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ABSTRACT OF THE DISSERTATION 

 

 

Electrically Driven Ultraviolet Lasing From ZnO Nano/Microwire Based Devices 

by 

Sunayna Binte Bashar 

 

Doctor of Philosophy, Graduate Program in Electrical Engineering 

University of California, Riverside, December 2016 

Dr. Jianlin Liu, Chairperson 

 

 

 

 Electrically driven optoelectronic devices based on ZnO nano/microstructures have 

been presented in this dissertation. First, an electrically pumped Sb-doped ZnO 

nanowire/Ga-doped ZnO p–n homojunction random laser is demonstrated. Catalyst-free 

Sb-doped ZnO nanowires were grown on a Ga-doped ZnO thin film on a Si substrate by 

chemical vapor deposition. The morphology of the as-grown titled nanowires was observed 

by scanning electron microscopy. X-ray photoelectron spectroscopy results indicated the 

incorporation of Sb dopants. Shallow acceptor states of Sb-doped nanowires were 

confirmed by photoluminescence measurements. Current–voltage measurements of ZnO 

nanowire structures assembled from p- and n-type materials showed a typical p–n diode 

characteristic with a threshold voltage of about 7.5 V. Very good photoresponse was 

observed in the UV region operated at 0 V and different reverse biases. Random lasing 

behavior with a low-threshold current of around 10 mA was demonstrated at room 
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temperature. The output power was 170 nW at 30 mA. Then, Au/ZnO microwire Schottky 

diode lasers are discussed. The devices exhibit typical Schottky diode I–V behavior with a 

turn-on voltage of about 0.72 V. The hexagonal ZnO microwires act as whispering gallery 

mode (WGM) lasing microcavities. Under forward bias, a three-microwire device exhibits 

WGM ultraviolet lasing spectra with a quality factor of about 1287. Output power of the 

laser has been measured at various injection currents, indicating threshold behavior with a 

threshold current of about 59 mA. Due to limited hole injection in the operation of Schottky 

diode, the lasing is a result of an excitonic recombination within the WGM cavity. Finally, 

an electrically pumped ultraviolet random laser based on an Au-ZnO nanowire Schottky 

junction on top of a SiO2/SiNx distributed Bragg reflector (DBR) has been fabricated. 

Electrical characterization shows typical Schottky diode current-voltage characteristics. 

Evident random lasing behavior is observed from electroluminescence measurement at 

room temperature. In comparison with a reference device having similar nanowire 

morphology but no DBR, this laser demonstrates almost 1.8 times reduction in threshold 

current and 4 times enhancement in output power. The performance enhancement 

originates from the incorporation of the DBR structure, which provides high reflectivity in 

the designed wavelength range. 
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Chapter 1  

Introduction 

 

1.1 Pathway towards ZnO nano/microwire lasing 

The development of optical solid state lasers did not happen overnight. The first 

solid state laser device was demonstrated 43 years after Einstein’s calculation on 

absorption and stimulated emission of light in 1917 [1]. Another process, called 

spontaneous emission of light is the difference between the rates of absorption and 

stimulated emission [2]. In case of stimulated emission, a photon of a certain frequency has 

more chance to be emitted if there is another photon of same frequency is present. After 

this process, both the photons travel in phase and in the same direction. Therefore, 

stimulated emission increases the number of in phase photons travelling in the same 

direction. This kind of light beam is called coherent beam. Stimulated emissions can occur 

in different types of medium like, gas of atoms, photoactive molecules dissolved in a 

medium, or a semiconductor solid. The medium is referred as the gain medium. Stimulated 

emission is possible when there is a population inversion which means the density of 

excited states is larger than the density of ground states. This condition can be achieved by 

either optical or electrical excitation. Semiconductor lasers can operate, either, by 

delivering photons of energy beyond the optical laser transition. or, by injecting electrical 

charge carriers. 
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Stimulated emission can be enhanced, by placing the gain medium in a cavity which 

consists of two mirrors. The coherent light beam travels back and forth between these 

mirrors making the stimulated emission much more efficient. During the 1950’s several 

research groups in the US and former Soviet Union were working on the development of a 

practical device that works on the principle of stimulated emission and emits coherent light 

beam. They had an intense competition among each other. The term LASER (light 

amplification by stimulated emission of radiation) was first used in a scientific work 

presented in 1959. Just one year after, a 694 nm wavelength laser was demonstrated using 

ruby as the gain medium [3-6]. The first gas laser was also demonstrated in the same year. 

Following these successes, an electrically driven GaAs laser in the near infrared region was 

fabricated in 1962 [7-8]. 

The first report on wide bandgap ZnO based UV laser was in 1966 which is shortly 

after these remarkable achievements [9]. From recent literature search, it can be said 

undoubtedly that ZnO has its own unique features as the gain medium. Holes at the top of 

the valence band and electrons at the bottom of the conduction band is responsible for 

stimulated emission in a semiconductor. The necessary population inversion condition for 

stimulated condition can be reached when there is more electron at the bottom of the 

conduction band than in the valence band. In this case, the quasi fermi level for electrons 

moves to the conduction band and the level for holes moves to the valence band. However, 

there is another lasing mechanism called excitonic lasing which has been constantly 

observed in ZnO based materials due to its particularly large excitonic binding energy (60 

meV). An exciton can be considered as a hypothetical electron-hole atom held together by 
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the electrostatic coulomb force and has discrete energy levels. Electrons and holes may 

couple spontaneously to form excitons and these excitons have lower energy than electron-

hole pairs. Since the exciton binding energy in ZnO (60 meV) higher than the room 

temperature thermal energy, excitons can easily exist in the room temperature. Clear 

concept of excitons is important for the understanding of ZnO optical properties at 

comparatively lower excitation intensities. 

ZnO can be grown as different structures i.e., single crystals, thin (polycrystalline) 

films, quantum wells (two-dimensional), quantum rods (one-dimensional), and quantum 

dots (zero-dimensional). When one or more dimensions is smaller than the exciton bohr 

radius (~ 3nm) electrons can be confined significantly. The progressive interest in ZnO is 

primarily due to the fact, usually near band edge UV emission can be observed from any 

type of ZnO crystals. Many of them also shows stimulated emission and lasing. 

Additionally, ZnO structures can be grown using simple methods which leads to the 

realization of practical optoelectronic devices in the UV region. Studies on ZnO UV 

luminescence have been conducted in all kinds of structures from macroscopic crystals to 

quantum confined nanostructures. During the mid 90’s a large number of scientific research 

were reported on ZnO UV lasing based on macroscopic crystals and polycrystalline thin 

films. 

Lasing from ZnO nanowires at room temperature was first reported in 2001 and 

this report build the foundation of further work on nanowire geometry [10]. Nanowires 

usually have diameters in the range of 10-100s nanometers and lengths ranging from a few 

to hundreds of microns. These structures are quasi-one-dimensional structures and they 
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have an interesting size to support few quantized electromagnetic modes. Because of these 

unique features optical properties of ZnO is influence by both the electronic energy levels 

of ZnO and the geometry of nanowire. A good microscopic understanding of the optical 

properties of ZnO can be accomplished through the analysis of polarized 

photoluminescence (PL) spectra where the exact relationship between lattice orientation 

and nanowire geometry should be known [11].  Nanowires can possess different shapes i.e. 

rectangular, triangular, hexagonal, or cylindrical and usually have a high refractive index 

difference with the surrounding medium, typically air. High refractive index contrast 

makes them extremely favorable to work as optical waveguides even with its very small 

size. These nanowires can potentially work as individual laser cavities and considered as 

the smallest among any semiconductor lasers along with hybrid plasmonic-semiconductor 

nanowire systems and spasers [ 12-15]. New features such as reduced directionality of 

emitted light beam can be observed in nanowires due to its sub-wavelength dimensionality. 

ZnO microwires are another form of one-dimensional structures which have diameters in 

the micrometer range and lengths are in the millimeter range. Therefore, microwires have 

considerable larger size than the nanowires. These microwires can confine light both in the 

longitudinal direction (F-P type) and along the cross-section (WGM). Whispering Gallery 

mode Lasing inside ZnO microwires was first reported by Czekalla et al. in 2008 [16]. The 

extensive scientific interest on ZnO based nano/microwires is due to the fact that, the 

crystallographic polar axis (c-axis) of wurtzite ZnO naturally grows fast along this 

direction. Therefor different type of growth mechanisms like gas-phase or solution 
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methods easily give rise to hexagonal ZnO crystals with anisotropic 1-D shape where the 

long axis- is polar c-axis. 

To know more about the evolution ZnO nanowire lasers we may consider the brief 

history of semiconductor nanowire lasers in general. After initial reports on macroscopic 

semiconductor lasers, researches on inorganic nanowire lasers primarily started almost two 

to three decades later which is at the beginning of this millennium. Even though there have 

been numerous reports on ZnO material growth, its properties and functions, the number 

of reports on nanowire lasing is comparatively less. The first work on semiconductor 

nanowire lasers gained a great deal of attention from the scientific community [10]. 

However, still now scientific and technological interest in nanowire lasers is not as high as 

it is for nanowire growth and technology (based on the number of citations). This is worth 

noting given the fact that one-dimensional nanowires can work as natural waveguides and 

easy contacting [17]. Scanning AFM probes for (near field) optical excitation and 

collection is also ideally possible to fabricate from these nanowires. 

 Researches based on semiconductor nanowire lasing at room temperature seems to 

be dominated by II-VI materials (i.e., ZnO, CdS) and III-V material like GaN. As a matter 

of fact, GaN based nanowire lasers is regularly reported in the scientific community. These 

materials are very effective for optoelectronics devices because they have a direct transition 

bandgap. One important reason for which lasing can be observed in ZnO, CdS or GaN is 

due to their comparatively large excitonic binding energy than other materials like GaAs. 

Additionally, significant surface recombination can be observed in group III-V 

semiconductors which could potentially hinder the creation of population inversion 
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condition required for lasing [18-21]. GaAs based first nanowire laser was reported only 

recently in 2009. In this laser device, the surface recombination is minimized by using an 

innovative co-axial core-shell structure [22]. It is worth mentioning that, both group II-VI 

and group III-V materials (near IR to near UV) with direct energy band gaps are excellent 

candidates to be used as gain materials for miniaturized lasers and they are already being 

supported by huge technological knowledge. 

 Mode calculations of nanowire lasers are carried out with the help of Maxwell 

theory or the microscopic physics by a few groups only [11, 23-30]. Actually, the optical 

physics of semiconductor nanowires is very interesting considering the fact that there is a 

possibility of coupling between optical modes inside the nanowire with electron-hole 

excitations or excitons. This phenomenon leads to optical properties influenced by both the 

electronic band gap of the material and the geometry of the nanowire. Apart from the 

coupling of electrons and holes, or excitons with the electromagnetic modes another 

interesting phenomenon is the electron-hole many-body interaction particularly at low 

temperature and high excitation densities. Nanowire lasers and waveguides have the 

potential to be used in various types of applications including optical information 

processing and computing, medical and biological analysis etc. 

1.2 Structural and electronic properties of ZnO crystal 

 The ZnO lattice consists of two type of atoms with electronic configuration as 

follows O: 1s2 2s2 2p4 and Zn: 1s2 2s2 2p6 3s2 3p6 4s2 3d10. Under normal atmospheric 

conditions, ZnO forms wurtzite crystal structure where each type of atom (Zn/O) is 

surrounded by 4 atoms of another type (O/Zn) in a tetrahedron configuration. The chemical 
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bonding between Zn and O is partly ionic making ZnO an ionic wurtzite lattice structure 

(Zn2+-O2-). 

 The wurtzite structure of ZnO crystal is shown in Figure 1.1. It can actually be 

thought of as two interpenetrating hcp lattices of the constituent atoms. Additionally, if a 

ZnO molecular unit oriented along the [0001] direction is considered as a lattice point, it 

can be seen that the stacking of these points is ABAB. Therefore, the molecular units also 

integrate to form a hcp lattice. This fact indicates that the [0001] is a polar axis, typically 

called as the c-axis. Planes parallel to this c-axis contains the same number of Zn and O 

atoms, hence neutral in nature. The chemistry of ZnO such as growth and chemical etching, 

electro-mechanical properties (piezoelectricity), opto-electronic properties are largely 

influenced by its anisotropic crystal structure with polar c-axis. For example, if ZnO crystal 

is grown on an oriented sapphire substrate by chemical vapor deposition technique it will 

result in the formation of vertical wires along the polar c-axis (Figure 1.2). This is because, 

the fast growth is in the [0001] direction and it is evident from Figure 1.2 where the wires 

seem to have hexagonal symmetry with neutral lateral facets. 

  Ideally an undoped ZnO is supposed to behave as an insulator owing to its large 

wide band gap (3.37 eV) at room temperature. However, in usual cases impurities like 

oxygen vacancies, interstitial Zn and interstitial H are present inside a ZnO crystal. These 

impurities can form localized defect levels near the conduction band and electrons from 

these levels are able to jump to the conduction band with sufficiently high temperature, 

thus making the semiconductor to behave like n-type [31]. Additionally, oxygen and water 

molecules absorbed at the surface of these species can form chemical equilibrium with 
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them. Therefore, the amount of unintentional doping can vary depending on the ambient 

conditions. So, experimental results involving ZnO measured at different environments 

may not be comparable. 

 Intentional n-type doping can be achieved by using group III materials like AlZn, 

GaZn, InZn etc. which replace the Zn atoms in the ZnO crystal. To make a ZnO based 

electrically driven lighting device both p-type and n-type  material is necessary. As a matter 

of fact, p-type ZnO is hard to achieve due to the unintentional incorporation different defect 

species. The research on p-type ZnO has a long history, starting at the beginning of this 

century [32-36] along with other extensive research associated with the material ZnO [37-

39]. During the years 2005-2010, almost 60 research work were reported on average per 

year. Techniques to obtain p-type ZnO requires to dope with either group-V materials e.g., 

As, Sb, P which substitutes on the oxygen sites, or co-doping of Al/Ga and N/group-I atoms 

which substitutes on the Zn sites [40-41]. Even though, there are significant number of 

reports on the p-type conductivity in ZnO, the reliability and reproducibility of these results 

are often under question. That’s why the technological development of p-type ZnO are still 

not sufficient. 

1.3 Optical properties of ZnO 

 Different characterization techniques such as optical absorption, transmission, 

reflection, photoreflection, spectroscopic ellipsometry, photoluminescence, 

cathodoluminescence, calorimetric spectroscopy, etc. have been employed to study optical 

transitions in ZnO. As observed from a typical PL spectrum of ZnO (Figure 1.3), it consists 

of a UV emission band near 380 nm and a broad emission band between 420-700 nm. For 
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the UV emission band, free exciton (FE) related emissions dominate at room temperature. 

The broad emission band is referred as deep level emission band (DLE) and usually 

observed in all types of samples grown by any method. The UV emission is called the near 

band edge emission due to the recombination of free excitons. In the past, certain defects 

in crystal structures such as O-vacancy (VO) [42-44], Zn-vacancy (VZn) [45-47], O-

interstitial (Oi) [48], Zn-interstitial (Zni) [49], and extrinsic impurities such as substitutional 

Cu [50] has been held responsible for the DLE emission in ZnO. Later on, there have more 

studies on this DLE band and at least two different native crystal defects (V0 and VZn) 

having different optical characteristics were found to be related with this DLE emission 

band [51-53]. 

 Radiative recombination at low cryogenic temperatures is dominated by bound 

excitons. A typical PL spectrum from n-type bulk ZnO at low temperature (4.2 K) is shown 

in Figure 1.4 [54]. The PL spectrum ranges from the band edge to the green/orange 

emission. The broad band centered around 2.45 eV extends from the blue to the green 

range. The dominant lines in the spectrum are due to bound exciton (BE) recombinations 

(excitons bound to neutral donors (DºX) and/or acceptors (AºX)). The following 

longitudinal optical (LO) phonon are separated by an energy equal to 72 meV which is 

associated with the phonon energy of ZnO. Free excitonic emission associated with A-

valence band (FXA) is positioned at around 3.375 eV. Emission at around 3.22 eV is related 

to donor-acceptor pair (DAP). Phonon replicas are observed again for this transition. 
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1.4 Structure of the dissertation 

The dissertation is organized in the following order. In the first chapter, gradual 

development towards ZnO nano/microwire based optoelectronics has been discussed. The 

motivation of using 1D ZnO for this purpose have also been stated with reference to its 

structural and electronic properties. 

 In chapter 2, different growth mechanism and characterization techniques of ZnO 

1D structures have been summarized. 

 In chapter 3, research work on nanowire array based random laser with Sb-doped 

p-type ZnO has been presented. The specific growth method of ZnO nanowires, 

Fabrication procedure and different structural, electrical and optical characteristics of the 

random laser device have been demonstrated in detail. 

 In chapter 4, ZnO microwire based whispering gallery mode laser where a Zn/Au 

based Schottky diode has been utilized is demonstrated. The laser device shows good 

performance with defined mode structures. 

 Chapter 5 focuses on the technique to improve the performance of ZnO/Au 

Schottky diode based bundle nanowire random laser where a DBR is employed. The 

improved performance of the device has been investigated through several characterization 

techniques. 

 Chapter six summarizes the whole dissertation work. 
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Figures 

 

Figure 1.1 Crystal structure of ZnO with the polar c-axis in the vertical direction [55]. 

 

Figure 1.2 SEM image of vertically aligned ZnO nanowires on sapphire substrate directed 

along the c-axis [56]. 
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Figure 1.3 Room temperature PL spectra of ZnO nanoparticles annealed at different 

temperatures [57]. 

 

Figure 1.4 Low temperature PL spectrum from bulk ZnO [54]. 
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Chapter 2 

ZnO nano/microwirewire growth and characterization 

 

 In this chapter, we briefly discuss different growth mechanism for growing ZnO 

nano/microwires. Different characterization techniques like X-ray diffraction (XRD), 

photoluminescence or electroluminescence, Scanning electron microscopy (SEM) have 

been discussed as well. 

2.1 ZnO nano/microwire film growth procedures 

 ZnO nano/microwires can be synthesized by two main processes e.g. solution and 

vapor phase methods. Solution phase method usually consists of low temperature 

techniques like electrochemical, chemical and hydrothermal [1-3]. On the other hand, high 

temperature vapor phase techniques can be subdivided depending on the source of the 

constituent atoms. In this method, precursors can be formed by several ways such as: 

metallo-organics [4], laser ablation of ZnO [5-7], thermal evaporation of Zn metal in air/O2 

(plasma) environment [8-10], reducing ZnO carbo-thermally [11-17], thermal evaporation 

ZnO directly [18-20]. Both processes have their own advantages and disadvantages. For 

example, low temperature techniques provide more options for the substrate and diffusion 

between substrate and wires is very limited. For higher temperature methods, better 

crystallinity and orientation, and improved optical and electronic properties can be 

achieved in general. Additional techniques e.g., patterning and templation [21], epitaxy can 
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be used in conjunction with the above discussed methods for better control on positions 

and growth directions, formation of contacts or p/n junctions etc. 

 Sapphire (Al2O3), GaN, InP and certainly ZnO are good matches for substrate for 

wurtzite ZnO due to their epitaxial compatibility. ZnO (0001)[110] is parallel to sapphire 

(110)[0001] since the a-axis of ZnO unit cell (3.296 Å) is associated with the c-axis of 

sapphire unit cell (12.99 Å). This leads to a lattice mismatch of only 0.08% at room 

temperature between ZnO and sapphire [22]. The epitaxial relation between wurtzite GaN 

and ZnO is ZnO (0001)[110]GaN(0001)[110]. With lattice parameters of a=3.189 Å and 

c=5.185 Å of GaN, a mismatch around 1.9% is observed [23]. Epitaxial relationship 

between c-axis oriented ZnO and InP (100) substarte is also possible [7,24]. Si substrates, 

important for the semiconductor industry, can also be used in epitaxial growth of ZnO 

typically with the help of buffer layers [25]. 

 Vapor phase growth methods are generally of two types. One uses metal catalyst 

known as Vapor-Liquid-Solid (VLS) growth [11,26,27], and the other is without any 

catalyst known as Vapor-Solid (VS) growth [28,29]. A combination of these two methods 

is also possible [21]. The VLS growth is completed in three steps. In the first stage, an alloy 

is formed when the metal catalyst absorbs the semiconductor. The particle size increases 

and a transition between solid/liquid phase is observed. In the next step, more 

semiconductor material is absorbed by the alloy particle and at some point it reaches the 

saturation. Nucleation occurs when there is an equilibrium between the saturated alloy 

particle and solid semiconductor phase. At the final stage, crystalline semiconductor is 

grown on top of the solid/liquid interface forming a stable state. As a matter of fact, it is 
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more possible to prolong the wire’s side faces compared to solid-liquid interface with 

relevant to energy. Therefore, the precipitation of the semiconductor material shows up as 

a wire [30]. In the VLS method, the diameter of the wire can be anticipated beforehand 

from the size of the metal particles used and the temperature. The length of the wires can 

be varied with the growth period. Therefore, the nanowire size can be controlled through 

the size of the metal catalyst, temperature and growth time [31]. One of the major 

drawbacks of this mechanism is that, conducting metallic particles remain in the substrate. 

This can interfere with conductions patterns and work as light scattering sources. Metallic 

particles residing on top of the nanowires can effectively scatter light trapped inside 

nanowire cavity, thus making this growth mechanism less popular for lighting (e.g., LED, 

LASER) applications. Nonetheless, an ex-situ deposition of aluminum layer on the end 

facet of nanowires can provide higher reflectivity which in turn improves lasing 

performance. This is supported by lower lasing threshold and higher cavity Q-factor [32]. 

 VS growth mechanism takes advantage of the fact that, ZnO has a likelihood to 

grow along the crystallographic c-axis ([0001] direction) since neutral (101̅0) planes have 

lower energy than polar (0001) planes. One example of such growth mechanism 

demonstrates successive nucleation and pyramid growth on the (0001) plane followed by 

fast growth of pyramid [1123] faces [28]. In another work, utilizing this VS growth 

mechanism, continuous layer-by-layer growth on top of the (0001) plane has been 

demonstrated [4, 29]. Thus, VS mechanism leads to growth of hexagonal wurtzite ZnO 

nano/microwires along the c-axis. The major advantage of the VS mechanism over VLS is 

that, it is free of any catalyst particles, thus making VS method more favorable for lasing 
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applications with better morphological, optical and electronic characteristics. The 

difference in growth rates between the (0001) end face and {1010} side face can be utilized 

to determine the aspect ratio. The typical diameters of nanowires are in the 100-300 nm 

range and lengths are around several tens of micrometers. Stimulated emission observed 

from VS mechanism grown nano/microwires with carbo-thermal reduction [15-17], laser 

ablation [6], metallo organics [4], evaporation of zinc [8-10, 33] and evaporation of ZnO 

[18-20] have been reported. 

2.2 Characterization Tools for Nanowire samples 

After the growth of nano/microwires, morphological details, crystal orientation, 

optical quality are characterized and analyzed by various instruments such as scanning 

electron microscope (SEM), X-ray photoelectron spectroscopy, X-ray diffraction and 

photoluminescence measurement system.  

2.2.1 Scanning Electron Microscope (SEM) 

SEM is a type of microscope where electrons are used instead of light to form a 

largely magnified image. SEM allows to analyze larger variety of samples compared to 

traditional microscopes. The large depth of field enables more of a specimen to be in focus 

at one time. Additionally, the much higher resolution of SEM are capable of magnifying 

closely spaced specimens. Since electromagnets are used in this system instead of lenses, 

the degree of magnification can be controlled much easily. 

Typically, a SEM consists of an electron gun at the top of the system. The electron 

beam is directed along a vertical path inside the microscope where a vacuum environment 

is maintained. Electromagnetic fields and lenses guides the electron beam towards the 
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sample. The beam hits the sample causing electrons and X-rays to be emitted from the 

sample. These X-rays, backscattered electrons and secondary electrons are collected by a 

detector and then converted into signals. The signal is then sent into a screen that shows 

the final image. Figure 2.1 shows an SEM instrument of model FEI XL30, the same model 

used at CFAMM UCR. 

2.2.2 X-Ray Photoelectron Spectroscopy (XPS) 

XPS can be used to analyze the surface chemistry of both insulators and conductors. 

Elemental composition, empirical formula, chemical state and electronic state of the 

elements within a material can be measured by XPS technique. To obtain XPS spectra the 

sample is irradiated by low-energy, monochromatic x-ray in an ultrahigh vacuum 

environment. Photoelectrons are emitted from the core level of surface atoms. The kinetic 

energy of ejected photoelectrons is measured by an electron energy analyzer. A typical 

photoelectron spectrum contains number of ejected electrons over a range of electron 

kinetic energies and characteristic energy peaks related to a particular atom appears in the 

spectrum. The surface elements can be identified and quantized from the energies and 

intensities of these peaks. The relative amount of an element can be measured from the 

area under its characteristic peak. The shape and position of the peak represents the 

chemical state of the element. Typical depth of analysis for XPS technique is less than 5 

nm because only the electrons that are generated near the surface can escape and are 

captured by the detector. Photoelectron generated comparatively far away from the surface 

do not have sufficient energy to be detected due to inelastic scattering of electrons within 
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the sample’s atomic structure. A typical XPS system is illustrated schematically in Figure 

2.2. 

2.2.3 X-Ray Diffraction (XRD) 

To analyze the structure of crystalline materials and unit cell dimensions, X-ray 

diffraction (XRD) is used. This technique is based on the dual wave/particle nature of X-

rays. Crystalline materials work as diffraction gratings for X-ray whose wavelengths are 

comparable to the atomic-scale plane spacing inside the crystal lattice. Bragg’s Law 

(nλ=2dsinθ) can explain this diffraction of X-rays. The size and shape of the unit cell of 

the crystal lattice determines the directions of possible diffractions. The intensities of the 

diffracted waves are related to the type and arrangement of atoms in the lattice. In reality, 

many materials are composed of several tiny crystallites. When such a polycrystalline is 

positioned under an X-ray beam, all possible interatomic planes will be seen by the X-ray. 

If the angle of the X-ray beam is changed in a systematic manner, all possible diffraction 

peaks from the lattice structure can be collected. Working principle of an XRD machine is 

summarized in Figure 2.3. 

2.2.4 Photoluminescence (PL) Measurement System 

Photoluminescence is the optical emission collected from a semiconductor sample 

when excited by photons. This is a non-destructive type of characterization technique 

which allows to determine material composition, investigate qualitatively etc. 

The PL measurement system generally includes a laser, spectrometer, Lock-in 

amplifier, optical chopper, sample holder, optical optics, optical table etc. A typical 

experimental set-up is shown in Figure 2.4. 



 23 

2.3 Device Fabrication 

 For any device fabrication process the most basic thing is deposition of metal 

contacts using some sort of mask. For our nanowire/microwire devices discussed in this 

dissertation work we have used e-beam evaporator to deposit metals using shadow masks 

(aluminum foil). If necessary, the contacts are then annealed by rapid thermal treatment to 

make them ohmic in nature or to lower the contact resistivity. This is done in N2 

environment to prevent moisture and contamination.   

2.3.1 Metal Deposition (e-beam evaporation) 

 E-beam evaporation is basically a physical vapor deposition technique. In this 

technique, the sample is placed upside down in a vacuum chamber using a sample holder. 

Different source materials are housed in rotatable pockets at the bottom of the chamber that 

can be selected as required. A high energy, intense electron beam is generated through a 

filament in an electron gun and directed towards the source material (e.g. pellets of Au) to 

strike it. Due to this interaction, the source metal heats up and evaporates from the surface 

at some point. Then it travels inside the vacuum chamber at low thermal energy (<1eV) 

and condenses on the sample surface positioned above the heated metal. The deposition is 

controlled by using a shutter placed between the sample and the source which acts as an 

on/off switch. Typical working distance and deposition rates are on the order of 300-1000 

mm and 0.1-1 nm/s. The chamber is evacuated below a pressure where mean free path is 

larger than the distance between electron gun and the source metal. This is typically around 

7.5×10−5 Torr or lower. Cleaner films can be obtained with higher evaporation speeds and 

lower pressures. Due to the high-power operation of this technique, metals with high 
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melting points can also be used. Another advantage of this technique includes highly 

anisotropic nature of the evaporated atoms/molecules in vacuum allowing shadow 

evaporation.  A typical deposition arrangement is shown in Figure 2.5. 

2.3.2 Rapid Thermal Processing (RTA) 

 Rapid Thermal Processing (RTA) is a type of semiconductor process step which is 

used for dopant activation, alteration of interfacial reaction of metal contacts, thermal 

oxidation, densification of deposited films etc. The process involves rapid heating of the 

sample from room temperature to high temperatures (~1000 ºC or greater). Then it is held 

at the set temperature for few seconds and finally the temperature is brought down very 

slowly to avoid breakage via thermal shock. Usually high intensity lamp processes are used 

to attain such rapid heating rates. One of the major issues in RTA process is to accurately 

measure and control the sample temperature. Most often the system is a combination of 

thermocouple and pyrometer to be used in different temperature ranges. The thermocouple 

works in the lower temperature range (<400 ºC) and the pyrometer works in the higher 

temperature range (>400 ºC).  Usually the system is attached to four type of gas sources 

H2/N2, O2, Ar, and N2 to satisfy different semiconductor processing needs. Introduction and 

control of individual gas or appropriate combination of gases inside the RTA chamber are 

possible. The whole process can be completed within several minutes only signifying its 

name. Schematic of a typical RTP system is shown in Figure 2.6. 
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Figures 

 

Figure 2.1 FEI XL30 SEM showing the electron column, sample chamber, EDS detector, 

electronics console, and display screens. 

Source: http://www.technicalsalessolutions.com/item_description.php?IID=274 

 

 

Figure 2.2 Rough schematic of typical XPS system. 

Source: http://mmrc.caltech.edu/SS_XPS/XPS_PPT/XPS_Slides.pdf 

(a) (b) 

http://www.technicalsalessolutions.com/item_description.php?IID=274
http://mmrc.caltech.edu/SS_XPS/XPS_PPT/XPS_Slides.pdf
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Figure 2.3 Setup for a typical XRD experiment. 

Source: http://lipidlibrary.aocs.org/Biochemistry/content.cfm?ItemNumber=40299 

 

 

Figure 2.4 Schematic diagram of a typical set-up for PL measurement system. 

http://lipidlibrary.aocs.org/Biochemistry/content.cfm?ItemNumber=40299
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Figure 2.5 Schematic diagram of e-beam evaporation system. 

Source: http://www.jeol.co.jp/en/science/eb.html 

 

 

Figure 2.6 Cross -sectional view of a RTP system. 

Source: https://cmi.epfl.ch/thinfilms/RTP.php 

 

 

 

http://www.jeol.co.jp/en/science/eb.html
https://cmi.epfl.ch/thinfilms/RTP.php
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Chapter 3  

Sb-doped p-type ZnO nanowire based random laser diode 

 

3.1 Introduction 

For a laser two things are important: optical gain by some means and a way to provide 

feedback. Random lasers differ from conventional Fabry Perot lasers in the way that, the 

feedback is provided not by mirrors but by multiple scattering in disordered structures [1]. 

This type of lasers are gaining interest progressively for many promising applications, 

which include speckle-free projection, display and lighting, and medical diagnostics [1-3]. 

Their simpler and cost effective processing techniques make them an ideal alternative to 

conventional lasers in such applications [1]. An essential requirement for strong random 

lasing is to achieve strong and recurrent scattering among the grain boundaries of a random 

media for the formation of closed-loop feedback paths [4]. Zinc oxide (ZnO) is an excellent 

material for random lasing in the near-ultraviolet region, owing to its wide band gap (3.37 

eV), large oscillator strength for high gain, and high refractive index for effective scattering 

[5]. Moreover, large exciton binding energy (60 meV) ensures abundant excitons at room 

temperature for low-threshold excitonic lasing by circumventing the population inversion 

requirement in regular electron-hole plasma lasing.  

Current advancement in ZnO random lasing has been achieved from various low 

dimensional structures such as nanocrystalline thin films [6], nanoribbon microcavity [7], 
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nanowires [8], nanorods [9], and nanocombs [10]. While most of the reports demonstrate 

optically pumped random lasing in ZnO nanostructures [11,12], electrically pumped ZnO-

based random lasers with metal-insulator-semiconductor, heterojunction, and p-n junctions 

have also been reported [9,13,14]. However, there are very few reports on electrically 

pumped random lasers based on ZnO nanowires [9,14-19]. Among all these types of 

devices, p-n junction type remains mostly desirable for high performance, but is still 

severely underdeveloped due to the issues of p-type doping. Sb, as one of acceptor dopants 

for ZnO, has been demonstrated to produce p-type thin films [20] and nanowires [21]. 

Furthermore, homojunction LEDs [22], photodetectors [23], and Fabry-Perot (F-P) diode 

lasers [24] have been reported. Nevertheless, no results on homojunction random laser 

devices based on Sb-doped p-type ZnO nanowires have been published. To realize the full 

potential of random lasing for the applications as outlined earlier, it is critical to further 

develop new devices aiming at higher performance such as lower threshold and higher 

optical power output compared with state-of-the-art. In this chapter, the fabrication and 

characterization of low-threshold Sb-doped ZnO nanowires/Ga-doped ZnO p-n 

homojunction random laser diode on Si is reported. With intentional growth of randomly 

distributed Sb-doped nanowires on n-type ZnO thin film, in contrast to strictly 

perpendicular ones, optical gain is obtained by light scattering among the nanowires to 

achieve random lasing rather than by constructive feedback inside the nanowires in the F-

P diode case [24]. 
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3.2 Experimental details 

Catalyst-free Sb-doped ZnO nanowires were grown by chemical vapor deposition on 

high-quality Ga-doped ZnO thin film on an n-type Si (100) substrate. These Ga-doped ZnO 

thin films were grown using an SVTA radio frequency (RF) plasma assisted molecular 

beam epitaxy (MBE) system. Effusion cells filled with elemental Zn (6N), Mg (6N) and 

Ga (6N) metals were used as Zn, Mg and Ga sources. Zn, Mg and Ga fluxes were controlled 

by the effusion cell temperatures. O2 (6N) gas was fed through the RF plasma generator as 

the oxygen source, and oxygen flow rate was precisely tuned by a mass flow controller. 

The Si substrates were cleaned using standard RCA cleaning method. After blown dry 

using a nitrogen gun, these substrates were immediately transferred to the MBE chamber.  

First, a thin MgO layer of ∼ 2 nm was grown on the Si substrate, followed by the growth 

of a ZnO buffer layer of about 10 nm at a substrate temperature of 450 °C. The Zn, and Mg 

cell temperature was kept at 335 °C and 450 °C, respectively. The oxygen flow is 1.5 sccm 

and the RF power is 400W. This MgO/ZnO bilayer helps improve the quality of the active 

ZnO film.  Then, an undoped n-type ZnO layer of about 500 nm was grown at a  substrate 

temperature of 500 °C and a Zn effusion cell temperature of 340 °C. The oxygen flow and 

RF power condition was kept the same as that for the MgO/ZnO buffer growth. The growth 

time is 4 hours. This thin film acts as both a seed for the subsequent growth of ZnO 

nanowires and an n-type component of the p-n junction laser device. Finally, the sample 

was taken out of the MBE chamber and transferred into a CVD tube furnace for ZnO 

nanowire growth. The ZnO film sample was positioned at the center of the furnace. A 

mixture of approximately 80% zinc and 20% Sb2O3 powder (volume ratio) in a glass bottle 
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(O.D.×H=15mm×45mm) was placed ∼5 cm upstream of the sample. Both Zn and Sb2O3 

were obtained from Sigma Aldrich and the purities are 99.999% and 99.99%, respectively. 

Under a constant flow of nitrogen gas (1000 sccm) for the whole growth period, the furnace 

was rapidly heated to 515 °C with a ramp rate of 30 °C/min. A flow of the mixed 

argon/oxygen (molar ratio 99.5:0.5) gas of 320 sccm was introduced into the system after 

the substrate was heated to the desired temperature. The nanowire growth duration is 

40 min, and then the furnace was cooled to room temperature. Part of the sample was 

covered by a piece of Si wafer during the growth for subsequent electrical contact 

deposition on the n-type ZnO film. 

The structural properties of the nanowires were characterized by a XL30 scanning 

electron microscope (SEM). X-ray photoelectron spectroscopy (XPS) measurements were 

performed to determine the composition of the Sb-doped ZnO nanowires. XPS 

characterization was carried out by using a Kratos AXIS ULTRADLD XPS system equipped 

with an Al Kα monochromated X-ray source and a 165-mm mean radius electron energy 

hemispherical analyzer. To estimate the acceptor activation energy of Sb-doped ZnO 

nanowires, temperature-dependent photoluminescence (PL) measurements were 

conducted. An He-Cd laser with an excitation wavelength of 325 nm and an excitation 

power of 5 mW was utilized in this experiment. To fabricate the ZnO homojunction diode, 

Ni–Au electrodes with thicknesses of 2 nm/5 nm were deposited on the p-type nanowires 

by the e-beam evaporation technique. On top of the Ni/Au contact an ITO glass slide (∼15–

25 Ω/sq) was used for reliable current feed through during electrical measurements. For 

the electrode of the n-type layer, Ti/Au (10 nm/100 nm) was deposited by e-beam 
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evaporation. The device size is about 1 cm by 1.3 cm. Current-voltage (I-V) measurements 

were carried out using the combination of an Agilent 4155C Semiconductor Parameter 

Analyzer and a Signatone Probe Station (Model H150). Two probe arms of the station were 

used for this purpose. One of the arms is connected to the p-side of the device and supplies 

a variable voltage from -20 volts to +20 volts. The other arm held at 0 volt serves as the 

reference point and is connected to the n-side of the device. Photocurrent (PC) 

measurements were accomplished using a homebuilt system. The PC system includes an 

Oriel Xe arc lamp as the UV source. The light from the lamp travels through an Oriel 0.25 

m monochromator and a specific wavelength light at its output port is produced. After 

chopping, the light is then radiated on the device. The generated PC signal is supplied to a 

lock-in amplifier from which the data are acquired. Electroluminescence (EL) of the device 

was collected in a similar way to PC measurement using another homebuilt system, which 

consists of an Oriel monochromator, a lock-in amplifier and a chopper. The output power 

of the device was measured using a Thorlabs PM100 Optical Power Meter. 

3.3 Results and discussion 

Figures 3.1(a) and 3.1(b) show top-view and side-view SEM images of the nanowire 

array on the n-type Ga-doped ZnO seed layer, respectively. As seen from the images, most 

of the nanowires are randomly tilted by 20–25 degrees with respect to the normal of the 

substrate surface. The average length and diameter of these ZnO nanowires can be 

estimated as 1.5 μm and 110 nm, respectively. The size disparity of the nanowires may be 

attributed to the irregular grain sizes of the columnar ZnO seed layer. Typical hexagonal 

faceting of the ZnO nanowires is also evident from the images. The disordered nanowire 
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morphology is generally beneficial for the random laser system since it increases the 

scattering of photons generated in the gain medium, thus increasing the dwell time or path 

length. As a result, light amplification is enhanced [25]. Figure 3.1(c) shows a 

representative XPS survey spectrum of the Sb-doped ZnO nanowires. Peaks relative to Zn, 

O and Sb, together with a carbon peak can be observed in the spectrum. Carbon signal may 

originate from its exposure to air before the XPS measurements [26]. The O 1s peak 

overlaps with the Sb 3d5/2 and so quantification for this sample requires the use of high 

resolution spectrum over the Sb/O region (inset of Figure 3.1(c)). 

As can be seen from the inset, the O 1s binding energy is 531.08 eV (indicated by the blue 

curve fit); the peaks located at 532.4 eV (indicated by the green curve fit) and 541.72 eV 

(indicated by the violet curve fit) correspond to the electronic state of Sb 3d5/2 and Sb 3d3/2, 

respectively, indicating that Sb has been incorporated into the ZnO nanowires. CasaXps 

was used to obtain the atomic concentrations of elements. The atomic concentration of Sb 

incorporated in the nanowires is 1.16%. The atomic concentrations for Zn and O are 

estimated to be 48.56% and 50.55%, respectively. Therefore, the stoichiometry of as-

grown nanowires is oxygen rich with O:Zn = 1.04, which is important for successful p-

type doping [27]. In addition, from the Sb 3d3/2 and Sb 3d5/2 peak positions, we can infer 

that Sb–O bonds exist, indicating that Sb atoms substitute Zn atoms (SbZn) [28]. The 

isolated SbZn is a donor in ZnO, which cannot result in p-type conductivity of the ZnO:Sb 

nanowires. It is supposed that a defect complex of Sb with two zinc vacancies (SbZn–2VZn) 

is the most possible shallow acceptor due to its low formation energy among all Sb-related 

complexes [29]. 
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Figure 3.2 shows PL spectra of the sample. The near band edge (NBE) emission 

appears broad and flat, and consists of acceptor-bound exciton (A°X) and neutral-donor-

bound exciton (D°X) at 3.351 and 3.360 eV, respectively. This is reasonable since p-ZnO 

is a compensated semiconductor [30]. In addition, the PL signal may originate from both 

p-type nanowires and n-type ZnO thin film. Emissions at around 3.303 eV and 3.235 eV 

are identified as free electron to acceptor (FA) transition and donor-acceptor-pair (DAP) 

transition, respectively [20]. The acceptor activation energy EA can be calculated with the 

equation [31,32] 

𝐸𝐴 = 𝐸𝑔𝑎𝑝 − 𝐸𝐹𝐴 + 𝑘𝐵𝑇/2,     (1) 

where the temperature-dependent transitions EFA is approximately 3.296 eV at 13 K and 

the intrinsic band gap Egap=3.436 eV at 13 K [33]. Therefore, the value of EA is calculated 

to be 0.13 eV, which is comparable to the previously reported value [20]. 

Figure 3.3(a) shows I-V curve of the device, showing a typical p-

n diode characteristic with a good rectification ratio (about 70 at 10 V) and a threshold 

voltage of about 7.5 V. The result confirms the formation of Sb-doped ZnO nanowire/Ga-

doped ZnO thin film p-n homojunction. Inset of Figure 3.3(a) shows a schematic of the 

electrically pumped lasing device. Figure 3.3(b) shows PC spectra at 0 V and different 

reverse biases. Very good response is observed in the UVA (400–320 nm) region. The PC 

spectra are almost linear up to 366 nm, after which there is a sharp increase in the slope. 

The peak around 380 nm (3.26 eV) corresponds to the effective band gap of ZnO. Under 

the illumination of the below-gap light, the PC signal starts to decrease before exhibiting a 
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long “tail” in the visible region. This PC “tail” is probably due to surface related defects 

[34]. There is also a decrease in the photocurrent  when the incident energy is larger than 

the bandgap.  This is because, with increased incident energy the penetration depth is 

reduced at shorter wavelengths. So only a small portion of the nanowires are excited and 

less electron-hole pairs are generated. This accounts for the decrease in photocurrent in this 

region. As can be seen from Figure 3.3(b), the photocurrent increases with the increase of 

reverse bias. This is mostly because with increased reverse bias the thickness of the 

depletion layer of the junction increases, leading to more photon-generated electron-hole 

pairs contributing to the photocurrent. Therefore, it is a solid proof of the formation of p-n 

junction besides the I-V characteristics. 

Figure 3.4(a) shows EL spectra in 360–410 nm of the device, measured under different 

forward biases. This is actually extracted from an extended range (320-750 nm) 

measurement as shown in the inset. The detector was placed directly in front of the emitting 

device. Under low injection currents of 5 mA and 7 mA, EL spontaneous emission in the 

UV region is observed and the intensity is so weak that it almost goes undetected. As the 

forward current is increased to 12 mA, the EL spectrum evolves into several discrete 

stimulated emission lasing modes. Further increase of the forward current to 30 mA leads 

to stronger lasing peaks as well as spontaneous emissions. As can be seen, the emission 

peaks are distributed in a limited region around a gain peak wavelength of 380 nm, 

corresponding to ZnO near band edge emission. There are no other emission peaks in any 

other region as can be confirmed from the extended range measurement. Therefore, it is 

believed that the emission is due to excitonic recombination as distinguishing it from ZnO 
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micro plasma [35]. Note that the spacing between the neighboring emission peaks and the 

peak positions between different measurements are not fixed. Therefore, the sharp emission 

peaks in the EL spectra should be related to the random lasing. The lasing mechanism is 

exciton-related recombination and the feedback is provided by coherent multiple scattering 

among the random-growth oriented nanowires [36]. The full width at half maximum 

(FWHM) of these peaks at 30 mA is around 0.6 nm. Accordingly, we estimate a moderate 

quality (Q) factor of ∼650. This value is reasonable considering the morphology of the 

nanowires. As the nanowires are short (1.5 μm) and tilted, a fraction of light generated in 

the active region of the laser can escape to the surrounding air easily, leading to less 

effective reflections or scattering from the nanowire sidewalls. Thus, the quality of closed-

loop random lasing cavities is compromised. Figure 3.4(b) shows spectrally integrated 

emission intensity as a function of current, which demonstrates a threshold current of ∼10 

mA. The output power is 170 nW at a drive current of 30 mA. This output power is several 

times larger than that of Schottky diode random laser [15], and orders of magnitude larger 

than that of MIS type device [9]. The inset of Figure 3.4(b) shows a camera image of light 

emission from the lasing device at a drive current of 30 mA, which reveals strong violet 

luminescence at room temperature. 

In this forward biased p-n junction light is generated through excitonic recombination 

of minority carriers and is emitted in all directions. The emitted light is scattered multiple 

times by the nanowire sidewalls and thus trapped inside the structure. Because of its high 

refractive index (nZnO≈2.3) ZnO nanowires lead to strong scattering. The light is amplified 

in the process and some of the light can actually return to its initial position thus forming 
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a closed loop resonant cavity. Lasing occurs when optical gain is greater that the loss [37]. 

Here gain is determined by how long the photons can dwell inside the structure and loss 

refers to how easily light can escape to the surrounding [38]. 

3.4 Conclusion 

Titled, p-type Sb-doped ZnO nanowires have been prepared on an n-type ZnO seed 

layer. The formation of p-n junction was confirmed by I-V and photocurrent 

characteristics. Random lasing between 360 nm and 410 nm was demonstrated at room 

temperature with a low threshold current of 10 mA and significantly enhanced output 

power. The experimental demonstration of the homojunction random laser based on Sb-

doped p-type ZnO nanowires paves a step for future practical applications of ZnO random 

lasers. 
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Fig. 3.1 (a) Top-view and (b) Side-view SEM images of Sb-doped ZnO nanowires grown 

on ZnO seed layer; (c) Typical XPS survey spectrum for the ZnO:Sb nanowires. The 

inset shows high-resolution XPS spectrum of the region between 525 and 545 eV. 
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Fig. 3.2 PL spectra of Sb-doped ZnO nanowires at different temperatures. The 

temperature ranges from 13 K to 300 K. 
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Fig. 3.3 (a) I–V characteristic of the Sb-doped ZnO nanowires/Ga-doped ZnO film p-n 

homojunction device. The inset shows a schematic of the laser device; (b) PC spectra of 

the device under different reverse biases. The curves show good response in the UV 

region. 
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Fig. 3.4 (a) EL spectra of the laser device observed at different forward currents over the 

range from 5 mA to 30 mA at RT. The inset shows extended range from 320nm to 

750nm; (b) The integrated intensity of the EL spectra versus drive current, indicating that 

the threshold current is about 10 mA. The inset shows camera image of violet 

luminescence from this device at a drive current of 30 mA. 
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Chapter 4 

Electrically-Pumped Whispering Gallery Mode Lasing from 

Au/ZnO Microwire Schottky Junction 

 

4.1 Introduction 

Low-dimensional semiconductor micro/nanostructures gained a great deal of interest over 

the past two decades because they can in principle lead to higher-performance devices 

compared with their bulk counterpart. Owing to its wide bandgap (3.37 eV) and a large 

exciton binding energy (60 meV) which ensures excitons to exist at room temperature, zinc 

oxide (ZnO) is considered as a promising candidate for next-generation micro/nano 

ultraviolet optoelectronic devices, especially lasers.[1,2] Lasing actions from ZnO 

micro/nano structures can originate from three mechanisms namely random,[3-7] Fabry-

Perot (F-P)[8-10] and whispering gallery mode (WGM).[11-17] Random lasing is achieved by 

continuous scattering among ZnO grain boundaries or nanowire sidewalls. In the F-P type, 

One-dimensional ZnO nano/microwires can act as individual lasing cavities with the 

naturally cleaved two end facets as mirrors. In WGM lasers, light propagates inside ZnO 

microstructures through consecutive total internal reflection (TIR) at the inner walls. As a 

result, WGM lasers are expected to have a high quality (Q) factor and a low threshold due 

to its low optical loss at the cavity boundary. Moreover, because of its excellent 

characteristics and resonance wavelength dependency on the surrounding medium, WGM 
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lasers may find many important applications such as biosensors.[18-20] Therefore it is 

essential to develop WGM type of lasers. Thanks to the inherent wurtzite structure, high-

quality hexagonal ZnO microstructures of various sizes can be readily grown by using 

relatively simple approaches such as vapor phase transport method and serve as excellent 

WGM lasing cavities. However, most efforts on WGM ZnO microlasers are based on 

optical pumping,[11-15] and electrically pumped WGM lasers are rarely reported.[16,17] 

Among these electrically pumped WGM laser efforts,[16,17] the devices are based on 

heterojunctions involving n-type ZnO and a p-type dissimilar material because p-type ZnO 

is difficult to achieve and unstable,[21] and lasing mechanism is explained by excitonic 

recombination. As a matter of fact, excitonic lasing has also been observed in random lasers 

made of various types of structures including metal insulator semiconductor (MIS) 

structure, metal-semiconductor Schottky junction, and metal-semiconductor-metal (MSM) 

junction.[5-6,22] Because of the involvement of excitonic recombination process, these 

devices operate with hole carrier injection much less than Mott density, therefore 

population inversion is not necessary in contrast to the electron-hole plasma (EHP) lasing, 

which definitely requires a p-n junction.[23]  In the present work, we report excitonic lasing 

based on Au/ZnO microwire WGM Schottky laser diodes. Electroluminescence (EL) 

characteristics and lasing mechanism have been investigated in detail. 

4.2 Experimental Section 

4.2.1 Microwire Growth 

ZnO microwires were grown in an Atmospheric Pressure Chemical Vapor Deposition 

(APCVD) by employing vapor phase transport mechanism. First, a horizontal tube furnace 
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was set to heat up to 1150 °C. Then, a mixture of ZnO and graphite powder (mass ratio 

1:1) was loaded into a quartz boat and a Si substrate was placed upside down on top of the 

boat. As the furnace reached its set temperature value, the boat with the substrate was 

inserted inside the furnace and kept there for 30 minutes. Microwires were grown directly 

onto the Si substrate. 

4.2.2 ZnO Thin Film Growth  

A high-quality c-axis oriented undoped ZnO thin film was grown on a MgO buffer layer 

on Si (100) using an SVT Associates (SVTA) radio frequency (RF) plasma-assisted 

molecular beam epitaxy (MBE) system. The Si wafer was first cleaned by a standard RCA 

procedure and then the 4-nm MgO buffer film was grown for 5 minutes with a Mg cell 

temperature of 450 °C and an O2 flow rate of 1.5 sccm at a substrate temperature of 400 °C. 

It was then followed by the growth of a ZnO thin film layer of around 500 nm with a Zn 

cell temperature of 340 °C and an O2 flow rate of 2 sccm for 4 hours at 500 °C. 

4.2.3 Device Fabrication  

Au/ZnO microwire Schottky junction WGM lasers were fabricated using the following 

process. First, PMMA was spin-coated on ZnO thin film layer for 45 s under a speed of 

6000 rpm producing a film of approximately 50 nm. Then, the microwires were picked out 

by a tweezer and placed horizontally on the ZnO layer with the help of PMMA. This 

transfer was then followed by a post bake for 80 s at 110 °C to drive off the solvents from 

PMMA and secure the microwires in place. PMMA serves several purposes in this 

structure. First, it works as an adhesive to fix the wires in place. Second, it isolates the top 
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metal contact from being electrically shorted. Third, it improves the reflection at the lower 

facet of ZnO microwire compared with a scheme that the wire is directly contacted on ZnO. 

Finally, 5-nm Au and 10/100-nm Ti/Au metals were e-beam evaporated on ZnO 

micorwires and ZnO layer, respectively to form contacts. An ITO glass slide (∼15–25 

Ω/sq) was placed on top of the Au contact for reliable current feed through during electrical 

measurements (Inset of Figure 4.2(a)). 

4.2.4 Structural, Optical, Electrical and Luminescence Characterizations 

Scanning electron microscope (SEM) images were taken using a Philips XL 30 SEM 

system. X-ray diffraction measurement was performed using a Bruker D8 Advance X-ray 

diffractometer. A home built PL system consisting of a Kimmon Koha 325-nm He-Cd 

laser, a Janis cryostat, an Oriel monochromator, a lock-in amplifier equipped with a 

chopper and a photomultiplier tube were used to measure PL from ZnO microwires. I-V 

curves were measured through a Signatone Probe Station (Model H150) connected to a 

Semiconductor Parameter Analyzer (Agilent 4155C). EL measurement makes use of 

almost similar system as the PL measurement except that an external d.c. power supply 

(HP E3630A) was used as the excitation source instead of the He-Cd laser. A Thorlabs 

PM100 optical power meter was used for measuring output power from the devices. 

4.3 Results and Discussion 

4.3.1 Structural and Optical Characterizations 

ZnO microwires were synthesized by vapor phase transport method. The detailed growth 

conditions are given in the experimental section. Figure 4.1(a) shows a scanning electron 
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microscopy (SEM) image of as grown ZnO microwires. The length and diameter of the 

microwires is around 0.2-3 mm and 8-12 µm, respectively. Figure 4.1(b) shows an SEM 

image of an individual microwire viewed from its side, indicating smooth hexagonal facets 

of the microwire. This morphology is important for establishing total internal reflection 

inside the wires, which act as WGM microcavity. It is also evident from the SEM images 

that microwires have been grown along the c-axis. Figure 4.1(c) shows an X-ray diffraction 

(XRD) pattern of an individual ZnO microwire, which is horizontally placed on a substrate. 

The spectrum exhibits diffraction peaks from ZnO(102), ZnO(110) and ZnO(103) planes, 

indicating the hexagonal wurtzite crystal structure and c-axis growth of this ZnO 

microwire.[24] Figure 4.1(d) shows temperature-dependent photoluminescence (PL) spectra 

of ZnO microwires under the temperatures between 13 K and 300 K. The dominant peak 

at 3.361 eV is usually observed in the undoped n-type ZnO and can be attributed to the 

donor bound exciton (D°X) emission. As the temperature is increased gradually, D°X-

associated emissions dissociate into free exciton (FX) related emissions. Therefore, it is 

supposed that FX-related emissions dominate at room temperature.[25] Additionally, the 

emission peaks shift to lower energy with the increase of temperature due to the fact that 

the bandgap decreases with the increase of temperature. 

4.3.2 Electrical Characterization 

Left inset of Figure 4.2 (a) shows a schematic diagram of the cross sectional view of the 

Au/ZnO microwire Schottky junction WGM laser device. Step-by-step fabrication 

processes are summarized in the experimental section. Bottom right inset of Figure 4.2 (a) 

shows an optical microscopy image of three microwires, having similar diameters, which 
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were assembled as the active region of the device.  Current-voltage (I-V) curve in Figure 

4.2(a) demonstrates rectifying behavior with a turn-on voltage of about 0.72 V. Since Au 

has a work function of ~5.1 eV and the electron affinity of ZnO is ~4.35 eV, Schottky 

junction with a Schottky barrier of ~0.75 V is expected to be formed between them. This 

low turn-on voltage from the device confirms this fact.[26] Besides a three-wire device, a 

device with two ZnO microwires was also fabricated and characterized. These wires have 

an average diameter of around 10 µm. Inset of Figure 4.2(b) shows an optical microscopy 

image of this device. I-V curve in Figure 4.2(b) shows similar Schottky behavior with a 

turn-on voltage of around 0.75 V to that of the three-wire device. 

4.3.3 Lasing Characterization 

Figure 4.3(a) shows room temperature EL emission spectra of the three-microwire 

Schottky junction laser device at different forward currents. The EL emission band extends 

from 370 nm to 410 nm. At a forward current of 30 mA, a broad spontaneous emission 

band centered around 384 nm can be seen. With increasing forward currents to e.g. 40 mA 

and 50 mA, the intensity of spontaneous emission bands increases. At injection currents 

above 50 mA, several discrete peaks emerge in the spontaneous emission spectrum, 

indicating a change from spontaneous emission to stimulated emission. As the forward 

current increases to 85 mA, many sharp lasing peaks with a full-width at half maximum 

(FWHM) of about 0.3 nm appear in the spectrum, which implies that there is enough gain 

to sustain cavity modes in ZnO microwires. The Q factor is estimated to be about 1287, 

according to Q =
λ

∂λ
, where λ and ∂λ are the peak wavelength (386 nm) and FWHM (0.3 
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nm), respectively. Since we have only three wires reasonably apart from each other, 

random lasing is not possible because random lasing requires a large number of randomly 

distributed scattering sites in a medium. Also the probability of F-P lasing from opposite 

facets is excluded considering the fact that it would result in very weak optical confinement 

with much lower Q factor. Therefore, WGM is the dominant feedback mechanism in our 

structure. [13]  

Mode spacing of a WGM laser can be determined by the following equation: 

𝛥𝜆 =
𝜆2

𝐿𝑛(1−
𝜆

𝑛

𝑑𝑛

𝑑𝜆
)

≈
𝜆2

𝐿𝑛𝑍𝑛𝑂
, where λ is the peak wavelength (386 nm), n is the refractive index 

of ZnO (𝑛𝑍𝑛𝑂~2.45), and L is the cavity length. The cavity length is assumed to be 

maximum possible optical path traversed by light inside these hexagonal cavities, which is 

~3×𝐷. D is diameter of the microwire or twice of the edge length of the hexagonal cross 

section. The three wires in the device have similar diameters of around 8 µm. These wires 

are quite apart from each other and can be considered as individual functioning cavities.  

Therefore, the mode spacing is estimated to be about 2.53 nm. Furthermore, since the 

emission bandwidth is roughly 40 nm as shown in Figure 4.3(a), the number of WGM 

modes is about 15. These results are in close agreement with experimentally observed 

values from Figure 4.3(a). 

Angle-dependent EL measurement of the three-wire device further proves the 

WGM lasing characteristics (Figure 4.3(b)). This measurement was done about two months 

after the original testing. Over the time the sample has degraded slightly. At injection 

currents well above the threshold, signal-to-noise ratio (SNR) has reduced compared to 

previous measurement. The far-field EL emissions from the sample was detected at θ 
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values of 0°, 60° and -60° angle positions with respect to normal direction of the sample 

(inset to Figure 4.3(b) shows the measurement setup). Since the hexagonal wires are 

horizontally placed on the surface, the measurements represent the EL collection from the 

normal directions of the top three side planes of the wires. Due to partial leakage, light is 

emitted from all the facets around the WGM microwire cavities. As can be seen, the EL 

intensity collected from these three different positions is comparable, which further 

demonstrates WGM lasing characteristics. Another point to be noted is that the collected 

emission pattern or the relative intensity of individual modes are not the same for different 

positions. The detector can only detect a portion of the emitted light that is within its 

acceptance cone. Therefore, the collected mode pattern may have changed slightly for 

different sample positions. 

Figure 4.4 shows integrated intensity and output power as a function of forward 

injection currents. The integrated intensity is the integral of all area under the EL curve, 

which is equivalent to total output power for emissions at all wavelengths. The output 

power is measured real time from the device for one particular lasing mode. In this case 

the power was measured at a wavelength around the ZnO near band edge emission, i.e., 

386 nm. As seen from the graph, both have similar trend:  they increase slowly as the 

injection current is below ~50 mA, and increase rapidly as the injection current increases 

beyond ~50 mA. By interpolating the data points, the lasing threshold is estimated to be 

around 59 mA. The output power is measured as 56 nW at an injection current of 85 mA. 

The inset of Figure 4.4 shows a far-field emission pattern, indicating blue-violet light 

emission from the three-microwire based laser device at an injection current of 85 mA. 
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EL characterization and associated experiments/calculations of the two-wire device 

under different forward currents have also been performed (Figure 4.5) which similar 

WGM lasing characteristics. Spontaneous emissions centered around 388 nm take place at 

low injection currents. Beyond 45 mA, a few lasing peaks start to appear on top of the 

spontaneous emission band. At an injection current of 73 mA, the EL spectrum shows 

several sharp peaks with a FWHM as small as 0.35 nm. The Q factor is estimated to be 

∼1108 considering the dominant peak wavelength at 388 nm. The mode spacing and 

number of modes can be estimated to be 2.05 nm and 22, respectively, which are in close 

agreement with the experimental results. The integrated intensity and output power as a 

function of injection current are also plotted in the right inset of Figure 4.5. Both relations 

follow similar trend, deducing a threshold current of ∼52 mA. Since the lasing threshold 

is inversely proportional to the cavity length, the two-wire (diameter for each ~10 µm) 

device has comparatively lower threshold than three-wire (diameter for each ~8 µm) 

device. The output power is measured to be ∼40 nW at an injection current of 73 mA and 

far-field image of the emitting device at this current is shown in left inset of Figure 4.5. 

4.3.4. Discussion 

Figure 4.6(a) – 4(c) show energy band diagrams of Au/ZnO microwire Schottky laser diode 

at thermal equilibrium, moderate forward bias, and strong forward bias, respectively. 

Values for relevant parameters such as bandgap, metal work-function, electron affinity, 

barrier height are illustrated. Due to a Schottky barrier of about 0.75 eV, thermionic 

emission of electrons across the barrier is relatively small and balanced at equilibrium. 

Under moderate forward bias on the Au metal, the ZnO band shifts upwards, leading to a 
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lower energy barrier for electrons. As strong forward bias is applied, the ZnO band bends 

sharply, leading to a narrower triangular energy barrier for holes at the Au/ZnO junction. 

Thus, while there is a continuous flow of large number of electrons towards Au contact, 

which contribute to the major portion of diode current, the holes from the positive battery 

pole via Au electrode can tunnel into the valence band of ZnO directly or through trap-

assisted tunneling to form a small hole current. Since the electrons and holes are flowing 

in the opposite direction, there are ample probabilities for them to couple with each other 

and form excitons.[27,28] These excitons then recombine to emit light almost 

instantaneously.[28]  It should be noted that this device is different with the metal-insulator-

semiconductor laser device, where a large barrier at the metal-semiconductor interface is 

used to confine electrons in the semiconductor for lasing as reported in Ref. [29].  

Considering the fact that Schottky diode is a majority carrier device and there is very 

limited hole supply to the junction during operation, lasing phenomena should originate 

from excitonic recombination as opposed to EHP. As a matter of fact, EHP lasing would 

require a population inversion condition, which could not be established in a Schottky 

diode. On the other hand, since excitonic lasing does not require population inversion, it 

accounts for the observed lasing phenomenon.[6,23] 

Due to the large binding energy (~60 meV) of ZnO excitonic lasing is expected to 

occur at high temperatures (i.e. 400 K). [30-31] To prove this phenomenon, high-temperature 

EL measurements were performed on the three-wire device (Figure 4.7). This was done 

about two months after the initial testing as well. We injected currents well above threshold 

through the three-wire device. Different with the experiment summarized in Figure 4.3(a), 
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no heat sink was used during the present measurement. Therefore, the device became very 

hot easily with increasing currents. The temperature values from the surface of the device 

were taken right after each EL spectrum collection at different currents using a non-contact 

infrared thermometer. Figure 4.7 shows EL spectra at four different temperatures. The EL 

intensity increases with increasing current. The temperature also increases at the same time. 

As can be seen, the device successfully lases even at a high temperature of 406 K when 

current injection is 100 mA. Furthermore, the peak position of the emission pattern does 

not change with increasing currents, which is a signature of excitonic lasing. If the lasing 

were due to Electron Hole Plasma (EHP), the peak positions would have red-shifted. [30-32] 

Finally, as the injection current increases to 105 mA, the device temperature increases even 

more (~413 K) and far -field emission dominated by the noise is observed. This is probably 

because at this high temperature, excitons cannot be easily formed and excitonic lasing is 

quenched. Moreover, a great deal of non-radiative recombination centers are also activated 

at high temperature, which results in very small internal quantum efficiency and therefore 

no emission can be observed. 

4.4 Conclusion 

Hexagonal ZnO microwires were synthesized by vapor phase transport method. 

Electrically pumped WGM lasing was achieved from simple device structures based on 

Au/ZnO microwire Schottky junctions. The origin of the lasing is ascribed to excitonic 

recombination in WGM cavities. Although the present laser, which consists of two or three 

far-apart placed microwires are multimode UV lasers, this work takes an important step 
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towards more advanced WGM lasers such as single wire lasers and coupled-mode ZnO 

microwire WGM Schottky diode lasers with higher mode purity. 
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Figure 4.1 (a) SEM image of as-grown ZnO microwires, (b) SEM image, (c) XRD 

spectrum of an individual ZnO microwire, and (d) Temperature-dependent PL spectra of 

ZnO microwires. 
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Figure 4.2 (a) I-V characteristic of a three-microwire-based device. Left inset shows a 

schematic diagram of the cross-sectional view of Au/ZnO microwire Schottky diode 

laser. Bottom right inset shows an optical microscope image of the three micowires after 

being transferred, (b) I-V characteristic and optical microscope image (inset) of the two-

microwire-based device. 
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Figure 4.3 (a) Emission spectra of the three-wire based diode under different injection 

currents. Arrows represent WGM lasing modes, (b) Angle dependent EL spectra of the 

device. The inset shows measurement setup configuration. 
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Figure 4.4 Integrated intensity and output power as a function of injection current, inset 

shows far-field emission pattern of the device at a current of 85 mA. 
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Figure 4.5. Emission spectra of the two-wire based diode under different injection 

currents. Top left inset shows a far-field emission pattern of the device at a current of 73 

mA and, top right inset shows integrated intensity and output power as a function of 

injection current. 
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Figure 4.6 Band diagram of Au/ZnO Schottky junction under (a) equilibrium condition, 

(b) forward bias on the Au metal, and (c) strong forward bias on the Au metal. 
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Figure 4.7 EL spectra of three-wire device at high temperatures. 
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Chapter 5 

Enhanced Random Lasing from Distributed Bragg Reflector 

Assisted Au-ZnO Nanowire Schottky Diode 

 

5.1 Introduction 

Extensive research has been done on random lasers due to its operational and 

structural simplicity with potential applications in the areas of speckle-free imaging, 

sensing, medical diagnostics, etc.1-6 ZnO proves to be a promising candidate for ultraviolet 

(UV) random lasing because of its wide direct bandgap (3.37 eV), large exciton binding 

energy (60 meV), large oscillator strength providing high gain, and high refractive index 

(≈2.3) that favors strong scattering inside ZnO random media, a fundamental requirement 

for random lasers.7,8  Earlier effort on ZnO random laser actions was mainly focused on 

optical pumping of various ZnO polycrystalline films, powders, nanowire networks, etc.9-

15 Recently, electrically pumped ZnO random lasers have been achieved based on both thin 

films16-20 and randomly distributed nanowire arrays.21-29 Due to an existence of ample air 

gaps among self-assembled nanowires, light scattering becomes very effective, making 

randomly distributed nanowire network a desirable optical cavity among others for random 

laser applications. As a matter of fact, ZnO nanowire based random laser diodes have been 

realized using p-n homojunctions,21-23 heterojunctions,24,25 metal-insulator-semiconductor 

(MIS) structures,26-28 and Schottky junctions.29 
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To further advance ZnO-based random lasers toward potential practical 

applications, improved design is necessary to continue to reduce the threshold current and 

increase the output power of existing devices. For example, with an inclusion of a 

distributed Bragg reflector (DBR) structure, a p-ZnO nanowire/n-ZnO thin film junction 

has achieved a significant enhancement in its lasing performance.23 Nevertheless, p-type 

ZnO is often either difficult to achieve or unreliable.30 In this chapter, we report a DBR-

assisted Au-ZnO nanowire Schottky junction laser based on undoped n-type nanowires. 

The designed DBR structure of 10-period alternating 65.07-nm SiO2 and 47.5-nm SiNx 

layers provides high reflectivity at the bottom of the ZnO nanowire laser, thus causing more 

light to be scattered among the nanowires. As a result, almost 1.8 times reduction in 

threshold current and 4 times enhancement in output power are achieved. 

5.2 Experimental Section 

First, we designed quarter-wavelength DBR with SiO2 and SiNx as two dielectric 

layers using the following equation: 

𝑛𝐻𝑙𝐻 =  𝑛𝐿𝑙𝐿 = 𝜆/4, 

where  is operating wavelength, SiNx refractive index 𝑛𝐻 = 2, and thickness is 𝑙𝐻, SiO2 

refractive index 𝑛𝐿 = 1.46, and thickness is 𝑙𝐿. Substituting the refractive index values in 

the equation yields SiNx thickness 𝑙𝐻 = 47.5 nm and SiO2 thickness 𝑙𝐿 = 65.07 nm. The 

reflection spectrum was simulated based on Transfer Matrix Method using MATLAB.17,23 

Next, according to the design, a 10-period SiO2 (65.07 nm)/SiNx (47.5 nm) DBR structure 

was deposited on top of an n-type Si (100) substrate by using plasma enhanced chemical 

vapor deposition (PECVD). Standard procedures with reactant gases NH3/SiH4 and 
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N2O/SiH4 were used for the process. Plasma power was maintained at 25 W with a source 

radio frequency (RF) of 13.56 MHz and substrate temperature was kept at 250 °C. After 

the deposition of DBR, the sample was transferred to a molecular beam epitaxy (MBE) 

chamber to grow an undoped ZnO thin film. During the MBE growth, a thin MgO/ZnO 

buffer layer of ∼5 nm/5 nm was firstly deposited on the substrate for 6 minutes under a O2 

flow rate of 1.5 sccm, and a Mg and Zn cell temperature of 455 °C and 340 °C, respectively. 

Substrate temperature was kept at 400 °C for this step. Then a thicker ZnO buffer layer of 

~100 nm was deposited for 40 minutes with the same Zn cell temperature and O2 flow rate. 

Finally, a ZnO layer of ∼800 nm was grown, which acts as seed for subsequent nanowire 

growth. During this step, a Zn effusion cell temperature of 352 °C and a O2 flow rate of 

1.5 sccm, a substrate temperature of 550 °C, and a growth time of 4 hours were used. For 

the entire growth period, an RF plasma source with a plasma power of 400 W was used to 

feed the oxygen source into the chamber. The subsequent growth of undoped ZnO 

nanowires was carried out in a chemical vapor deposition (CVD) furnace. The MBE grown 

seed layer sample was directly transferred into the CVD and positioned in the center of the 

furnace. Zinc powder (99.9999% Sigma Aldrich) contained in a silica bottle was used as 

the source material and placed ∼1 cm upstream from the sample. 300-sccm Ar/O2 (molar 

ratio 99.5:0.5) as the reaction gas and 600-sccm N2 as the carrier gas were kept flowing in 

the furnace during the growth. Growth temperature and time were 520 °C and 1 hour, 

respectively. During the nanowire growth, part of the sample was covered by a piece of 

silicon intentionally to exclude the growth of nanowires on the area, where a metal contact 

will be formed during the device fabrication.  
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To fabricate the laser devices, first a Ti/Au (10 nm/100 nm) was deposited onto the 

exposed ZnO thin film area by e-beam evaporation as an Ohmic contact. Then, a thin Au 

layer of 10 nm was deposited by e-beam evaporation on top of the nanowires to form 

Schottky junction. Due to the dense distribution of nanowires and limited deposition of Au, 

Au cannot reach the underlying film. Finally, an ITO glass slide (15~25 Ω/sq) was clamped 

on top of Au metal for steady electrical connection.   

For morphological inspection, a Philips XL 30 Scanning Electron Microscope 

(SEM) system was used. X-ray diffraction (XRD) patterns were recorded by a Bruker D8 

Advance X-ray diffractometer. Current-voltage (I-V) measurements were performed using 

a semiconductor parameter analyzer (Agilent 4155C) equipped with a probe station 

(Signatone, model H150). Photoluminescence (PL) spectra were collected by a homebuilt 

spectrometer system. The system consists of an Oriel monochromator, a photomultiplier 

detector, a lock-in amplifier, a chopper, a Janis cryostat, and a 325-nm He-Cd laser 

(Kimmon Koha) as the excitation source. Electroluminescence (EL) measurements were 

carried out at room temperature using the same setup as PL except that the excitation source 

was a dc power supply (HP E3630A) and a heat sink was used. Output power from the 

device was measured by a Thorlabs PM100 power meter. A reference sample having 

similar morphology of nanowires and no DBR structure was fabricated and characterized 

as well for comparison under the same experimental conditions. 

5.3 Results and Discussion 

Figure 5.1(a) shows the simulated reflection spectrum of the designed 10-period 

DBR structure around the desired wavelength range.  As seen from the spectrum, the 
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reflectivity maximizes at the operating wavelengths near 380 nm, which is the ZnO near 

band edge emission wavelength. As a matter of fact, the reflection response Γ from the 

DBR at operating wavelength 𝜆 = 380 nm can be simply expressed as:  

Γ =
1−(

𝑛𝐻
𝑛𝐿

)2𝑁 𝑛𝐻
2

𝑛𝑎𝑛𝑏

1+(
𝑛𝐻
𝑛𝐿

)2𝑁
𝑛𝐻

2

𝑛𝑎𝑛𝑏

,  

where the refractive index of air 𝑛𝑎 = 1, Si substrate refractive index 𝑛𝑏 = 3.5 and number 

of bilayer in the DBR 𝑁 = 10. By substituting these values in the equation, the reflection 

response Γ = −0.99677. So the reflectivity (%) of this DBR can be calculated as |Γ|2 =

99.36%. The inset of Figure 5.1(a) shows a side-view SEM image of the actual DBR 

structure where dotted lines are drawn to distinguish the alternate layers. It can be seen that 

the alternate layers have quite uniform thickness and smooth interface. 

Figure 5.1(b) shows a top-view SEM image of the ZnO seed film. Packed columnar 

structures can be seen, which is due to the growth of wurtzite ZnO on dielectric DBR. 

Figure 5.1(c) shows an XRD spectrum of the ZnO seed layer. Relatively high intensity of 

ZnO (002) peak with respect to the intensities of other peaks suggests a preferential growth 

of ZnO along its c-axis. Multi-peak spectrum also confirms multi-grain columnar structure, 

i.e., polycrystalline nature of the seed layer, which is advantageous for the subsequent 

growth of randomly oriented ZnO nanowires. 

For the reference sample, the ZnO seed layer was grown directly onto an n-type Si 

(100) substrate using exactly the same MBE growth conditions as for the DBR-assisted 

sample. Figure 5.2(a) shows a top-view SEM image of this film, showing multiple packed 

hexagonal columns. The thickness of the seed layer is also comparable with the ZnO layer 
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grown on DBR. Figure 5.2(b) shows XRD spectrum of reference sample, revealing similar 

characteristics as that of the ZnO layer on top of DBR. 

Figures 5.3(a) and (b) show top-view and side-view SEM images of as grown 

nanowires, respectively. As seen from these SEM images, the nanowires have hexagonal 

cross-section, indicating that they grow along the c-axis of its wurtzite lattice. Closer 

investigation of the side-view image reveals that these nanowires are grown on top of 

hexagonal or pyramidal ZnO island bases with larger lateral sizes. This is because during 

the early stage of growth, the Zn vapor supersaturation is high, therefore the large bases 

are created; as the growth continues, Zn vapor pressure is reduced, leading to the growth 

of smaller nanowires.31 As grown nanowires have an average length of around 7 µm, and 

are randomly tilted by 10~15 degrees with respect to the normal to the substrate. The 

diameters vary in a wide range of approximately 150~550 nm. This kind of morphology 

creates a random medium to effectively scatter light in the operation of random lasers.32 In 

the tilted-view SEM image, individual segments for the nanowires, seed layer and DBR on 

top of Si (100) substrate can be identified.  

Figure 5.3(c) shows temperature-dependent PL spectra of as grown ZnO nanowires. 

The peaks of 3.360 eV and 3.305 eV at 14 K can be assigned as donor bound exciton (D°X) 

and free electron to acceptor (FA) emissions, respectively.28-29, 33 The D°X emission peak 

originates from undoped n-type ZnO due to the native donor impurities.34 The appearance 

of the FA emission peak suggests the existence of acceptors, which result from 

unintentional incorporation of nitrogen related complexes.35 The two peaks red-shift and 

merge to become one peak at higher temperature due to the effects of acceptor activation, 
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dissociation of bound exciton from donors, and temperature-induced bandgap change. The 

3.234 eV peak and weak peak at 3.162 eV at 14 K are separated from the FA emission peak 

by 71 meV and 143 meV, respectively.  These energies can be associated with the phonon 

energy of ZnO (~72 meV) and therefore these emissions are designated as the first and 

second phonon replicas of FA (FA-1LO and FA-2LO).36 The observation of phonon replica 

indicates high optical quality of these nanowires.37 

Structural and optical characterizations of as grown nanowires in the reference 

sample (without DBR) can be found in Figure 5.4, showing similar properties as these 

nanowires grown on DBR. Figures 5.4(a) and (b) show top-view and side-view SEM 

images of as grown nanowires of this sample. As can be seen, the nanowires are randomly 

distributed and they have quite similar lengths (avg. ~7 µm) as the nanowires of the DBR-

assisted sample. The diameter of the nanowires also varies in a similar range. From the 

temperature-dependent PL spectra of nanowires in the reference sample (Figure 5.4(c)), 

D°X, FA and phonon replica peaks (FA-1LO and FA-2LO) are observed, indicating an 

overall n-type nature and high optical quality of these nanowires. Thus, the quality of ZnO 

nanowires/ZnO thin films has not noticeably changed with and without a DBR underneath, 

due primarily to the same buffer layer technique used in both samples. 

Figure 5.5 shows I-V characteristics of the random laser device with and without 

DBR. A schematic of the device with DBR is shown in the inset. A clear rectifying behavior 

is observed with a turn-on voltage of around 0.96 V from the device with DBR. Due to the 

large difference between work function of Au (~ 5.1 eV) and electron affinity of ZnO (~4.2 

eV), a Schottky barrier is formed at the junction.38 Since the Au/Ti metal on ZnO thin film 
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is Ohmic,16 the rectifying I-V together with a turn-on voltage, which is comparable with 

the Schottky barrier height suggest the formation of Au-ZnO nanowire Schottky junction.39 

The I-V characteristic of the reference sample (device without DBR) shows similar 

rectifying behavior and a turn-on voltage of ~1 V.  

Figure 5.6(a) shows room temperature EL spectra of the laser device with DBR at 

different injection currents under forward bias which is designated as positive voltages on 

the Au contact. At lower injection currents, e.g., 12 mA and 22 mA, weak spontaneous 

near band edge emission can be observed in the range of around 370 to 400 nm. As the 

current increases to 34 mA, a few low-intensity randomly distributed peaks start to appear 

on top of the spontaneous emission band. Beyond 34 mA, the emission peaks rapidly 

become stronger and sharper. At an injection current of 55 mA, many lasing peaks can be 

seen with a linewidth of around 0.23 nm and the EL intensity is greatly enhanced. The 

output power and integrated EL intensity (inset) as a function of injection current is shown 

in Figure 5.6(b), with which, a threshold current of ~ 37.7 mA can be estimated. EL spectra 

of the reference sample are shown in Figure 5.7(a). Similar to the EL spectra of the device 

with DBR shown in Figure 5.6(a), at relatively lower injection currents, only spontaneous 

emissions are observed while at higher injection currents, random lasing modes with 

unstable peak positions and mode separations are evident. These emissions originate from 

excitonic process, in which under forward bias limited excess holes are leaked from 

Au/ZnO junction to form excitons with incoming electrons from Au/Ti/ZnO film contact, 

and subsequently these excitons recombine to emit light.29 Figure 5.7(b) shows output 

power and integrated EL intensity (inset) as a function of injection current of the reference 
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sample. Clear lasing threshold behavior is observed and the threshold current is determined 

to be 68 mA, which is about 1.8 times higher than that of the device with DBR. The 

measured output powers at a wavelength of the strongest lasing mode near 385 nm are 123 

nW and 30 nW at the same injection current of 75 mA for the devices with and without 

DBRs, respectively. Therefore, the output power is increased by almost 4 times when DBR 

is included. 

Optical microscopic images of emission of both devices operated at the same 

current of 75 mA are shown in Figure 5.8(a) and 5.8(b), respectively. Blue-violet 

luminescence from the DBR-assisted device is brighter than that of the reference sample 

without DBR. Lasing phenomena of the devices with and without DBRs under an injection 

current of 75 mA and 100 mA, respectively were also video-taped. Representative still 

images obtained from the videos of these laser devices with and without DBR are shown 

in Figure 5.8(c) and Figure 5.8(d), respectively. As observed from these videos, light comes 

out at random spots from the surface of the devices as the time lapses. This result clearly 

demonstrates that various random cavity loops are formed with time unpredictably, in turn, 

the light spots are not spatially fixed. More frequent occurrence of brighter emission spots 

from the device with DBR even at a lower injection current than the reference sample 

indicates that the DBR-assisted Au/ZnO nanowire random laser has much stronger output, 

which is consistent with the EL spectra and power measurement results. This is because 

more light will be reflected back to the random nanowire medium with the presence of the 

DBR, leading to easier formation of random lasing cavities, in turn, higher output power. 
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5.4 Conclusion 

In conclusion, DBR-assisted Au-ZnO nanowire Schottky junction random laser is 

fabricated and characterized. I-V characteristic of the device shows typical Schottky diode 

electrical property with a turn-on voltage of 0.96 V. Room temperature EL and output 

power characterizations, together with far-field lasing pattern and emission videos, 

demonstrate high-performance random lasing behavior as a result of excitonic 

recombination. Compared with a device without DBR, highly reflective DBR structure 

helps reduce the threshold current by 1.8 times and increase the output power by 4 times 

at the same injection current. 
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Figure 5.1 (a) Simulated reflectance curve of the designed DBR structure that can 

effectively reflect near band edge emissions of ZnO. Inset shows a side-view SEM image 

of the DBR structure where the dotted lines represent the interface between alternate 

layers. (b) SEM image of ZnO seed layer on top of DBR. (c) XRD spectrum of this seed 

layer. 
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Figure 5.2 (a) Top-view SEM image of the ZnO seed layer grown directly onto Si 

substrate without DBR structure. (b) XRD pattern of this seed layer. 
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Figure 5.3 (a) Top-view and (b) side-view SEM images of ZnO nanowires on ZnO seed 

layer with DBR underneath. (c) Temperature-dependent PL spectra of the ZnO nanowires. 
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Figure 5.4 (a) Top-view and (b) cross-sectional SEM images of ZnO nanowires grown on 

a seed layer that has no DBR structure underneath. (c) Temperature-dependent PL spectra 

of this sample. 
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Figure 5.5 I-V characteristics of Au-ZnO nanowire Schottky devices with and without 

DBR. Inset show Au-ZnO nanowire Schottky device schematics with DBR. 
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Figure 5.6 (a) EL spectra of Au-ZnO NW Schottky device with DBR under different 

injection currents, (b) Output power and integrated intensities (inset) as functions of 

injection currents of DBR-assisted device. 
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Figure 5.7 (a) EL spectra of Au-ZnO NW Schottky device without DBR under different 

injection currents, (b) Output power and integrated intensities (inset) as functions of 

injection currents of the Schottky device without DBR. 
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Figure 5.8 Far field emission patterns from laser devices (a) with DBR and (b) without 

DBR, both measured at 75 mA. Still images from the random laser video (c) with DBR 

measured at 75 mA and (d) without DBR measured at 100 mA . 
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Chapter 6 

Conclusion and Future Work 

 

ZnO has enormous potential for next-generation optoelectronic devices in the UV 

range. Light-emitting diodes (LEDs), laser diodes, electron-collecting layer in solar cells, 

transparent conducting oxides can be prepared based on ZnO based materials. Simple vapor 

phase methods can produce high quality ZnO nano/microstructures and consequently 

effective luminescence output. Different structures have their own unique applications. 

Randomly tilted nanowire arrays are great for random lasers whereas ZnO microwires are 

generally useful for fabricating whispering gallery type lasers. Additionally, different type 

of lasers has demand for separate applications. ZnO based materials can be considered as 

an alternative to another popular wide band gap material GaN. As a matter of fact, the high 

exciton binding energy of ZnO gives it an advantage over GaN because it ensures enough 

excitons to exist at room temperature and consequently better laser performance can be 

expected. GaN based materials and devices had been studied for almost three decades 

before it was commercially available in the late nineties. Compared to that, ZnO based 

research are going on for about a decade only. There is still opportunity for ZnO to be 

technologically mature with more attention in this emerging field. 

The stability issues regarding p-type ZnO for LED devices and laser diodes, has 

been solved in the past by using heterojunctions of n-type ZnO and dissimilar p-type 
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materials. GaN, organic hole conductors, Si has been used as the p-type material. Another 

possible way to solve this issue is to use alternative device structures e.g., Schottky and 

metal-semiconductor-metal (MSM) type diodes. In this thesis work, we have shown ZnO 

laser diode of homojunction p-n type, as well as laser devices based on alternative 

structures to make our work more comprehensive. 

Randomly tilted, Sb-doped ZnO nanowires were prepared without any catalyst on 

top of a ZnO seed and Si (100) substrate underneath. The presence of Sb-dopants was 

confirmed by X-ray photoelectron spectroscopy and photoluminescence measurements 

revealed the existence of shallow accepter states or in other words p-type conductivity of 

our ZnO nanowires. By utilizing the nanowires as the active layer, p-ZnO nanowire/n-ZnO 

thin film type homojunction diode was constructed. The p-n diode characteristics was 

analyzed via current-voltage and photocurrent measurements. The structure showed 

random lasing behavior centered around 380 nm when continuous current was injected 

through it. The large area and random distribution of nanowires facilitated the random 

lasing. 

Electrically pumped whispering gallery mode (WGM) lasing was observed in 

hexagonal ZnO microwires utilizing a Au/ZnO schottky junction. In this structure, 

advantage was taken of the fact that there is an electron affinity and work function 

difference between Au metal contact and ZnO semiconductor. Current-voltage 

characteristics confirmed this Schottky diode behavior as expected. WGM lasing 

characteristics with defined mode pattern was observed as a result of total internal 

reflection (TIR) inside the hexagonal wires. It is believed that, lasing in this structure is 
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related to excitonic recombination which has also been proved through high temperature 

EL measurements. 

Schottky junction based ZnO nanowire random lasers were also fabricated where 

the insertion of a distributed bragg reflector (DBR) layer enhanced the lasing performance 

significantly. The designed DBR structure provided high reflectivity in our desired 

wavelength range and thus helped to improve lasing performance by reducing threshold 

current and increasing output power. 

To exploit the full potential of any kind of laser, single wire device with high quality 

factors is important. Our recent work paves a way towards that direction. By slightly 

modifying or changing our current structure it is possible to fabricate such lasers. Here we 

propose a single ZnO microwire based metal-semiconductor-metal type laser for a future 

project to work on. Figure 6.1 shows the schematic of the device. The device can be 

fabricated in the following manner. First, we choose a commercially available SiO2/Si 

substrate to work on. Then, we cover a part of the substrate with a tape and slowly spin 

coat polymethyl methacrylate (PMMA) with the tape on it. This will form a thick layer of 

PMMA. Subsequently, we remove the tape carefully; the PMMA on this part will be gone 

and the underneath SiO2 will be exposed; The remaining PMMA will form two islands 

separated by the exposed SiO2. Next, we place a ZnO microwire using a tweezer balancing 

on the islands. The microwires can be produced via vapor phase methods as described in 

chapter 4. If we notice we observe that, the middle part of the wire has the same 

surrounding, which is air, around it. This is most likely to improve the cavity confinement 

or TIR inside the wire for WGM  type of lasing operation with high quality factors. To 
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complete the device fabrication we need metal contacts. We cover the middle part (hanging 

in the air) of the wire with an aluminum foil very carefully so that it puts minimum pressure 

on the wire. The parts of the wire resting on islands are exposed. Now metal (Au) is 

evaporated on the whole sample. After e-beam evaporation, the shadow mask (aluminum 

foil) is taken off causing the middle part to be exposed again. Therefore, an MSM type 

laser diode with symmetric contacts is fabricated. The contacts have thick layer of PMMA 

and SiO2 underneath. Hence the only possible electrical path from one contact to another 

is the wire only, causing minimal leakage. Under a sufficiently high voltage applied across 

the MSM junction, holes can be generated near the reverse-biased Schottky junction in 

MSM system due to local impact ionization and quickly interact with electrons to form 

excitons, which lead to excitonic lasing.  
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Figures 

 

 
 

 

 

Figure 6.1 Schematic of single ZnO microwire MSM laser. 




