 

6.2 Future Prospects 

The present work of the thesis opens an avenue for the studies on PLD-

grown various oxide nanostructures with desired control on the crystalline 

growth and porosity. Assimilating the benefits from various aspects of this 

study, there is still room to further direct the work in future. Some possible 

studies can be as follows: 

• As discussed in the dissertation, PLD offers a variety of tunable 

deposition parameters, including GLAD; therefore, it is possible to 

further tune the various properties of fabricated nanostructures by 

tuning the other deposition parameters. 

• The fabricated nanostructures can be further explored for the 

application of gas-sensing, including harmful gases. 

• It would be of great interest to fabricate heterostructures or p-n 

junction by a suitable combination of different materials. 

• In addition, these nanostructures can be grown on soft substrates to 

study their applications in flexible electronics. 

• Following a similar approach, the other oxide materials can also be 

fabricated with unique morphologies and properties. 

 

-------------------- 
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