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Abstract 
 

We are at a tipping point of the next industrial revolution, which will change the way we work, 

live and communicate. Especially, the augmentation of data storage and process will require 

communication networks that can handle around 175 zettabytes by the end of 2025. Optical 

interconnect technology is a promising candidate, as it can transmit data at lightning speeds within 

chips and boards in an energy efficient way. Laser is the backbone of such optical circuits and is 

often integrated with its electrical counterpart for power inputs. With the advances in fabrication 

techniques, micron-sized III-V semiconductor lasers are widely used, not only in data 

communication, but more widely in medicine, robotics, green energy, military etc. However, there 

is still a strong prerequisite to make these lasers even smaller and more energy efficient for optical 

interconnect technology. Nanowires are a suitable candidate for such devices due to their large 

surface area-to-volume ratio, high aspect ratio, confinement of photons in two dimensions and ease 

in integration with other substrates. However, research of III-V semiconductor nanowire Fabry-

Pérot cavity lasers is still in the early stages and a lot more theoretical and experimental research 

need to be done to realise devices, in particular those that are electrically powered, that are 

manufacturable for practical applications. 

In this thesis, in-depth theoretical and experimental studies to fabricate nanowire lasers are 

presented. First, numerical modelling to optimise the dimensions of nanowires are performed to 

achieve low threshold lasing. Following this, epitaxial growth optimisation is carried out to achieve 

the desired dimensions of nanowires. Subsequently, fabrication of two different types of device 

architecture featuring single nanowire and nanowire array devices are done. For single nanowire 

devices, an InP p-i-n axial structure is explored. The single nanowire laser devices display light 
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emitting diode (LED) characteristics, but unfortunately, they fail at higher injected current before 

lasing is observed. The potential causes of degradation of devices are high metal absorption, lower 

gain due to smaller active region and high free carrier absorption. To overcome high metal 

absorption and lower gain, radial p-n junction structures are investigated and significant 

improvement in the device performance is observed. However, the devices also fail at higher 

current injection levels prior to lasing threshold.  

To overcome high free carrier absorption, transparent conducting oxides (TCOs) are used as a 

dopant layer forming a heterojunction with InP nanowire arrays as well as a contact layer. TCOs 

exhibit metal-like conductivity but with a high degree of transparency. Numerical analysis to 

compute the optimum nanowire dimensions to obtain lasing, such as diameter and length, are 

carried out. For n-type TCOs, ZnO and SnOx  are explored as potential materials, while for p-type 

TCOs, SnxNiyOz is evaluated. Optical, compositional and electrical properties of the TCOs are 

investigated at various deposition conditions. Junction properties as well as band alignment at the 

TCO-InP interface are studied to have in-depth insight of carrier injection and transport across the 

heterojunction. Finally, electroluminescence characteristics are measured and all the devices show 

promising LED behaviour, but again, fail to lase due to excessive heating at higher current 

injection levels due to carrier crowding, non-uniformity and shifting of the recombination region. 

For ease of integration, cost effectiveness and minimising the shift of the recombination region, 

flexible nanowire array devices are also demonstrated, which provide LED characteristics, but still 

fail to lase. Potential reasons and steps towards improvement such as modified fabrication process 

to mitigate recombination inside the substrate, proper heat sinking and incorporation of quantum 

wells and quantum dots to enhance gain are investigated. Nevertheless, the knowledge and 
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understanding gained from devices fabricated in this thesis are promising steps towards realising 

electrically injected III-V semiconductor nanowire lasers.
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Chapter 1. Introduction  
 

1.1 Motivation  

 Semiconductor lasers have remarkable impact on our society where they are extensively being 

used in diverse fields ranging from telecommunications, military, medical science, industry, 

graphics, sensors, information technology etc. Technological development has led to significant 

improvement in enhancing the efficiency and miniaturising the lasers down to the micrometre 

scale. The advantages of these small lasers are low operating power, ease of integration with other 

devices, low cost and high-volume manufacturing. Thanks to advanced fabrication techniques, 

apart from becoming the major component of consumer electronics, these lasers are now replacing 

their bigger counterpart (gas and solid-state lasers) in medical science, optical communications, 

photonics etc. 

In biology and medical science, it is possible to implant biocompatible nanowire lasers in living 

cells. This will open up an opportunity to explore gene therapy and drug delivery, in vivo studies, 

bio-imaging/sensing, electrochemistry, and electrophysiology 1.  

Every year, usage of data is increasing exponentially. Globally in 2018, 33 zettabytes of new data 

was generated and is expected to rise to 175 zettabytes by the end of 2025 2. To handle such a high 

volume of data, we need a high-performance computing device with low power consumption and 

high bandwidth. However, such devices are currently limited by resistive loss and RC delay in 

electrical interconnect. These issues could be addressed by replacing electrical interconnect with 

optical interconnect for short distance data communications. Primary element missing for such 

optical interconnect is nanoscale semiconductor lasers. Most of the leading chip manufacturing 
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companies have extensive research programs in chip-to-chip optical communications for future 

smart phones, Internet of Things and data-centres.  

In Si-based electronics, Mooreôs law predicts that number and density of transistors doubles every 

two years in integrated circuits. Right now, transistors have already reached to the atomic scale 

such that further miniaturisation is extremely challenging, thereby putting a limit on the processing 

speed 3. Furthermore, thin copper wires used to connect transistors on chip have RC delay. In 

addition, Ohmic losses lead to heat generation of the chip that affects their performance. Using 

optical signals to transmit data can avoid such issues and increase speed several folds 4. 

Semiconductor laser is one of the key components in this optical data communication circuit. 

Unfortunately, the size of current semiconductor laser is much larger than the components in the 

electronic circuit. Hence decreasing its dimensions to sub-wavelength scale is required for high 

density integrated photonic circuits.  

Due to the nanoscale one-dimensional wire like structure, semiconductor nanowires are promising 

solution for integrated photonic circuits. High aspect ratio, large surface-to-volume ratio, high 

crystalline quality and carrier/photon confinement in two dimensions make them different from 

other bulk structures. Compound semiconductor nanowires are promising solution for high density 

nanoscale lasers owing to their unique geometry which acts as a cavity/natural optical resonator 

and material which behave as a gain medium. High refractive index difference between the 

nanowire and the surrounding medium (air) leads to better confinement of optical modes 5. 

Furthermore, due to sub-wavelength dimensions of nanowire, the end facets act as highly reflective 

mirror for optical feedback as compared to their bulk counterparts 6. Additionally, by simply 

changing the composition of semiconductor, the output lasing wavelength can be altered for 

different applications that require different operational wavelengths.  
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Most of the research on semiconductor nanowire lasers focus on optically pumped nanowire lasers. 

However, for practical purposes, electrical injection is required. To date, there are very few 

demonstrations of electrically injected nanowire lasers primarily due to fabrication challenges, 

excessive heating, non-Ohmic contacts, non-uniform doping, metal absorption and non-uniform 

current injection 7.  

1.2 Aim  

The aim of this thesis is to provide a deeper insight of fabrication methods and challenges to 

achieve electrically injected nanowire lasers. This thesis mainly explores two different types of 

geometries to achieve lasing: first, single nanowire devices (p-i-n nanowires) and second, array 

nanowire devices (nanowires incorporating transparent conducting oxides (TCOs) to form both 

the p-n junction and the electrical contact). TCO and radial junction are used to reduce metal 

absorption losses, free carrier absorption and increase active region.  In both the cases, simulation 

and experiments are performed and various challenges to achieve lasing along with possible 

solutions are discussed. Furthermore, detailed analysis of junction properties, band alignment, and 

TCO characterisation are performed to understand the origin of recombination in various InP-TCO 

nanowire structures. This thesis presents results of various nanowire devices such as single p-i-n 

InP nanowire, p-InP/n-ZnO core shell array device, p-InP/n-ZnO core shell flexible device, p-

InP/n-SnOx radial structure and n-InP/p-SnxNiyOz core shell structure, their fabrication and 

characterisation.   

1.3 Outline 

The outline of this thesis is as follow: 
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Chapter 2: This chapter summarises the progress in nanowire lasers, nanowire LEDs and identify 

the potential issues to achieve electrically injected nanowire lasers. This chapter also explores 

some background knowledge and basic concepts used in the thesis.  

Chapter 3: This chapter provides an overview of various numerical and experimental techniques 

used in this thesis. This chapter is mainly divided into 4 sections, namely experimental techniques, 

growth of nanowires, device fabrication, and numerical techniques used to simulate various 

nanowire structures to obtain low threshold lasing.  

Chapter 4: This chapter investigates single nanowire device fabrication, device characterization 

and numerical techniques used to simulate single nanowire structures to obtain low threshold 

lasing. LaserMOD simulations are performed to determine the optimised dimensions of p-i-n 

nanowires. Experimental results of p-i-n InP single nanowire show that nanowire is burnt before 

reaching to threshold. To minimise metal absorption losses and increase gain, radial homojunction 

devices are investigated which show improvement in the device performance. However, the 

devices are degraded before reaching lasing suggesting incorporation of either TCO or quantum 

well. 

Chapter 5: This chapter presents the simulations and fabrication of devices made from ensemble 

p-InP/n-ZnO core-shell structures. Simulations of ZnO are performed using LaserMOD and 

minimum threshold lower than an order is obtained. Several electrical properties like I-V (current-

voltage) and electron bean induced current (EBIC) are studied to have deeper insight of junction. 

The devices show LEDs characteristics however, they burn when excessive current is passed 

through them. Detailed investigation of device degradation is done. Moreover, to overcome some 

of the issues, flexible LEDs are also fabricated and investigated at different operating temperatures.  
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Chapter 6: This chapter looks into the simulations of ensemble p-InP/n-SnOx core shell nanowires. 

The advantages with SnOx are that it is a low-cost material, and it exhibits higher chemical stability 

as compared to ZnO and ITO. Comprehensive study of SnOx film at various deposition conditions 

is performed using Hall-effect measurements, ellipsometry, X-ray photoelectron spectroscopy 

(XPS) and UV-Vis-NIR spectrophotometry and trade-off between absorption and conductivity is 

observed. Band alignment at InP-SnOx junction is also studied for various films. 

Electroluminescence (EL) measurements confirm that the structure works as an LED but degrades 

before reaching to the lasing. Extensive analysis of origin of various peaks as a function of 

temperature is performed for this structure.  

Chapter 7: This chapter discusses n-InP/p-SnxNiyOz core shell nanowire structures. Alloy of SnOx 

and NiOx is used to achieve stable p-doped layer. The advantages with p-doped TCO is that it 

solves the issues related to the shifting of the recombination region due to low hole mobility as 

well as reduces free carrier absorption since Zn dopants in InP have higher free carrier absorption 

than Si dopants in InP. Carrier transport properties and optical properties are investigated at various 

deposition conditions. Band alignment at the SnxNiyOz /InP junction and core level of SnxNiyOz 

film are studied to have deeper understanding of SnxNiyOz film. Fabricated devices work as LEDs 

and burn when excessive current is passed to achieve lasing. To increase light output, core shell 

InP structures are also investigated to achieve lasing 

Chapter 8: This chapter summarises the key results of thesis and provide directions to achieve low 

threshold electrically injected nanowire lasers.
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Chapter 2. Background Knowledge 

and Literature Review 
 

In this chapter, we provide some background knowledge on semiconductor lasers and review the 

relevant work done in nanowire lasers and LEDs. We also discuss the challenges to achieve lasing 

and the advantage of TCOs. 

2.1 Background knowledge of semiconductor lasers 

In this section, we provide insight on the basic concepts of semiconductor lasers, LEDs and p-n 

junction. First, we discuss the working principles and conditions required to achieve lasing. Then, 

we provide an overview of p-n junction and general concept on LEDs. 

2.1.1  Type of electronic transitions 

Figure 2-1 Schematic diagram showing difference between insulator, semiconductor and conductor. 

A diode laser is made up of semiconductor materials. A semiconductor is a material whose 

conductivity is between metal and insulator (Figure 2-1). The conductivity of the semiconductors 

is due to the transition of the electrons from valence band to the conduction band. Valence band 

of a semiconductor is the outermost energy level where electrons are normally present at T = 0 K. 

On the other hand, conduction band is the lowest energy vacant level present at absolute zero. The 
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energy difference between the conduction and the valence band is the band gap of a semiconductor. 

Due to thermal or other external energy, electrons from valence band are excited to the conduction 

band leaving holes in the valence band, the probability of which is defined by the Fermi-Dirac 

distribution at thermal equilibrium. Transition of electrons between the valence band and 

conduction band leads to the optical properties of the semiconductor material. There are 4 basic 

types of possible transitions as indicated in Figure 2-2. 

Figure 2-2 Different types of possible electronic transitions between conduction band and the valence band. Adapted 

from 8. 

2.1.1.1 Absorption  

Various types of absorptions can occur in semiconductors. In direct bandgap semiconductors 

(conduction band minimum and valence band maximum have same k-vector) such as GaAs, InP, 

GaN etc., an electron from valence band absorbs a photon and is excited to the conduction band. 

In indirect bandgap semiconductors (conduction band minimum and valence band maximum have 

different k-vectors) such as Si, Ge etc., phonon assisted transitions occur to conserve crystal 

momentum. In addition, inter-valence band transitions and free carrier transitions in both valence 

and conduction band can lead to absorption.  
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2.1.1.2 Spontaneous emission 

Spontaneous emission occurs when an electron from conduction band recombines spontaneously, 

without any external stimulus and generates a photon. In such cases, the generated photon is 

incoherent in terms of phase, polarization and direction relative to other photons. This is the 

fundamental process within an LED where all the photons are random with respect to each other 

and there is no feedback mechanism. This kind of recombination requires an electron-hole pair, 

hence rate is proportional to square of excess carrier density. 

2.1.1.3 Stimulated emission 

Stimulated emission is the process when incident photon perturbs the system and leads to the 

radiative electron-hole recombination with same frequency, polarisation, direction and phase. This 

newly created photon also contributes to the existing field leading to the accumulation of a 

coherent field. When the number of stimulated recombination overcome the absorption and other 

losses, the condition of positive gain is achieved and the semiconductor device works as a laser. 

2.1.1.4 Nonradiative recombination 

Nonradiative recombination occurs when instead of emitting a photon, electron-hole 

recombination energy is dissipated in the form of either heat or lattice vibrations. There are mainly 

two types of nonradiative recombination: recombination at electron and hole traps, such as defects, 

surfaces, interfaces and Auger recombination. During the transitions, instead of transiting directly 

from conduction band to the valence band, if electron transit to levels in the mid-bands, the former 

transition occurs. Generally, these mid-bands are formed due to point defects, stacking faults or 

impurity atoms (dopants). Moreover, this kind of recombination is quite common at the surface of 

the semiconductor devices due to dangling bonds on the surface. Since only electron or hole is 

involved in the process, this recombination is proportional to excess carrier density. 
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Another type of non-radiative recombination is Auger recombination in which energy from the 

recombination of electron-hole pair is transferred to either another electron or another hole in the 

form of kinetic energy. Since, three carriers are involved in this process, this recombination is 

proportional to cube of excess carrier density. Nonradiative recombination causes absorption 

losses in the system and are undesirable. 

2.1.2 Gain 

When stimulated emission exceeds the total loss occurring in the cavity, the gain is positive and 

the device works as a laser. In the lasing regime, stimulated emission dominates spontaneous 

emission leading to the sudden rise in light output. However, some random photons from 

spontaneous emission will still be present, making it impossible to achieve a perfectly coherent 

emission. Two of the most common ways to pump the device to achieve positive gain are optical 

and electrical pumping. Optical pumping is usually accomplished by a more powerful optical 

source like lasers having higher photon energy than the bandgap of the device being pumped. In 

electrical pumping, a current is passed through the device, introducing excess electrons in the 

conduction band and holes in the valence band. When the number of electrons is higher in 

conduction band than valence band, it leads to population inversion i.e., optical amplification. 

Increase in pumping leads to enhancement in optical amplification, and finally the condition arises 

such that the total gain overcomes all the losses and lasing occurs. This condition is known as 

lasing threshold and the carrier density required to achieve this is known as the transparency carrier 

density. The losses in the system emerge mainly from mirror losses, intrinsic absorption, metal 

absorption from the electrical contacts and nonradiative recombination. In this thesis, we will 

mainly focus on electrical pumping. To pass current and generate photons in a semiconductor 

device, a p-n junction is required. 
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2.1.3  p-n junction 

Figure 2-3 (a) I-V characteristics of a diode. Band diagram in forward bias (b) for homojunction (c) for heterojunction. 

A p-n junction (diode) is formed at the interface of two semiconductors when a p-type material 

(excess holes) is brought in contact with an n-type material (excess electrons). The most important 

characteristic of p-n junctions is that, they are rectifying in nature i.e., they allow current to easily 

pass in one direction (forward bias) and restrict current in opposite direction (reverse bias). 

However, after certain voltage in reverse bias it is possible for a breakdown to occur, leading to 

excess current flow in the reverse direction. In general, all devices like LEDs and lasers work in 

the forward bias. Figure 2-3 (a) shows the I-V characteristics of a p-n junction. When current is 

passed through a diode for light emitting purposes, it is preferable that entire current generate 

electron and hole pairs. In reality, only a fraction of current generates electron and hole pairs and 

the rest of the current overflows from the junction. To increase this current fraction, a 

heterojunction, double heterojunction or quantum confinement can be employed in the structure. 

This introduces a barrier which confines the carriers in the active region which leads to efficient 

LED or laser. Comparison of current leakage between a homojunction and a heterojunction diode 

is depicted in Figure 2-3 (b) and Figure 2-3 (c). 
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2.1.4 Semiconductor lasers and LEDs 

Figure 2-4 Schematic diagram of (a) an LED demonstrating incoherent output (b) a laser illustrating feedback 

mechanism inside cavity (blue arrows) and coherent output. 

When current is injected in a diode, excess carriers are generated. Some of the generated carriers 

recombine non-radiatively, causing loss of carriers whereas some recombine radiatively and 

generate photons (spontaneous emission). Some current leaks in the process because of thermionic 

emission or lateral diffusion due to lack of confinement. This leakage current also contributes to 

the loss of carriers. When the generated photons are emitted from the device, it operates as an 

LED. Higher the current injection is, more the generated carriers are hence, more the light output.  

To achieve lasing, a cavity is required to amplify the generated photons. As we keep injecting 

more current, threshold condition is reached when, the number of electrons are higher in 

conduction band than in the valence band. Now, the number of downward transitions are higher 

than upward transitions. The photon density gets amplified as stimulated electron hole pairs 

generate photons of same phase, direction and polarity. Once the amplified photon density offsets 

the total loss in the cavity, the device starts working as a laser. Figure 2-4 displays the difference 

between the working mechanism of a laser and an LED.   
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2.2 Review on semiconductor nanowire lasers 

Intensive research has been going on in the 20 years or so to demonstrate nanowire lasers. The 

first nanowire laser was demonstrated in 2001 as optically pumped ZnO nanowire 9. Since then, 

many studies have been carried out on various semiconductor nanowires to investigate lasing. 

Initially the majority of studies were on ZnO, CdS and GaN nanowires because they have large 

exciton binding energy at room temperature 10-13. On the other hand, traditional III-V 

semiconductors such as GaAs and InP suffers issues with material quality and Auger 

recombination 14, 15.  

Most of the studies on nanowire lasers are focused on optically pumped lasing as electrical 

injection has several challenges 16. However, electrical injection is required to integrate nano-lasers 

with the photonic circuits and for practical applications. In this section we will review the different 

techniques used to achieve optically pumped lasing from nanowires and progress in the field of 

electrically injected nanowire lasers. 

2.2.1 Optically pumped III -V semiconductor nanowire lasers 

2.2.1.1 Nanowires transferred from the growth substrate 

After extensive research in III-V nanowires, lasing was demonstrated by transferring the nanowire 

on another non-absorbing substrate. This reduces the optical losses due to the absorption from the 

growth substrate and increases mode confinement. Thick SiO2 on Si was used as the transferred 

substrate due to the low refractive index. The nanowire acts as Fabry-Pérot (F-P) cavity for the 

modes propagating along the nanowire axis while its end facets act as mirrors due to high refractive 

index difference between nanowire and air 6, 17. The first III-V semiconductor nanowire laser based 

on GaAs/GaAsP core shell nanowire was demonstrated at cryogenic temperatures due to poor 

material quality 15. After several attempts and optimisations, room temperature lasing was 
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achieved on GaAs/AlGaAs nanowires using both metal organic chemical vapour deposition 

(MOCVD) and molecular beam epitaxy 18-20.  

Initially most of the lasers were achieved using GaAs-based nanowires as defect-free GaAs 

nanowires can be realised using vapour-liquid-solid (VLS) growth mechanism. However, GaAs 

nanowires need passivation due to high surface recombination velocity which leads to 

complexities in device fabrication and increases cavity loss through absorption 19. On the other 

end,  InP nanowires have significantly lower surface recombination velocity 21. Lasing from non-

passivated InP nanowire was demonstrated by Gao et al. at room temperature 22.  

To increase the efficiency of the lasers in terms of threshold current, differential gain, modulation 

bandwidth and temperature stability, quantum confinement of the active region is required 8.  

Superior device performance can be achieved by discrete density of states using quantum 

confinement. Nanowire lasers with quantum confinement have been demonstrated using axial 

InGaAs quantum dots in GaAs/AlGaAs core-shell structure 23, GaAs/AlGaAs core-shell multi-

quantum well structure 24-26, GaAs/InGaAs multi-quantum disk 27 and InP/InAs multiple axial 

quantum wells 28.  

Apart from quantum confinement, several other techniques were used to achieve low threshold 

lasing. This includes a thin layer of crystalline silver to confine plasmonic modes in GaAs/AlGaAs 

core-shell nanowires 29, continuous wave lasing in GaAs/AlGaAs core-shell nanowires at 4K 30, 

p-doping to enhance radiative efficiency in un-passivated GaAs nanowires 31, enhancing quantum 

efficiency using antenna design in InP nanowires 32, hexagonal photonic cavity of array of 

GaAs/InGaAs/GaAs nanowires removed from substrate using polydimethylsiloxane (PDMS) 33 

and thin metal layer for high thermal conductivity and enhanced confinement for quantum well 

structures of both core-shell GaAs/AlGaAs nanowires and axial InP/InAs nanowires26, 28. 
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Takiguchi et al. used Si photonic crystal cavity, transferred InAsP/InP nanowire on it and 

demonstrated lasing 34, 35. 

2.2.1.2 Ensemble nanowires  

Several attempts have been made to demonstrate lasing of III-V compound semiconductor 

nanowires on Si. Monolithically integrated InGaAs/GaAs nanowire laser on Si, working at room 

temperature was first demonstrated by Chang-Hasnainôs group 36. Helical cavity modes instead of 

traditional F-P modes were observed in such geometry. They performed extensive study of this 

structure and concluded that InGaP shell is better passivating layer than GaAs 37. They have also 

demonstrated lasing from needle shaped InP on Si 38, whisper gallery mode in InGaAs nano 

needles 39 and InP/InGaAs multiple quantum well laser using quantum confinement 40, 41. Helical 

modes have also been reported while demonstrating room temperature lasing in polytypic InP 

nanowire on (001) Si using ART technique 42, 43. 

Photonic crystal cavities can provide ultra-low threshold because they have strong optical 

confinement in small mode-volume and have high quality factor 44. Room temperature lasing from 

InGaAs/InGaP nanowires, monolithically integrated on Si on insulator platform was demonstrated 

using photonic crystal cavity 45-48. Photonic cavity was formed by nanowires and air holes which 

provide optical confinement by total internal reflection. In addition, single nanowire lasers grown 

on Si substrate with high spontaneous emission factor were demonstrated on GaAs/AlGaAs 

nanowire 49. 

2.2.2 Electrically injected nanowire lasers 

Miniaturisation of lasers is worthwhile if electrical pumping is possible for practical application 

of the devices. Electrical injection is one of the best features of semiconductor laser which is 



                                                               Chapter 2. Background Knowledge and Literature review 

 
 

17 

advantageous over other lasers such as solid-state lasers, where optical pumping is the only option. 

For the last two decades, there has been immense global effort to demonstrate electrically injected 

nanowire lasers using innovative cavity designs and methods to overcome other requirements such 

as defect free nanowire, heavily doped p and n junction, high quality contacts, good thermal 

dissipation, integration with Si and mass production 16. However, the progress in this area is still 

very slow and limited.  

The first electrically injected nanowire laser was demonstrated in 2003 in n-doped CdS nanowires 

by transferring them onto heavily doped p-Si substrate. The devices could only work at low 

temperatures due to non-uniform current injection and poor optical quality 11. After significant 

attempts, room temperature lasing was shown in ZnO nanowire arrays using electron-hole plasma 

mechanism. The devices were fabricated by growing p-doped ZnO nanowires on an n-doped ZnO 

thin film on sapphire substrate 12. In addition to F-P cavity modes, several groups have reported 

random lasing from ZnO nanowire arrays 50-57 

Noteworthy progress has been made in group III-N nanowires to demonstrate lasing in ultraviolet 

regime. InGaN/GaN axial quantum well nanowire arrays grown on (001) Si were used for tunable, 

room temperature and continuous wave pumping. To enhance the reflectivity, SiO2/TiO2 

Distributed Bragg refractor mirror was used 58-60. Circular PMMA/air dielectric distributed mirrors 

were also used to achieve room temperature, low threshold lasing from InGaN/GaN triangular-

shape nanowires formed via the top-down approach 61. In addition, Anderson localisation was 

exploited to demonstrate room temperature, tunable wavelength random lasing from AlGaN/GaN 

core-shell nanowire arrays grown on Si 62-66. 

In III -V semiconductors for near infrared wavelengths, pioneering work has been done in metal 

cavity lasers. A metal shell is used to tightly confine light within the sub-wavelength 
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semiconductor structure. Theoretically, the advantages of these metal cavity lasers are ultra-small 

physical volume, fast modulation and good heat dissipation at room temperature 67. Hill et al. 

reported first metal cavity laser on InP/InGaAs/InP nano-pillars surrounded by a thin silicon nitride 

insulating layer and then coated with gold. High optical losses due to metal restrict lasing only at 

low temperatures 68. Several attempts have been made to achieve room temperature and continuous 

wave lasing in metal cavity lasers including optimising insulating layer thickness 67, using 

rectangular geometry instead of circular to control dimension individually which helps in mode 

selection 69, 70, using aluminium oxide or SiO2 instead of silicon nitride for better thermal 

management and passivation 71, 72, using tunnel junction for better current injection 73-75.  

However, for practical applications several challenges such as complex device fabrication, low 

device lifetime, significant heating, efficient coupling in free space or waveguide structure need to 

be addressed 7, 69. All the metal cavity lasers use top-down approach to obtain the nanostructures. 

Device lifetime is low due to damage at the surface caused by etching 7. Moreover, insulating layer 

used to form a semiconductor-dielectric-metal core-shell structure can cause heating problem 76. 

To address the majority of these problems, one of the feasible solutions is F-P cavity lasers using 

bottom-up approach. Although there are several reports on III-V LEDs however, electrically 

injected F-P cavity lasing in III-V nanowires is yet to be reported. 

2.3  Review on III-V nanowire LEDs 

Several structures have been investigated to study the EL properties from nanowires. Nanowires 

can be grown in 2 different configurations; axial and radial (core-shell). Radial structure has an 

advantage over axial structure due to the larger recombination region owing to a higher surface 

area-to-volume ratio. However, radial structures suffer with non-uniform current injection. The 

first axial nanowire array LED was reported in 1992 with tapered GaAs nanowires 77. Following 
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this, studies on axial GaAs nanowires with improved morphology 78, 79 as well as radial 

heterojunction structure such as n-GaAs/InGaP/p-GaAs 80 and GaAs/InGaP 81 have been reported. 

To enhance light output, quantum well and quantum dots in the GaAs nano-LEDs have also been 

investigated 82-86.  

The first InP nanowire LED was demonstrated by Lieberôs group using axial single nanowires 87, 

88. Subsequently, more studies of doping profiles, far field properties and current injection 

properties were performed for axial homojunction InP nano-LEDs 89-92. To achieve 

telecommunication wavelengths, quantum well and quantum disks were incorporated in InP 

nanowires and LED properties were investigated 93-97. Modulation frequency of up to 3 GHz was 

also explored in InP/InAs quantum dot single nano-LEDs 98. In addition to this, LEDs from InP-

InAsP single quantum dot, AlGaInP coreīshell nanowires and GaInP/AlGaInP quantum well 

nanowires have also been studied 99-101. 

2.4 Challenges to realise III-V nanowire electrically injected F-P cavity 

lasers 

2.4.1 Lower gain medium 

Compared to the traditional bulk lasers, nanowire lasers have smaller active gain medium as the 

volume of nanowires is significantly lower. Due to its small size, mirror losses in the nanowire 

laser are higher. Furthermore, nonradiative recombination at the surface due to higher surface- to-

volume ratio and scattering losses is also higher. To compensate the losses, higher gain is required 

which is obtained by injecting higher current. However, high current injection leads to significant 

heating of device which reduces gain 8. Higher gain is the reason why the majority of optically 

pumped lasers requires strong pumping 7, 19, 36. In optically pumped lasers, the entire active medium 

contributes to the gain. However, gain is limited to electron and hole diffusion length scales in 
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electrically injected nanowire lasers and remaining active medium act as an absorbing medium. 

As a consequence, electrically injected nanowire lasers require optimised design and is more 

challenging to achieve than optically pumped lasers.   

2.4.2 Doping challenges 

Incorporation of precise and high doping levels still remain elusive in III-V semiconductor 

nanowires, which makes it difficult to inject high current in the device without generating 

significant heat. The most prevalent method to grow nanowire is VLS where a metal nanoparticle 

such as gold is used as a catalyst. Controlled and uniform doping with gold catalyst is difficult 

because surface doping on the nanowire sidewalls occurs by the vapour-solid mechanism, which 

causes non-uniform distribution of dopants. This happens because nanowire sidewalls remain in 

contact with the dopants for a longer time than the core of the nanowire, so more dopants are 

incorporated there, causing a radially non-uniform distribution of dopants 102, 103. Moreover, the 

use of excessive dopants can affect nanowire morphology 31 and can cause non-uniform axial 

doping due to incorporation and subsequently precipitation of dopants from nanoparticles 103. To 

achieve uniform doping, selective area epitaxy (SAE) is a more promising method. Additionally, 

with SAE, larger diameter nanowires can be obtained without any defects such as twinning, and 

polytypism, which is another limitation of the VLS technique 22. However, getting high p-doping 

in InP nanowires as well as defect-free structure in GaAs nanowires using SAE is still a challenge 

20, 104. Additionally, incorporation of dopants reduces carrier lifetime which may be detrimental for 

some device applications 105. Furthermore, lower mobility of carriers in nanowires as compared to 

its bulk counterparts further reduces device performance 21.  
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2.4.3 Excessive heating 

Excessive heating can significantly deteriorate the performance of device. The thermal 

conductivity of III-V nanowire is much lower than that of the bulk 106, 107. Increase in surface-to-

volume ratio leads to increased scattering of long wavelength phonons which are the dominant 

heat carriers at the nanowire surface 108. Therefore, heat sinking is a serious issue in nanowire 

devices. Additionally, as mentioned in 2.2.1.1, most of the optically pumped lasers reported are 

those transferred onto a low refractive index substrate like SiO2/Si. Lower thermal conductivity of 

SiO2 and surrounding medium (air) as well as small contact area of vertical nanowires still attached 

to their growth substrates lead to local heat generation. This is why the majority of optically 

pumped lasers have been demonstrated under pulsed laser excitation. In the case of electrical 

injection, additional heat is generated due to the resistance in the device. Moreover, due to 

fabrication limitations and low doping concentrations, it is difficult to make high quality Ohmic 

contacts, which also contribute to localised heating near the contacts.   

2.4.4 Challenges in fabrication process 

Due to the small size of the nanowire cavity (usually a few mmôs in length and a few 100ôs nm in 

diameter), the precise dimensions are very critical for operation. In SAE, although the morphology 

of all nanowires in an array is similar, not all of them have exactly same length and diameter 96, 

109, 110, leading to challenges in contact fabrication, particularly in an axial p-n junction. 

Due to its very small size, the traditional contact fabrication technique like photolithography is not 

much useful in case of single nanowire devices. Generally, electron beam lithography (EBL) is 

used to make contact to the nanowires which is time consuming and complicated in terms of 

alignment. Contact fabrication for axial structure is relatively easier than for radial structure. The 

positioning of metal contact is also very important for a good working device as they can result in 
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high absorption. In the case of a planar device, metal contact is made far from the active region to 

avoid metal absorption. However, for nanowire devices, metal contact is usually made near the 

active region, which introduces additional loss. Hence, an appropriate nanowire device design is 

required to realise F-P cavity lasers. Recently, with the advancement in TCOs, metal absorption 

could be substantially reduced by replacing metals with ITO 58, 60, albeit at the cost of increased 

contact resistance. Naturally, there is a trade-off between conductivity and absorption. 

2.5 Transparent conducting oxides (TCOs) 

There is a growing interest in replacing conventional metal contacts with TCOs, mainly because 

of significantly lower absorption and conductivity close to that of metals 111. TCOs are traditionally 

wider band gap materials (>3.1 eV) which result in lower absorption in visible and infrared region 

making them an ideal candidate for III-V optical devices 112. The electrical conductivity of TCOs 

can vary from insulating to nearly metallic, depending on the stoichiometric ratio. Moreover, they 

can act as a dopant layer (either p or n) with higher carrier concentration which alleviate the process 

of optimising doping levels during growth of the nanowires. The electrical conductivity of TCOs 

is due to the vacancies generated either due to deficiency of metal or oxides. Oxygen deficient 

TCOs are generally n-type as each oxygen vacancy contributes to two electrons 113. Similarly, 

metal deficient TCOs are usually p-type. Doping of TCOs is also prevalent to enhance the 

conductivity 114. 

A wide range of commercially available n-type TCOs such as ZnO, SnO2, In2O3, CdO, Sb-doped 

SnO2, F-doped SnO2, ITO, Al-doped ZnO and Ga-doped ZnO have been investigated for practical 

use 115. A myriad of dopants such as Cr, B, Sc, Y, In, Mg, Ga in copper-based oxides, Li, Al, Ga, 

In and N in tin oxide, NiO and SrCu2O2 have been investigated to achieve high mobility, high 

carrier concentration and low absorption in p-type TCOs 116, 117. However, reports on using p-type 
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TCOs in devices are scant. The reason behind this is the strongly localised O 2p-derived orbital in 

the valence band 118, 119. Therefore, modification in the valence band is required to reduce 

localisation to achieve p-doped TCOs.  

2.6 Conclusions 

In summary, this chapter covered the concepts and relevant information used in this thesis. First, 

it described the working principle of semiconductor lasers and LEDs. Following which, progress 

in optically pumped nanowire lasers was reviewed. For practical applications, electrically injected 

nanowire lasers are required. Therefore, advancement in the electrically injected nanowire lasers 

with potential challenges was discussed. Finally, the importance of TCOs as a replacement for 

metal contacts was highlighted.
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Chapter 3. Experimental and 

Numerical Techniques 

In this chapter, we describe both the numerical techniques used for laser design as well as the 

experimental methods from growth to the fabrication. For fabrication, we provide in-depth detail 

of various deposition and etching tools used in this thesis. We also describe some of the key 

characterisation instruments used to study the optical, electrical and structural properties of 

different structures. This chapter is divided into four sections that cover experimental techniques, 

growth, and fabrication, followed by numerical techniques used in this thesis. 

3.1 Experimental techniques 

3.1.1 Plasma enhanced chemical vapour deposition (PECVD) 

PECVD is one form of chemical vapour deposition where additional kinetic energy for chemical 

reaction to occur at the surface of substrate is provided by plasma. The reactant gas is introduced 

between two electrodes in a parallel plate configuration - a grounded electrode on bottom and an 

RF biased electrode at the top. The capacitive coupling between these two electrodes is required 

to transfer RF power to the precursors (gases) to form plasma. This makes it possible to deposit 

high quality film at relatively low temperatures 120. Due to this feature, it is a very popular tool in 

the semiconductor industry and is mainly used for low melting point substrates and photoresist. 

Figure 3-1 shows a schematic of a typical PECVD system. Substrate temperature, chamber 

pressure, plasma power and gas composition play important role in the resulting film properties, 

both, electrical and optical. The table 3-1 shows the impact of increasing or decreasing these 

parameters. The refractive index can be easily controlled by changing the gas ratio. 
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Table 3-1 Effect of different parameters on the deposited SiOx film 

 

Figure 3-1 Schematic diagram of PECVD. Reproduced from 121. 

In this thesis, Oxford Plasmalab 100 PECVD chamber was used to deposit SiO2 at temperature of 

300oC. N2, N2O and SiH4 were used with flow rate of 116, 710 and 9 sccm, respectively at 650 

mTorr pressure. The deposition power was set to 20 W. During SiO2 deposition, SiH4 acts as the 

source of Si and N2O that of oxygen. N2 is used as a dilute gas to improve uniformity of the 

deposited SiO2. 13.56 MHz RF power generator was used to generate the plasma.  

 Deposition 

rate 

Refractive 

index 

Deposition rate 

uniformity 

Refractive 

index 

uniformity 

Film stress BHF Etch 

Rate 

¬ SiH4 flow ¬¬ ¬ ®®  ¬¬ (more 

tensile) 

¬¬ 

¬ N2O:SiH4 

ratio 

® ® ® ®   

¬ 13MHz power ¬ ® ¬¬  ®® (more 

compr.) 

®® 

¬ Pressure ®  ¬ ¬   

¬ Temperature ¬ ¬    ®®® 
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The simplified reaction is as follows: 

SiH4 (g) + 2N2O (g) Ÿ SiO2 (s) + N2 (g) + H2O (g) 

3.1.2 Electron beam lithography (EBL)  

EBL was used for patterning the substrate for SAE and nanowire contact fabrication. EBL uses a 

focused beam of accelerated electrons to draw fine patterns on a substrate covered with electron 

sensitive resist. The incident electron beam interacts with the resist and changes its property such 

that the exposed part either dissolve in a developer (positive resist) or cross-link further so that 

unexposed part dissolve in a developer (negative resist). Since the wavelength of electron is much 

smaller than light, it provides remarkably high resolution as compared to photolithography 122. 

Furthermore, arbitrary patterns can be directly written on the resist thereby, eliminating need of a 

mask. One disadvantage of EBL however is the patterning speed ï it is much slower than other 

lithography techniques 122, 123.  

Figure 3-2 Schematic diagram of the EBL system. Reproduced from 124. 
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A Raith 150 system was used for all the EBL work reported in this thesis. Several key factors such 

as accelerating voltage, dose, and aperture were optimised to get desired outcomes. Dose is the 

number of electrons per unit area during writing. Resolution decreases with increasing dose as 

there will be more electron scattering in the resist and backscattering from the substrate (secondary 

dose). An aperture controls the amount of electrons incident on the substrate. Larger aperture 

means more electrons are striking on the substrate and hence writing time decreases. However, 

this degrades resolution too. Increasing the accelerating voltage can enhance the resolution, 

however, the required dose increases due to decrease in secondary dose from the substrate, 

resulting in longer writing times. While lower accelerating voltage requires a shorter time to write 

the pattern, resolution is compromised due to higher backscattering of electrons from substrate, 

resulting in patterns which are much wider than designed 125. A way to work around to this problem 

is by using proximity correction software, incorporated in the EBL tool. Hence, it is a fine balance 

between these parameters to get the desired outcomes in terms of reasonable speed, high resolution 

and reliability. 

In this work, mr-POS EBR resist was used for EBL patterning to grow nanowires. This resist was 

chosen because it exhibits better selectivity during dry etching as an etch mask when compared to 

traditional and more popular EBL resist ï PMMA 126. The acceleration voltage was 20 kV and 

doses were varied depending on the thickness of the resist. As the writing field size and the array 

pattern size were same ï 100 µm x 100 µm, there was no need for stitching. To fabricate contacts 

on single nanowire, undiluted ZEP was used. Detailed information about contact fabrication is 

mentioned later on.   
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3.1.3 Metal-organic chemical vapour deposition (MOCVD) 

MOCVD is a chemical vapour deposition technique used to grow mainly III-V and III-N 

semiconductors. In MOCVD epitaxial growth occurs on the substrate. The gaseous form of the 

reactants of the material to be grown are mixed at high temperature and chemical reaction occur 

forming the epitaxial layer of the material. The advantage of MOCVD is it does not require high  

vacuum and is suitable for mass production when compared to its counterpart molecular beam 

epitaxy 127. 

In this thesis, an Aixtron 200/4 MOCVD system was used. The metal precursors in this MOCVD 

are trimethylgallium, trimethylindium, and trimethylaluminium and trimethylantimony and the 

non-metal hydride sources are AsH3 and PH3. For p doping diethylzinc and for n doping SiH4 are 

used. The metal organic precursors are either solid or volatile liquid which have low vapour 

pressure that inhibits them from reaching the growth chamber.  Hydrogen gas (H2) is used as a 

Figure 3-3 Schematic diagram of the MOCVD reactor used in this thesis. 
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carrier gas to deliver them to the chamber. Ultra-high purity of H2 is passed through the bubbler 

which stores the metal organic precursor to pick up a known amount of metal organic vapour and 

bring it to the growth chamber. The amount of metal organic material is controlled by controlling 

the temperature and pressure of the bubbler, and the flow rate of H2 gas. The non-metal hydride 

sources are kept in high pressure cylinders. The key parameters for optimising the growth rate are 

the growth temperature, molar flow rate of the precursors and their stoichiometric ratio (V/III). 

Total flow rate of all the gases including carrier and pusher etc. are kept constant to achieve laminar 

flow and uniform growth. Generally high temperature is used during growth for efficient 

decomposition of precursors 128-130. 

3.1.4 Reactive ion etching (RIE) 

RIE is a dry etching method in which chemically reactive plasma is used to etch metals, dielectrics 

or semiconductors.  RIE is widely used in micro- and nanofabrication due to its directionality over 

wet chemical etching 131. In RIE, two plates inside a vacuum chamber are connected with a 

coupling capacitor and a radio frequency source. Using RF power, the gas between the plates is 

ionised which results in plasma consisting of electrons, ions and free radicals. The chemically 

reactive species in the plasma are accelerated towards the sample due to DC bias, react with the 

sample and etch away material by forming volatile products. This type of etching is more 

directional and have very less lateral etching regardless of the crystalline orientation due to the 

directional physical bombardment of the ions. 

In this thesis, Oxford Plasmalab 80Plus RIE system was used to etch the SiO2 layer which has 

been exposed after the removal of electron beam resist. To etch 150 nm of SiO2 layer with hole 

opening of around 50 nm in the electron beam resist layer, CHF3 flow of 50 sccm, pressure of 30 

mTorr and RF power of 200 Watts were used for 16 mins.  
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3.1.5 Microwave plasma etching (Barrel Etcher) 

In a barrel etcher, a plasma is used either for cleaning or etching. During cleaning, plasma is 

generated either from O2 or Ar which removes all the organic particles from the substrate under 

reduced atmosphere pressure. Furthermore, the plasma leaves free radicals which enhance the 

adhesion of polymers on the substrate. For chemical etching, the material needs to react with the 

plasma and form volatile by-products 132.   

In this thesis, PVA Tepla Gigabatch 310 M system was used to clean the substrate as well as to 

remove remnant layer of resist after developing.  

3.1.6 Inductively coupled plasma reactive ion etching (ICP-RIE)  

ICP-RIE etching is a plasma-based etching similar to RIE mentioned above, but with additional 

inductively coupled plasma source. High density plasma is generated in the chamber due to 

inductive coupling between the RF antenna and an inductive element. The RF antenna creates an 

alternating magnetic field and induce an electric field, which provides energy to the electrons to 

ionise the gas molecules. The plasma density is hundreds of times higher than that of RIE. This 

makes it possible to etch the sample at very low pressures and at higher etch rates. By separately 

controlling the ICP power and RF power (RIE), it is possible to optimise the etching process to 

obtain structures with lower surface roughness, high aspect-ratio and vertical sidewalls. The ICP 

source increases the etch selectivity and makes it possible to tune the etch window for chemical 

etching (high ICP and low RF powers), physical/chemical etching (moderate ICP and RF powers) 

or physical etching (low ICP and higher RF power) depending on the need 133, 134.  ICP-RIE is 

widely used for etching a variety of materials such as oxides, nitrides, metals and semiconductors 

based on silicon, III-Ns and III-Vs.  
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Figure 3-4 Schematic of an ICP-RIE system. Reproduced from 135. 

In this thesis, a 200iP system from Samco Inc. was used to etch the SU-8 layer. Etching using 

oxygen and argon chemistry (argon is mainly used to sustain the plasma) resulted in the formation 

of micro-masking and damage to InP nanowires as shown in Figure 3-5(a). Micro-masking is a 

result of accumulation of antimony on the surface while etching and leads to high surface  

roughness 136. To overcome these problems, etch optimisation studies were carried out by 

introducing SF6 in addition to O2 and Ar. We found that the chemistry of SF6/O2/Ar (2/10/20 sccm) 

with ICP/RF power of 300/20 W at pressure of 1.33 hPa yields very smooth etching without any 

damage to nanowires as shown in Figure 3-5(b). 

Figure 3-5 SEM images of the InP nanowire array after SU-8 etching at 15° tilted view with (a) Ar/O2 and (b) 

SF6/O2/Ar chemistry. 
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3.1.7 Sputter deposition 

 

Figure 3-6 Schematic of deposition mechanism in a magnetron sputter system. Reproduced from 137. 

Sputter deposition is a physical vapour deposition technique used to deposit thin films. It is a 

plasma system where the target (material to be deposited) is negatively biased and rest of the 

chamber including the substrate holder is grounded for DC sputtering and RF biased for RF 

sputtering. DC sputtering is used for conducting targets while RF sputtering can be used for any 

targets including dielectrics. For metals, DC sputtering is the preferred choice as it is faster. Prior 

to deposition, a gaseous plasma is formed using Ar+ ions. Ar is used to generate plasma due to its 

low reactivity with the deposition material. These ions are accelerated towards negatively biased 

solid target composed of the material to be deposited. This physical bombardment of Ar+ ions 

ejects particles from the target which then travels to the sample surface and condenses, thereby, 

forming a thin film of target material. The density of Ar+ ions near the target can be increased by 

incorporating magnets in the gun configuration. This form of sputtering is called magnetron 

sputtering and is the most widely used form. Figure 3-6 shows the schematic of a magnetron sputter 
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deposition tool. Often, reactive gases such as oxygen and nitrogen are introduced in the chamber 

during metal sputtering to form oxides or nitrides of that metal at the sample surface. This is called 

reactive sputtering. A distinct advantage of reactive sputtering instead of using metal-oxide target 

is that the stoichiometry of these resulting oxides and nitrides can be controlled by varying the gas 

ratio of Ar and O2/N2 while it is fixed when using a metal-oxide target.In this thesis, an AJA ATC 

2400 sputter deposition system was used. This system has five non- magnetic (metals and oxide) 

and one magnetic target guns which are separately powered. Nitrogen, oxygen, argon and mixture 

of these gases can be flown into the chamber and the desired flow is controlled by mass-flow 

controllers. Depositions of n-type SnOx, p-type SnxNiyOz, ITO and Au were done using sputter. 

3.1.8 Atomic layer deposition (ALD) 

Figure 3-7 Schematic showing the various cycles in an ALD deposition of Al2O3. Reproduced from 138.                                

ALD is a chemical vapour deposition method that deposits thin films monolayer by monolayer. 

The advantage of ALD is it produces high quality conformal film with controllable thickness and 
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almost no pin-holes 139. However, it is a time-consuming process 140. For a binary material AB 

with precursor AD and BC, the deposition consists of 4 cycles.Adsorption of AD on the substrate 

2. Removal of unreacted AD and by-products with a flow of N2 or Ar gas at high pressure. 

3. Adsorption of BC on the substrate and reaction between AD and BC. 

4. Removal of unreacted BC and by-products with flow of N2 or Ar gas at high pressure 

leaving layer AB on the substrate. 

Usually, a metal-organic source is used as the metal precursor while either water, O2 plasma or 

ozone (O3) are used as a source for oxygen. It is also possible to deposit metal nitrides using NH3 

gas instead of oxygen source. Often, a plasma source is used instead for oxygen or nitrogen 

deposition cycle. As plasma radicals have higher kinetic energy, high quality deposition at lower 

temperature is possible. Precise thickness of the film (to monolayer accuracy) can be controlled 

by changing the number of cycles. 

In this thesis, both Al2O3 and ZnO films were deposited using a Picosun SUNALE R-200 system. 

trimethylaluminium and diethylzinc were used as the metal-organic precursor for Al and Zn and 

water as a source for oxygen. The deposition was done at 150°C. Pulse time for 

trimethylaluminium and diethylzinc was 0.1 s followed by 4 s of N2 purge in between pulses. Pulse 

time for water cycle was also 0.1 s followed by 4 s N2 purge. The number of cycles were set to 

obtain the desired thickness of both the films. 

3.1.9 Electron beam evaporation (E-beam evaporation)  

Electron beam evaporation is a physical vapour deposition technique where the target material is 

evaporated using high energy electron beam emitted from a tungsten filament. The evaporated 

material precipitates on the substrate which is maintained at much lower temperature than the 

crucible (pocket where material to be deposited is placed). The entire process is done at high 
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vacuum. The high energy focused electron beam locally heats the source material which makes it 

possible to deposit high melting point metals. Furthermore, the deposited film is clean and without 

contamination due to this localized melting. It is a line of sight process and the most widely used 

technique for doing a lift-off process.  

In this thesis, a Temescal BJD 2000 e-beam evaporator was used to deposit Ti and Au as a contact 

for all the devices. To control the precise thickness of the metal, a quartz crystal monitor is used 

for real time monitoring and once the targeted thickness is achieved, the shutter closes immediately 

and stops deposition. Uniformity of deposition is achieved by a rotating the wafer holder.  

Figure 3-8 Schematic of an e-beam evaporation technique. Reproduced from 141. 

3.1.10 Scanning electron microscopy (SEM) 

SEM is a technique used to form image of very small structures of the order of nanometre with the 

help of backscattered electrons. The high magnification is due to wavelength of electron beam (de 

Broglie wavelength) which is much smaller than that of light. The beam of electron is produced 

by an electron gun and focused using magnetic lenses. This focused electron beam interacts with 
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the sample and generate various signals that are collected by different type of detectors. Figure 3-

9 shows the different types of signals generated by electron-matter interaction. Apart from 

imaging, different detectors fitted inside the microscope can provide vital information about 

surface topology and composition of the specimen. Topological images are mainly formed by 

backscattered electrons. Inelastic scattering of incident electron beam by another material cause 

electrons to escape from the samples (secondary electrons). Backscattered electrons are the 

elastically scattered electrons by the nuclei of the atoms. These captured secondary and 

backscattered electrons formed a grey scale image. The number of backscattered electrons depends 

on atomic number of the atom, hence provide the information about the chemical composition of 

the sample 142. The intensity of secondary electron provides information about topology of the 

sample. In this thesis, only secondary electrons were used to image sample surface to study the 

topology. 

Figure 3-9 Possible signals generated by interaction of electrons with a sample.Reproduced from 143. 

Reasonably conductive sample is required for SEM to avoid accumulation of electrostatic charge. 

For non-conductive samples like oxide or polymer, a thin layer of metal was first deposited to 



                                                                              Chapter 3. Experimental and Numerical Techniques 

 
 

37 

prevent charging. The semiconductor used in thesis i.e. InP does not need an additional coating as 

it is fairly conductive. However, SU-8 requires a thin layer of gold coating which was done by 

sputter deposition. FEI Helios 600 Nanolab dual-beam FIB/SEM system and a FEI Verios 460 

system were used for examining the dimensions of the nanowires and other features at different 

fabrication steps. 

3.1.11 Micro -photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy is a technique in which photons emitted from any material 

is captured when excited by an optical source. This technique is commonly used to analyse the 

optical properties of semiconductors. When a semiconductor material is pumped with higher 

energy than its bandgap, charge carriers (electrons and holes) are generated. These carriers can 

recombine by spontaneous emission and produce photons. The shape and peak position of the PL 

curve gives various information like bandgap of material, crystal structure, lattice temperature, 

impurities and thermal broadening 144, 145.  

Figure 3-10 Schematic diagram of the micro-PL system. 
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In this thesis, PL measurements were done using a home-made micro-PL system. To examine the 

properties of individual nanowires, spot size of the order of nanowires is required. This is done by 

integrating an optical microscope with PL measurements and this technique is known as micro- 

PL. For exciting the samples, a pulsed solid state laser (femtoTRAIN IC-Yb-2000, ɚ = 1044 nm, 

repetition rate 20.8 MHz, pulse length 400 fs) with a frequency doubler to 522 nm was used. The 

emitted light was focused onto the slit of a monochromator with a grating of 150 lines/mm (Acton, 

SpectraPro 2750) and detected by a Si-CCD (Princeton Instruments, PIXIS). A time correlated 

single photon counting (TCSPC) system is also connected to analyse the transient decay of the PL 

signal to extract the lifetime of the photo generated carriers. 

3.1.12 Electroluminescence (EL) 

Electroluminescence is an optoelectronic phenomenon in which current is passed through a p-n 

junction and photons are emitted by the recombination of excess electrons and holes. When current 

is applied through an external bias in a p-n junction device, electrons and holes enter from n- and 

p-type segment, respectively. These carriers diffused in the material, recombine and may emit 

photons, particularly in direct bandgap materials.  The spectrum of these photons can then provide 

information about the device.  

In this thesis, spectral measurements were done using a home-made micro-PL as described in 

section 3.1.11. Current was passed through the device using a Keysight B2902A 

source/measurement unit. For temperature dependent EL and I-V measurements, a Linkam stage 

was used which provide accurate temperature control from -195 to 350°C. 
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3.1.13 Electron beam induced current measurements (EBIC) 

Figure 3-11 EBIC current generation process. Reproduced from 146. 

EBIC is a characterisation technique that makes use of scanning electrons, typically in a SEM, to 

detect junctions in the device and to identify defects in the active region. The incident beam of 

electrons results in electron-hole pair generation at the p-n junction. The sample is connected to 

external power supply using special EBIC probes such that these electrons and holes drift by the 

internal electric field present in the depletion region resulting in a current flow to the probes. The 

beam is scanned along the sample and current is taken for each incident beam position. There will 

be very high current generated in the depletion region and is seen as a bright region in the EBIC 

image of the current map. This study gives information about the depletion region thickness as 

well as quality of the junction.  

In this thesis, an FEI Helios 600 Nanolab focused ion beam (FIB) system equipped with Kleindiek 

NanoControl NC40 nano-manipulators was used to study the junction properties of n-ZnO/p-InP 

core-shell nanowires. 
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3.1.14 X-ray photoelectron spectroscopy (XPS) 

XPS is a characterisation technique that uses X-rays to study the electronic structure and bonding 

in metals, semiconductors and dielectrics. Using soft X-rays, it is possible to limit the interaction 

to few nanometres (< 10 nm) and study the surface properties of the material. Hard X-rays, on the 

other hand, are used to study properties deeper from the near surface regions such as buried 

interfaces and bulk electronic structure as they can penetrate deeper into the material. Typically, a 

combination of soft and hard X-rays are used for in-depth study of a given material.  

XPS is based on photoelectric effect. When an atom is irradiated with X-rays, the energy of the X-

rays is transferred to electrons in the atoms which in turn may be excited to higher energy levels 

or even ejected from the atom. Depending on the irradiated energy and energy level of the atom, 

the emitted photoelectron will have kinetic energy according to the relation:  

                                                           KE = hɜ ī ū ï BE                                                     (3.1) 

where ū is the work function of the material, KE is the kinetic energy and BE is the binding energy 

of the photoelectron. By measuring the kinetic energy of the emitted electron, it is possible to 

calculate the binding energy of the material 147. Since each element has a unique binding energy, 

it is thus possible to distinguish elements in the studied material. The experiments are conducted 

in vacuum so that the emitted electron reaches the detector without colliding with molecules in 

atmosphere. XPS can be used for solid, liquids and gases. The depth to which X-rays interacts with 

the material directly depends on their energy. By varying the energy of incident X-rays, it is thus 

possible to study the electronic structure as a function of depth.  

In this thesis, XPS was done using an ESCALAB250Xi instrument from Thermo Scientific, UK 

at the University of New South Wales (UNSW) and the peak fitting was performed using the 
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CASAXPS software. XPS was used to study the atomic fraction, junction properties, core levels 

and oxidation states of SnOx and SnxNiyOz films.  

3.1.15 Ultraviolet photoelectron spectroscopy (UPS) 

UPS is a sub-category of XPS wherein ultra-violet (UV) rays are used instead of X-rays as the 

incident energy to study valence bands of the specimen. Since incident UV light has very lower 

energies compared to X-rays, it is only able to affect electrons from the valence band of near 

surface atoms. As valence electrons are the only entity ejected in UPS, it provides a high-resolution 

measurement of the energy level of valence electrons as compared to XPS wherein the electrons 

are ejected from both the valence and core levels. Another useful result from the UPS is the 

extraction of work function of the sample material.  

In this thesis, UPS was performed at UNSW to study the band alignment at the InP/SnOx and 

InP/SnxNiyOz interface using He-I line with an energy of 21.2 eV. 

Figure 3-12 Schematic diagram comparing photoelectron ejection in (a) XPS and (b) UPS. 
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3.1.16 Hall -effect measurements   

Figure 3-13 Operational principle of Hall-effect measurement using a Greek-cross geometry. Reproduced from 148.                             

Hall-effect measurements is a technique popularly employed in the field of semiconductors to 

determine the carrier concentration, mobility, resistivity and type of majority carriers. The Hall-

effect measurements result in an electrical output in the form of voltage when a sample is exposed 

to a magnetic field perpendicular to electrical current passing through this layer. The sample 

consists of four or more electrical contacts arranged in either Van der Pauw (nearly square or 

circular) or Hall bar geometries (long and narrow). Hall bar geometries are better suited for 

resistance measurements but not for mobility as they are very sensitive to geometry of sample 

(width of sample and distance between contacts) and needs at least six contacts. This disadvantage 

is overcome by using Van der Pauw geometries as the accuracy of measurement is not too sensitive 

to sample geometry. However, Van der Pauw samples takes about twice as long to measure. A 

square sample having uniform thickness with electrical contacts at four edges is the most popular 

Van der Pauw configuration used due to ease of fabrication. However, measurement errors can as 

large as 10%. The Greek-cross Van der Pauw geometry can be used when high accuracy is required 

(errors less than 1%) 149. Figure 3-13 shows the principle of Hall effect measurements in a Greek-
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cross geometry. In this thesis, we used Greek-cross geometry for all Hall effect measurements with 

W = 1 mm. and L = 5 mm. Hall measurements were performed using a Lakeshore system. 

3.1.17 Ellipsometry 

Interaction of light with matter can reveal many interesting properties of a thin film such as 

complex dielectric constants, thickness, refractive index, surface roughness, bandgap, carrier 

concentration, resistivity and mobility 150. Spectroscopic ellipsometry is one such tool and has 

become very popular for non-contact and non-invasive determination of these material properties 

by measuring the incident polarised light reflected from the sample 150-152. The simplicity of sample 

preparation is another distinct advantage of ellipsometry as no additional fabrication steps are 

required post film deposition.  

A schematic showing the working principle of ellipsometer is shown in Figure 3-14. In this 

technique, the sample is illuminated with a beam of polarised light that interacts with the sample 

and reflected from top surface and interfaces. The change in polarisation state of the reflected (or 

transmitted) beam is measured and is commonly characterised by two parameters named psi 

(ɣ)and delta (ȹ) as defined in equation below: 

tan(ɣ)e(iȹ) = rp/rs                                                                                                     (3.2) 

Here rp and rs are the reflectivity of p-polarised and s-polarised light. These two measured 

parameters, ɣ and ȹ are acquired as a function of wavelength and at different incident angles to 

improve the accuracy. The plot of these two measured parameters are fitted to an optical model to 

calculate various parameters described above.  
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A J.A. Wollam M2000 Ellipsometer was used for all the measurements done in this thesis. The 

wavelength range was 200-1700 nm. For each sample, data was taken at three angles ï 55°, 65° 

and 75°. 

Figure 3-14 Operating principle of ellipsometry. Reproduced from 153. 

3.2 Growth of nanowires by selective area epitaxy (SAE) 

 

Figure 3-15 Schematic diagram of SAE. 

SAE is a technique where growth takes place on a substrate which has been pre-deposited  with a 

dielectric mask and patterned using EBL 22. In the deposition chamber, nanowire growth will occur 

only in these patterns and not on the dielectric surface. The diameter and pitch of the grown 

nanowires are defined by the dimensions of the patterned holes while the length is dependent on 
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deposition time. In this thesis, we optimised our nanowire array design by varying the diameter 

and pitch.  

A dielectric mask for the growth of nanowires was made by depositing 150 nm-thick SiO2 using 

PECVD on InP (111)A wafers at 300°C. Then, a thin layer of undiluted positive electron beam 

resist (mrPOS-EBR) was spun on the substrate at 3000 rpm and baked for 2 mins at 150°C. 

Subsequently, EBL was used to create the desired pattern, which is typically predefined holes in 

hexagonal array of 100x100 µm2. After EBL, the resist was developed in Mr-Dev-800 solvent for 

60 sec, followed by plasma etching for 2 mins at 100 W power and 300 sccm O2 flow. This short 

plasma step is essential to remove any residual resist at the base of the holes after developing. 

After this, RIE was done to transfer the holes from resist mask to the SiO2 layer. The remaining 

resist was removed by soaking the wafer in acetone for one hour and then in ultrasonicated for 20 

mins. It was then sprayed with isopropanol (IPA) to remove acetone and dried with N2. The sample 

was cleaned again with oxygen plasma for 5 min to remove any residual resist. A trim etching was 

then performed to remove any damage on the InP surface underneath the openings. Trim etching 

was done by H2O2 and 10% H3PO4 in water solution 154 and immediately, the sample was 

transferred in the MOCVD chamber to avoid any oxidation of the InP surface. Figure 3-15 shows 

the schematic diagram of the SAE process. Axial and radial growth of nanowire was controlled by 

controlling temperature, V/III ratio and flow rates whereas the diameter was controlled by EBL 

design (hole diameter and pitch size).  

3.3 Device fabrication 

3.3.1 Single nanowires 

Single nanowire devices were fabricated on 300 nm of SiO2 layer deposited on silicon wafers. 

First, EBL was done to make alignment cross marks (Figure 3-16 (a)). After developing, 10 nm 
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Ti+70 nm of Au was deposited and lift off was done 155. The sample was sonicated for 2 mins in 

acetone and IPA, respectively to remove the remaining resist as well as dust particles (Figure 3-16 

(b)). Then, nanowires were mechanically transferred using a filter paper near the alignments 

marks. 2 nm of Al2O3 was deposited using ALD for passivation of the devices 156. The optical 

image of each nanowire with alignment marks was taken and drawn in the Raith CAD interface. 

Two layers of undiluted ZEP were spun @ 500 rpm for 5 sec and 2000 rpm for 1 min followed by 

baking on a hot plate at 170oC for 2 mins each time. This gives an overall thickness of ~ 1 µm. In 

general, the thickness of polymer should be more than double of metal thickness to achieve a clean 

lift off. Since the diameter of the nanowire was ~ 500 nm, hence at least 1 µm thick layer is 

required. Finally, EBL was done to make contact on the nanowires with 20 kV accelerating 

voltage, 30 µm aperture and the dose was varied depending on the dimensions required. For 80 

nm line, a dose of 120 µJ/cm2was used while for big pads and connecting line, a dose of 80 µJ/cm2 

was used. To get perfect alignment with the nanowires, writing field alignment was done in the 

proximity of the nanowires using alignment marks.  

Figure 3-16 (a) EBL pattern where cross marks were made to align the nanowires and writing filed alignment 

marks were made on each side. Total size of pattern is 700 µm x 1000 µm. Optical microscope image (b) with 

marks and nanowires transferred inside the cross marks. (c) after contact formation. 
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After EBL, the sample was developed in ZEP developer for 1 min 30 sec and then rinsed with IPA. 

A quick barrel etching was done to remove remnant resist in the openings. A quick dip for 10 sec 

in AZ726 MIF developer was carried out to remove Al2O3 from the resist opening. Just before 

depositing gold contact, a trim etching in HCl: H2O was done for 2 min 30 sec to remove ~20 nm 

of the p-type shell from n-i-p InP nanowires. Finally, 10 nm Ti and 500 nm of Au was deposited 

using e-beam evaporator using a lift-off process (Figure 3-16 (c)). 10 nm of Ti was used as an 

adhesive layer whereas at least 500 nm of gold (same as diameter of nanowire) was required to 

avoid breakage of contact from the side facets of the nanowires 157. Once lift off was done, the 

sample was cut into 2 mm x 2 mm size and mounted on a package. Finally, wire bonding was done 

to connect the pads to the external circuit.    

3.3.2 Array nanowires 

After SAE, the next step is to fabricate the device by making contacts to the p and n regions. In 

array devices, the InP substrate acts as one contact and TCO layer surrounding the nanowire as 

another. In order to separate the two contacts, we chose SU-8 photoresist due to its outstanding 

chemical and mechanical stability as well as excellent electrical insulating properties 158-161. To 

fabricate array nanowire devices, first SU-8-5 was spin-coated at 3000 rpm and baked at 95°C for 

2 min to planarise the wires. Subsequently, the sample was transferred into ICP-RIE and etching 

time was optimised so that remaining SU-8 is around 1-2 µm. After this, it was UV exposed for 1 

min and hard baked at 150°C to make it thermally and chemically strong. Prior to deposition of 

TCO, the samples were dipped in 1% HF for 30 secs to remove any oxide formed on the surface 

of nanowires. Conformal n/p layer of TCO was deposited on the nanowires. n-ZnO was deposited 

using ALD and both p- and n-type SnOx were deposited using sputter deposition. Then a 10 nm of 
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conformal layer of gold was deposited using sputter to decrease contact resistance and provide a 

uniform distribution of current along the nanowire array.   

Finally, a 200 nm top gold pad was deposited near the nanowire array using a shadow mask by e-

beam evaporator and a wire was soldered to connect the device to the external circuit. Figure 3-17 

shows the fabrication of array nanowire devices. For bottom contact, indium-gallium alloy eutectic 

was applied at the bottom of the wafer and then, wafer was bonded on the copper sheet.   

3.3.3 Flexible array nanowire LED fabrication 

To make flexible nanowire devices, first SU-8-5 was spin-coated at 2000 rpm and baked at 95°C 

for 5 min to achieve a film thickness of around 5 µm. After this, photolithography using MaN-

1420 was done to open the area on the top of the nanowire array. This sample was transferred into 

the ICP-RIE chamber and etching time was optimised to obtain a final thickness of around 2 µm. 

The sample was then UV exposed for 1 min and hard baked at 150°C for 2 min to increase cross-

linking of the SU-8 so that it becomes thermally and chemically strong. Then sample was dipped 

Figure 3-17 Schematic cross-sectional diagram of array nanowire LED fabrication. 
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into acetone to remove the remaining MaN-1420. After this, the sample was put into 48% HF 

solution for 5 min, resulting in the underlying 150 nm of SiO2 layer to be etched and the SU-8 film 

peeling off from the substrate with nanowires embedded into it. Finally, the released film was 

rinsed with DI water for 2 min and dried with nitrogen. Nanowire array in the film could be easily 

seen in an optical microscope. The film was flipped and the bottom 150 nm of Au contact was 

deposited along with a transparent acetate film (which housed the flexible film for measurements) 

using e-beam evaporator. The film was flipped back again, and the bottom Au pad was attached 

onto a gold-coated acetate film using silver paste. Finally, all the sides of the film were covered 

with Kapton tape and ZnO layer was deposited using ALD. After that, a conformal 10 nm of gold 

layer was deposited using sputter deposition and top contact pad was made by depositing 150 nm 

of Au using e-beam evaporator. Figure 3-18 demonstrates flexible LEDs fabrication process. Two   

Figure 3-18 Schematic cross-sectional diagram of flexible array nanowire LED fabrication. 
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probes were used to connect the sample to an external circuit to measure I-V characteristics and 

EL properties.  

3.4 Numerical techniques 

3.4.1 Finite difference time domain (FDTD)  

FDTD is a numerical analysis technique of solving partial differential equations using finite 

difference method. It can be used to solve Maxwellôs equations written in partial differential 

equations by calculating the electric and magnetic fields at various points within the computational 

domain 162. Maxwellôs equations are solved across space and time over an independent spatial and 

temporal grid. In the time-domain, first the electric field is solved and, then the magnetic field is 

solved for the next interval of time, and the process repeats until the simulation converges. Since 

it is a time-domain method, a wide range of frequencies can be covered in a single simulation. 

Moreover, it can also be used to solve nonlinear material properties 163. The results from FDTD 

simulation is also more intuitive compared to other numerical approaches as the simulated electric 

fields and magnetic fields can easily be visualized in space and time.  

In this thesis, we used a commercially available software package Lumerical for FDTD 

simulations. We used this technique to simulate the reflection coefficients from end facets of 

nanowires. 

3.4.2 Finite difference eigenmode (FDE) 

FDE is a numerical technique used to calculate the spatial profile and frequency dependence of the 

optical modes. It solves Maxwellôs equations using sparse matrix techniques to obtain guided 

mode profiles, effective index and loss across the cross-section of waveguides. By doing frequency 

sweep group delay, dispersion, group velocity and confinement factor can be calculated 164.   
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In this thesis, we used commercially available software package Lumerical for FDE simulations. 

FDE method was used to calculate guided modes supported in the nanowires as well as 

confinement factor of those modes.   

3.4.3 LaserMOD 

The basic principle of modelling in LaserMOD depends on the MINILASE II code 165.     

Maxwellôs equations are solved to determine light propagation properties inside any structure. 

Depending on the type of laser, different methods are used to solve these equations. For edge 

emitting lasers, modes are separated into longitudinal and transverse modes. Scalar Helmholtz 

equation is used to solve the transverse modes. Longitudinal modes are calculated by cavity length, 

effective index and wavelength. The product of longitudinal and transverse modes are considered 

as total number of modes. Finally, rate equation is solved for each mode separately. For vertical 

cavity surface emitting lasers (VCSEL), transfer matrix method (TMM) is used to solve modes 

supported inside a cavity. The fields at all the interfaces are separated into forward and backward 

propagating waves by applying proper boundary conditions. The transfer matrix of individual layer 

is first calculated and then the transfer matrix of whole structure is defined as the product of 

individual matrices. 

In this thesis, LaserMOD is used to simulate various nanowire structures to study their lasing 

behaviour. Since nanowires have cylindrical geometry, VCSEL-type structure was used for all the 

simulations. Both 1D and 2D simulations were performed to optimise the dimensions of nanowire 

cavity in order to achieve low threshold lasing.  
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3.5 Summary 

In summary, this chapter described the main experimental and numerical techniques used in this 

dissertation for SAE growth, fabrication, characterisation and simulations. The equipment 

employed for growth are PECVD, EBL, RIE and barrel etcher for SAE mask preparation and 

MOCVD for the epitaxy of the nanowires. To fabricate both single nanowire and array nanowire 

devices, ALD, EBL, sputter, e-beam evaporator, ICP-RIE were used. For the purpose of 

characterisation, SEM was used for morphological and structural characterisation while micro-PL 

was used for optical characterisation of the nanowires. I-V, EBIC, Hall-effect measurements and 

EL were used for electrical and optoelectronic characterisation of the fabricated devices. To 

investigate the surface properties of SnOx and SnxNiyOz films, XPS/UPS were performed. 

Simulations using Lumerical FDTD, Lumerical MODE and LaserMOD were done to design the 

appropriate nanowire structures to achieve low threshold lasing.
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Chapter 4. Homojunction InP 

nanowire devices 
 

Cavity dimensions are one of the most important parameters for the optimum performance of any 

laser. In this chapter, we simulate the most basic structure of F-P cavity, an InP nanowire to achieve 

low threshold lasing. After optimising the dimensions, experiments using optimised dimensions 

are performed for both axial and radial homojunction InP nanowire devices.  

4.1 Axial p-i-n InP nanowires 

4.1.1 Simulations 

We selected a p-i-n InP nanowire lying down horizontally on a low refractive index SiO2 substrate 

and is surrounded by air for simulations (Figure 4-1(a)). In this configuration, the nanowire acts 

as an F-P cavity and modes propagate along its axis. Large refractive index difference between 

surrounding medium (SiO2 substrate and air) and the InP increases the confinement of the mode 

while the end facets act as mirrors 5. Although actual InP nanowires have hexagonal cross sections, 

we simplified our geometry and modelled for circular cross-section using a VCSEL geometry. 

Previous studies have illustrated that mode properties are quite similar between nanowires with 

hexagonal and circular cross-sections, provided their cross-section areas are equal 166. 

To perform simulations, first in the global setting, VCSEL was chosen. Following this, in the CAD 

environment, entire diameter cross-section of the VCSEL was drawn by assuming cylindrical 

symmetry along x = 0. In this way, actual 3D calculations were done by revolving the object along 

y axis. To draw the structure in CAD, bulk semiconductor was chosen and drawn three times 

indicating p, i and n segment of InP nanowire. After this, the material descriptions, doping 
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concentration and dimensions were assigned for each segment. The entire structure was covered 

with SiO2 for better convergence as indicated in Figure 4-1(b). All the segments were referred to 

each other so that each region tile automatically and boundaries could be resolved clearly. Then, 

the entire cross-section was transferred into a non-uniform mesh. Since gain is generated in the 

entire nanowire, all the segments were selected as an active region. 

To optimise the laser dimensions , 1D was chosen with reflectivity of 0.99 at both the facets in the 

global settings. 1D simulations were performed to obtain the material gain spectrum and 

transmission spectrum of the cavity. Transmission spectrum gives an insight into the potential 

longitudinal modes inside the cavity. By adjusting the length of the cavity, gain peak and the main 

longitudinal mode was then aligned. This was required before running a full laser simulation in 

VCSEL. 1D VCSEL uses TMM to calculate cavity modes. TMM calculation works on uniform 

mesh hence, mesh size is controlled by defining number of grid points in x and y direction. Once 

the length was fixed, the global setting was changed from 1D to 2D and reflectivity was set to 0. 

Figure 4-1 (a) Schematic diagram of a p-i-n nanowire (b) LaserMOD CAD interface showing the wire was 

covered with SiO2 for better convergence (SiO2 is only on right side as we revolve structure along x = 0). 
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In 2D, finite element method (FEM) solver was used to calculate cavity modes with the initial 

guess obtained from TMM solver. Min div/layer and grid size in y was used to control the 

resolution of FEM mesh. In FEM, reflectivity was calculated by the solver. In VCSEL, light output 

was measured at both the facets of the nanowire. Diameter of nanowire was varied such that 

transverse mode peak aligned with the gain peak. Once the peak was aligned, full laser simulations 

were performed.  

The material data set used for simulations is in-built in the LaserMOD software. However, only 

data for zinc blende (ZB) InP is available in the data set. Since our InP nanowires have wurtzite 

(WZ) crystal structure, the material data set was slightly modified to simulate as close to the real 

Figure 4-2 Room temperature gain curve at a carrier density of 2x1018 cm-3 plotted together with modes supported in 

axial InP nanowire of length (a) 3 µm (b) 4 µm (c) 5 µm (d) 6 µm. 
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structure as possible. The main parameters which affect simulations are band gap, mobility of 

electrons and holes and dielectric constants. The band gap of InP WZ structure has been studied 

extensively and reported at 1.42 eV 167. The electron mobility of InP nanowire was taken as 700 

Figure 4-3 Room temperature L-I plots of axial p-i-n InP nanowire with a total length of (a) 3 µm (b) 4 µm (c) 5 µm 

(d) 6 µm with different diameters showing lasing. 
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cm2 V ī1 s ī1 and hole mobility  as 150 cm2 V ī1 s ī1 21.  Dielectric constants were kept same as  the 

ZB structure. 

To determine the optimum length of nanowire, length of the intrinsic section in the p-i-n InP 

nanowire was varied from 1ï 4 µm. Overlap of the corresponding longitudinal modes and gain 

spectrum at a carrier concentration of 2x1018 cm-3 was observed. This provides information about 

the resonant peak for a particular length of the nanowire cavity. The length of p and n sections was 

set to 1 µm as a minimum of 1 µm was required for contact fabrication using EBL. The i-segment 

length of more than 4 µm (i.e. total length of 6 µm) was not considered for simulation due to 

experimental limitation of growing long nanowires using MOCVD reactors. Figure 4-2 displays 

the overlap of the gain spectrum with transmission spectrum at room temperature. From Figure 4-

2, the resonant peaks at 0.8666 µm, 0.8525 µm, and 0.8578 µm can be observed for 3, 5 and 6 µm 

long InP nanowire cavities, respectively. For 4 µm long cavity, higher carrier concentration is 

required to overlap the longitudinal mode peak at 0.844 µm with the gain curve. 

Once the resonant peak for a particular cavity was obtained, 2D simulations were performed to 

obtain the optimised diameter for the nanowire. The diameter was varied from 100 to 900 nm to 

align the longitudinal mode with the waveguide dimensions. Both n and p doping were kept 

constant at 5x1018 cm-3 and 2x1019 cm-3, respectively. The lasing behaviour for different waveguide 

diameter and nanowire length are plotted in Figure 4-3. The minimum diameter required to achieve 

lasing with 3 and 4 µm long nanowire is 900 and 700 nm, respectively. Minimum diameter needed 

to obtain lasing decreases with increasing length because of the enhancement of the gain region. 

The minimum diameter required to achieve lasing in a 5 and a 6 µm long nanowire is 500 and 400 

nm, respectively. The minimum threshold required to achieve lasing in a 3, 4, 5 and 6 µm long 

nanowire is 7.8, 1.98, 2.5 and 3.18 mA, respectively. Generally, high doping concentration is  
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Table 4-1 Variation of lasing threshold with doping concentration for an InP nanowire with a diameter of 900 nm and 

3 µm in length. 

 

Table 4-2 Variation of lasing threshold with doping concentration for an InP nanowire with a diameter of 700 nm and 

4 µm in length. 

 

Table 4-3 Variation of lasing threshold with doping concentration for an InP nanowire with a diameter 500 nm of and 

5 µm in length 

    p-doping 

n-doping 

1x1018 

cm-3 

5.75x1018   

cm-3 

1x1019   

cm-3 

1.5x1019 

cm-3 

2x1019            

cm-3 

1x1018 cm-3 No lasing No lasing No lasing No lasing No lasing 

2.5x1018 cm-3 No lasing No lasing Soft threshold 15.2 mA 10.2 mA 

5x1018 cm-3 No lasing Soft threshold 15.1 mA 10 mA 7.8 mA 

   p-doping 

n-doping 

1x1018 

cm-3 

5.75x1018   

cm-3 

1x1019   

cm-3 

1.5x1019 

cm-3 

2x1019            

cm-3 

1x1018 cm-3 No lasing Soft threshold 7.2 mA 4.55 mA 2.9 mA 

2.5x1018 cm-3 No lasing 5.85 mA 3.6 mA 2.9 mA 2.7 mA 

5x1018 cm-3 No lasing 4.15 mA 2.9 mA 2.3 mA 1.98 mA 

   p-doping 

n-doping 

1x1018 

cm-3 

5.75x1018   

cm-3 

1x1019   

cm-3 

1.5x1019 

cm-3 

2x1019            

cm-3 

1x1018 cm-3 No lasing No lasing No lasing Soft threshold 9.1 mA 

2.5x1018 cm-3 No lasing Soft threshold 6.15 mA 4 mA 3.8 mA 

5x1018 cm-3 No lasing 6.9 mA 3.9 mA 2.9 mA 2.5 mA 
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Table 4-4 Variation of lasing threshold with doping concentration for an InP nanowire with a diameter of 400 nm and 

6 µm in length 

   p-doping 

n-doping 

1x1018 

cm-3 

5.75x1018   

cm-3 

1x1019   

cm-3 

1.5x1019 

cm-3 

2x1019            

cm-3 

1x1018 cm-3 No lasing No lasing 18.9 mA 9 mA 8.75 mA 

2.5x1018 cm-3 No lasing 13.9 mA 6.4 mA 5 mA 4.35 mA 

5x1018 cm-3 No lasing 6.25 mA 4.6 mA 3.6 mA 3.18 mA 

 

required to form a good Ohmic contact to reduce the resistance of the device 168. However, high 

doping levels increase optical losses significantly due to free carrier absorption 169 and Auger 

recombination 170. To understand doping dependent behaviour, p-doping was varied from 1x1018  

to 2x1019 cm-3 and n-doping was varied from 1x1018  to 5x1018 cm-3 for the minimum threshold 

conditions for nanowires of 3 to 6 µm in length (Table 4-1- 4-4). Here, length of both n and p 

section was kept to 1 µm each. The simulated threshold current required to achieve lasing for the 

doping ranges mentioned above is shown in following tables. It is evident that as we decrease the 

doping concentration, the minimum threshold current required to achieve lasing increases. This 

highlights the importance of forming good Ohmic contacts to the p- and n-segments to make an 

efficient device. The minimum threshold current obtained is 1.98 mA for 700 nm thick and 4 µm 

long nanowire. However, due to fabrication challenges related to EBL as discussed in section 3.3.1, 

we chose to check lasing from nanowires with a diameter of 500 nm and 5 and 6 µm in length. 

4.1.2 Growth of nanowires 

The diameter and pitch size of the SAE mask was varied from 200ï600 nm and 1ï3 µm, 

respectively, to get the nanowires with the right dimensions. As seen from Table 4-5 for the growth  
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of  i-InP nanowires, in order to have better morphology, the opening diameter needs to be increased 

Table 4-5  SEM images (45o tilted view) of InP nanowire arrays as a function of diameter and pitch. All scale bars are 

2 µm. 

Figure 4-4 Time-resolved PL and fitting of undoped InP nanowire with a diameter ~500 nm and length of 5 µm. 
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with increasing pitch size. Moreover, to obtain a diameter of around 500 nm, a pitch size of 1 µm 

Figure 4-5 SEM images at 45° tilted view (top), top view (middle) and time-resolved PL and fitting of (a) n-doped 

and (b) p-doped InP nanowire arrays. 
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with hole opening of 400 nm is required which gives lifetime of ~1 ns (Figure 4-4). Once the mask 

pattern for undoped nanowires was fixed, doping studies were performed. Flow rates of the Zn (p-

dopant) precursor were varied from 5x10-7 to 5x10-6 mol/min and Si (n dopant) precursor were 

varied from 5x10-9 to 5x10-7 mol/min. We found that morphology of the nanowires was not 

significantly affected by the variation in the dopant flow rates (Figure 4-5). However, the lifetime 

of the nanowires was found to decrease as the dopant flow rate was increased, indicating a rise in 

free carrier absorption 105. It is evident from Tables 4-1 to 4-4 that higher doping concentration is 

required to achieve lasing hence, maximum dopants flow rates were used. The growth time for 

individual p, i and n section was optimised to achieve the desired length. A slight variation in 

height from 4- 6 µm in a 100 x 100 µm2 array was observed from the centre to the edge of the 

array.  

4.1.3 EL measurements 

Following growth, devices were fabricated using the process described in section 3.3.1. Figure 4-

6(a) shows a fabricated single nanowire device on SiO2 substrate indicating perfect alignment to 

the electrical connections. The width of the electrical contact was ~ 300 nm. This was the minimum 

dimension that could be obtained using EBL on thick resist. Since the diameter of nanowire was 

500 nm, at least 1 µm ZEP is needed for clean lift off. Resolution of EBL pattern decreases with 

resist thickness. Considering significantly high absorption from metals, it is important to reduce 

overlap of the metal contact with the active region 171. Therefore, EBL conditions were optimised 

to achieve minimum contact width.  Moreover, the end facets of the nanowire were kept free from 

the electrical contacts so that absorption of the emitted light could be minimised.  

Simulated and measured I-V curves depicted in Figure 4-6(b) show a typical rectifying behaviour 

of the p-n junction. Higher turn-on voltage for experimentally measured I-V indicates high series 
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resistance at the contacts. This might be due to low doping level in nanowires and/or non-ideal 

Ohmic contact formation. Figure 4-6(c) shows the room temperature spectral characteristics of the 

device where luminescence increases with increasing current injection. However, at a current of 

more than 4 µA, the device was burnt. Degradation of device performance might be due to local 

heat generation, non-ideal contacts, high free carrier absorption due to dopants and significant 

metal absorption as the metal contact is in direct contact with the nanowire. To minimise heating 

issues, further measurements were performed at low temperature (78 K). When temperature of a 

laser diode decreases, the gain generated increases 8. Higher gain can be helpful in reducing 

Figure 4-6 (a) SEM image of a single nanowire device with contacts fabricated, where green, yellow and red dashed 

rectangle represents n-doped region, undoped region and p-doped region, respectively. (b) Comparison of simulated 

and measured I-V characteristics at room temperature. (c) EL spectra of single nanowire device at different injection 

levels.  
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threshold current without generating excessive heat. This is because as temperature increases, gain 

decreases which leads to increase in transparency carrier density 8. Spreading of carriers due to 

thermal energy is the main cause for this. Additionally, higher Auger recombination and carrier 

leakage due to thermal energy also contribute to the increase in threshold current 8.  

Figure 4-7 (a) Comparison of simulated and measured I-V characteristics. (b-d) EL spectra of single nanowire device 

at different current injection levels. 



Chapter 4. Homojunction InP nanowire devices 

 
 

65 

Fig. 4-7 (a) shows the comparison of the simulated and measured I-V curves for a nanowire with 

a diameter of 500 nm and 5 µm in length. For experimentally measured device, higher turn on 

voltage was observed as compared to simulated device indicating the above-mentioned issues. 

Figure 4-7 (b-d) shows the usual LED behaviour where EL intensity increases with increasing 

current injection. In contrast to room temperature measurements, two distinct peaks were observed 

at low temperature. The highest energy peak corresponds to band-to-band transition whereas the 

lowest energy peak is related to Zn acceptor levels. Detailed analysis of this peak is discussed in 

section 5.4.2. At higher current injection, both peaks merge and shift towards higher wavelength 

indicating significant heating of the device. The maximum current the nanowire could survive 

without burning is 85 mA. The peak position at 85 mA is 870 nm, indicating the local temperature 

is ~ 298 K  167. Additionally, the minimum threshold required to achieve lasing is of the order of 

mA, as shown by the simulation results. This result clearly indicates that the p-i-n InP axial 

nanowire will burn before reaching lasing threshold, due to excessive heating.  

4.2 Radial p-n InP nanowires 

Another possible configuration for nanowires is the radial structure. The advantage with radial 

structure is that it has a larger active region than axial nanowire with similar dimensions. However, 

making single nanowire device with such structures is challenging. Therefore, we decided to make 

array device. Each array device consists of 100 nanowires so that higher current can be passed 

through it. The only issue with this configuration is that there is no refractive index difference 

between the nanowires and the substrate. This will lead to leakage of the mode generated inside 

the nanowires to the substrate. Potential solutions of this problem are to decrease the hole opening 

of the nanowires, increase the SiO2 thickness and promote lateral growth of nanowires over the 

SiO2 such that effective index at the interface decreases. Due to experimental limitations on 
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minimum hole opening, we fixed the opening at 100 nm and performed optical simulations to 

understand the loss at the SiO2/InP interface. These simulations were done using commercially 

available Lumerical software.   

To study the effect of SiO2 thickness, the diameter of InP nanowire was fixed at 500 nm and 

reflectivity and confinement factor were calculated to find out the threshold gain. Saxena et al. 

Figure 4-8 (a) Electric field intensity profile of the first 10 modes supported in 500 nm diameter InP nanowire at the 

wavelength of 870 nm. (b) Reflectivity for all the 10 modes at both ends of the nanowire as a function of SiO2 thickness. 

Dashed line represents reflectivity at nanowire/air interface and bold line represent reflectivity at nanowire/SiO2 

interface for the same mode (c) Threshold gain as a function of SiO2 thickness for the first 10 modes in 4 µm long InP 

nanowire. 
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have reported the detailed calculations for the threshold gain 145.  First ten guided modes in a free 

standing InP nanowire were calculated using Lumerical MODE. Figure 4-8(a) shows the guided 

modes at the wavelength of 870 nm in an InP nanowire of 500 nm diameter. Wavelength of 870 

nm corresponds to the bandgap of WZ InP nanowire at room temperature 167. Once the possible 

modes in the nanowire were identified, the confinement factor (‎) was calculated using Lumerical 

MODE. Finally, reflectivity at air/InP facet (R1) and SiO2/InP facet (R2) were calculated using 

Lumerical FDTD and threshold gain was measured using the following equation. 

                                                        ‎Ὣ  ͯ ÌÎ                                                   (4.1)     

Here, L is the nanowire length, gth is the threshold gain, ‎ is the confinement factor and R is the 

geometric mean of the reflectance at both the facet (ὙὙ). Figure 4-8(b) shows the reflectivity 

at both the facets. It is quite evident that reflectivity for all the modes is lower at SiO2 interface as 

compared to air interface indicating some mode leakage at the nanowire-substrate interface. Figure 

4-8(c) displays the modelled threshold gain using equation 4.1 for the first ten modes. As the SiO2 

thickness increases from 30 to 150 nm, the threshold gain required to achieve lasing decreases. 

After this, change is quite small therefore, for all the ensemble devices, we used an SiO2 thickness 

of ~ 150 nm as the SAE mask.  

4.2.1 Simulations 

Figure 4-9 displays the schematic diagram of radial InP nanowire where p-doped core with 50 nm 

of n-doped shell is considered. The donor concentration was set at 1x1018 cm-3 and the acceptor 

concentration was kept at 1x1017 cm-3. A 20 nm of conformal ITO layer on n-doped shell was used 

to reduce series resistance and to act as a current spreading layer. The configuration of system was 

defined as WZ for the nanowire and ZB for the substrate with a doping concentration of 2x1018 
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cm-3. While calculating the modes in 2D, y min was set to the bottom of the nanowire to study only 

Figure 4-9 (a) Schematic diagram of core shell InP nanowire (b) LaserMOD CAD layout (not to the scale). 

Figure 4-10 Room temperature gain curve at a carrier density of 4x1018 cm-3 plotted together with modes supported 

in radial InP nanowire of length (a) 1 µm (b) 2 µm (c) 3 µm (d) 4 µm. 
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the modes supported inside the nanowire cavity. The rest of the steps were similar as discussed in 

section 4.1.1. The length of the nanowire was varied from 1ï 4 µm and overlap of the 

corresponding longitudinal modes and gain spectrum at a carrier concentration of 4x1018 cm-3 was 

observed. Figure 4-10 shows the overlap of the gain spectrum with transmission spectrum at room 

temperature with the resonant peaks at 0.860, 0.816, 0.841 and 0.824 µm can be observed for 1, 2, 

3 and 4 µm long radial InP nanowire cavities, respectively. 

Figure 4-11 Room temperature L-I plots of radial InP nanowire with a total length of (a) 1 µm (b) 2 µm (c) 3 µm (d) 

4 µm with different diameters showing lasing. 
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Following this, 2D simulations were performed where the diameter of core was varied from 100 

to 900 nm to align the longitudinal mode with the waveguide dimensions. The lasing behaviour 

for different waveguide diameter and nanowire length are plotted in Figure 4-11. The minimum 

diameter required to achieve lasing is 600 nm for 1, 2 and, 4 µm long nanowire and 300 nm for 3 

µm long wire. The minimum threshold required to achieve lasing in a 1, 2, 3 and 4 µm long 

nanowire is 0.83, 1.4, 2.13 and 3.23 mA, respectively. The threshold current is ~3.5 time lower 

than axial structure due to increase in active region. With increase in length, threshold current 

increases due to increase in non-uniform carrier injection. 

4.2.2 Device fabrication 

Owing to the reduction in array size, MOCVD growth was again optimised to achieve desired 

dimensions. Additionally, EBL parameters were revised to obtain minimum hole opening. In EBL, 

the dose was varied from 100 to 400 µJ/cm2 and it was found that 275 µJ/cm2 was required to 

obtain a hole of ~ 50 nm in a ~300 nm thick electron resist. As discussed in section 3.1.2, as the 

Figure 4-12 SEM images of the InP nanowire array after growth at 45° tilted view with V/III ratio of (a) 81, (b) 150, 

(c) 300, (d) 400 and (e) 500. 
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dose increases, the pattern size increases. The minimum diameter of ~100 nm was obtained with 

50 nm of designed diameter. Since lateral growth is required to obtain nanowires with a larger 

diameter than the hole opening, V/III ratio was varied from 80 to 500. Figure 4-12 shows that as 

V/III ratio increases, the diameter of the nanowires increases while their length decreases. 

Moreover, non-uniformity in the nanowires increases with higher V/III ratio.  The rest of the 

growth parameters such as molar flow rates of trimethylindium, diethylzinc and temperature were 

the same as those used for the growth of axial structure. Time of growth was also varied to obtain 

the optimum height of 1-2 µm. 

4.2.3 EL measurements 

After MOCVD growth, the device was fabricated by depositing 20 nm of ITO and 10 nm of Au 

using sputter and an Au pad using e-beam evaporator near the array. To minimise heating, 

measurements were performed at 78 K and the current was pulsed with a pulse width of 0.5 µs and 

duty cycle of 1%. Figure 4-13 (a) shows the comparison of I-V characterises at 78 K. Deviation in 

the I-V behaviour confirms non-ideal contacts. However, current levels in the fabricated devices 

are significantly higher than the axial devices indicating significant reduction in the series 

resistance. Figure 4-13 (b) shows the EL characteristics of the device where light output increases 

with injection current. Similar to the axial structure, 2 peaks are observed at low current levels 

which start merging at higher injected currents due to heating. Moreover, significant red shift in 

the EL spectra also confirms excessive heating. An additional shoulder peak corresponds to ZB 

InP is observed at higher current levels 172. This suggests that at higher currents, some carriers start 

recombining inside the substrate underneath the wires. Figure 4-13(c) confirms that emission is 

from the nanowires. After 140 mA, the device was burnt. The current passing through each 

nanowire is ~1.4 mA which is close to the threshold however, recombination inside the substrate 
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and excessive heat reduces the gain generated. Moreover, non-uniform light output in Figure 4-

13(c) confirms the non-uniform resistance inside the array. Nevertheless, these measurements 

suggest that radial structure outperforms axial structure in terms of reducing lasing threshold, 

reducing series resistance and allowing more current to pass through the device before degradation.  

To achieve lasing, a possible solution is to reduce the lasing threshold further either by decreasing 

the free carrier absorption or increasing gain. To decrease free carrier absorption, one feasible 

solution is to use TCOs as both contact and doped layer. This will also help in reducing contact 

Figure 4-13 At 78 K (a) Comparison of simulated and measured I-V characteristics. (b) EL spectra of radial 

nanowire device at different current injection levels where, black dash line represents peak position at 840 nm. 

(c) Optical images of the emission from the 10 x 10 nanowire array at 100 mA. 
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resistance, as it is easier to achieve higher doping concentration in TCOs as compared to p and n 

doped InP. Incorporation of quantum wells inside the nanowire can help in enhancing gain by 

quantum confinement. However, quantum well structures require a lot of optimisations due to facet 

evolution process, as InGaAs quantum wells prefer a ZB structure whereas InP nanowire has a 

WZ structure 93, 96, 173. Additionally, different contributions from axial and radial quantum wells 

will further complicate the system. So, we decided to investigate the effect of various TCOs. 

4.3 Conclusions 

In conclusion, in this chapter we simulated the lasing behaviour in InP nanowires and observed 

that higher doping concentration is required to achieve low threshold lasing in axial structures. 

However, experimentally, the nanowires were burnt before reaching threshold. The potential 

reasons for degradation of device were high contact resistance, low doping concentration, metal 

absorption and excessive heating. To reduce heating related issues, measurements were performed 

at 78 K. Significant improvement in the light output was observed however, lasing could not be 

obtained as the nanowires were burnt at ~ 85 mA whereas the minimum simulated lasing threshold 

was ~ 2.5 mA. This indicates that to achieve lasing, threshold needs to be reduced. To reduce 

threshold, radial InP nanowires were investigated. Radial devices showed remarkable 

improvement in reduction of series resistance however, they struggled with shifting of 

recombination region inside the substrate as well as excessive heating and therefore, lasing was 

not achieved. The potential solutions for further improvement in the devices are to either 

incorporate quantum wells or use radial nanowire-TCOs structure. Quantum well generates 

significant higher gain due to confinement of carriers whereas TCOs reduces metal absorption and 

free carrier absorption and radial structure increases the active region.  
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Chapter 5. Core-shell p-InP/n-ZnO 

nanowire devices 

In this chapter, we carry out in-depth studies about formation of p-n junction at p-InP/n-ZnO 

interface and realise LEDs from it. Following this, we simulate ZnO/InP radial structure to reduce 

lasing threshold. We also attempt to demonstrate laser from p-InP/n-ZnO interface and study the 

potential challenges. Finally, we investigate flexible LEDs and study their temperature dependent 

characteristics.  

5.1 Introduction  

ZnO is intrinsically n-type TCO. The origin of n-type conductivity in ZnO is attributed to oxygen 

vacancies, zinc interstitials and unintentional hydrogen doping 174, 175. Hydrogen which is also 

considered as dominant donor comes from ALD precursors such as diethyl zinc and H2O as well 

as water vapour present inside the chamber.  Another advantage is thin ZnO layer acts as a 

passivation layer for InP nanowires, exhibit excellent chemical stability and biocompatibility 176-

178.  

Owing to these properties, several devices have been investigated using ZnO. ZnO/GaN 

heterojunction LEDs in UV regime has been area of interest to many researchers since the advent 

of TCOs. There are various reports of planar and nanowire UV LEDs using n-type ZnO grown on 

p-GaN 179-183. However, these nanowire LEDs are not core-shell type but features ZnO nanowires 

grown on GaN substrate/thin layer. Growing ZnO nanowires on GaN is a cumbersome and 

complex process and the devices are either unstable and/or highly inefficient 184-186. InP and GaAs 

based planar and nanowire solar cells have also been demonstrated using ZnO as an electron 

selective contact 187-189. There are few examples of GaAs and InP based planar structures LEDs 
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190-192. Getting higher extraction efficiency with these planar devices is always challenging and 

this leads to the development of nanowire LEDs which can overcome this issue owing to their one-

dimensional geometry with large surface area, leading to more efficient light emission and 

effective current spreading 99, 193-195. Still, there are no reports on InP/ZnO nanowire LEDs. 

5.2 Experimental methods 

Fabrication of our on-substrate LED device can be divided into two sections: SAE of nanowires 

by MOCVD and device fabrication. Figure 5-1(a) shows the p-InP nanowires grown by SAE-

MOCVD technique 22. Process of preparing SAE template has already been discussed in the 

section 3.2. 

To grow nanowires, SAE template on p-InP substrate with 300 nm openings and 1 µm pitch over 

a 100 µm x 100 µm area was used for growth by MOCVD at a base pressure of 100 mbar with H2 

as carrier gas at a total flow rate of 14.5 l/min. Trimethylindium and phosphine were used as 

precursors with a molar flow rate of 6.07×10-6 and 4.91×10-4 mol/ min, respectively for 15 mins 

at 730oC. For p-doping, diethylzinc with molar flow of 8.63×10-6 mol/min was used. SEM was 

carried out to image the nanowire arrays after growth and during the LED fabrication process, as 

shown in Fig. 5-1. Based on the SEM measurements, the average length of the nanowires is 3 µm 

Figure 5-1 SEM images of the InP nanowire array after growth and during the device fabrication process at 15° tilted 

view. (a) As-grown nanowire array.  (b) After SU-8 etching with ICP-RIE. (c) After ZnO, ITO and Au deposition. 
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with an average diameter of 400 nm. Device fabrication process has also been described in detail 

in section 3.3.2. 

To characterise the electrical and optical properties, both EL and PL measurements were 

performed using a home built m-PL system. To investigate the junction properties, EBIC 

measurements were performed on the on-substrate device with a beam current of 0.17 nA and an 

accelerating voltage of 2 kV. For this purpose, after SAE growth, 120 nm of ZnO was deposited 

using ALD on nanowires with a diameter of ~500 nm. ICP-RIE etching was performed to expose 

the top of the nanowires, so that the cross-section from the top could be seen clearly under the 

microscope. Finally, a thin layer of SU-8 was spin-coated to avoid shorting and ICP etching was 

used to expose the tips of the embedded nanowires. To power the nanowire array device, the 

substrate and thus the nanowire core was electrically contacted with the FIB stage and the ZnO 

shell was contacted by a nano-manipulator inside the FIB chamber. 

5.3 Study of p-InP/n-ZnO junction properties 

First, we measured the I-V characteristics of heterojunction ZnO-InP nanowire LEDs fabricated 

on the InP substrate. Figure 5-2(a) shows the rectifying behaviour typical of an LED with a turn-

on voltage of around 4 V and series resistance of around 88.9 W. To calculate the turn-on voltage 

and series resistance, I-V curve at higher voltages was extrapolated as a straight line (black dashed 

line in Figure 5-2 (a)). The x-intercept gives the turn-on voltage and the slope of line provides the 

series resistance. To gain a deeper understanding of the I-V characteristics, ln (I) vs V plot was 

plotted in the forward bias, in Figure 5-2(b). Current in a diode is given by 196. 

                                                             Ὅ Ὅ Ὡ ρ                                                                           5.1   

where Is = reverse saturation current 
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 q = charge on an electron (1.6 x 10 -19 C) 

            n = ideality factor 

            k = Boltzmannôs constant (1.380649×10ī23 JẗKī1) 

           T = temperature (300 K) 

         For sufficiently large bias, eq. (5.1) can be written as: 

                                                                 Ὅ Ὅ Ὡ                                                                 5.2  

Taking natural log on both sides: 

                                                             ln(I) = ln(Is) + V                                                              5.3  

Figure 5-2 (a) I-V characteristics of the device at room temperature. (b) Plot of ln (I) vs V to calculate ideality factor 

of the device. 
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By plotting ln(I) vs V, the reverse saturation current and ideality factor can be obtained from the 

y-intercept and slope, respectively. By linear fitting the curve in Figure 5-2(b) with eq. (5.3),  a 

reverse saturation current of 24.6 nA and an ideality factor of 12.2 are obtained. Here, an ideality 

factor larger than 2 is consistent with previously reported InP nanowire LEDs (n = 7.3) and implies 

that the current is dominated by tunnelling 89, 90. Another reason for the high ideality factor may 

be due to the formation of a native oxide layer at the InP/ZnO interface 176. 

The property of the p-InP/n-ZnO heterojunction was investigated using EBIC measurement of a 

single nanowire device. Figure 5-3(a) shows the cross-sectional SEM image of the nanowire, with 

a clearly visible contrast of the InP nanowire core and ZnO shell. Figure 5-3(b) displays the 

corresponding EBIC signal measured under an accelerating voltage of 2 kV and 0.17 nA current. 

From Figure 5-3(b), a bright ring can be observed at the nanowire-ZnO interface, which can be 

attributed to the depletion region where the highest EBIC current is produced under 0 V bias. The 

EBIC intensity profile is plotted across the diameter of the nanowire as shown in Figure 5-3(c). 

Figure 5-3 (a) SEM image of a single nanowire from the fabricated LED array. At the top left corner is the contact 

probe which makes good contact with the ZnO shell. (b) EBIC signal acquired under an accelerating voltage of 10 

kV corresponding to the SEM image in (a). (c) EBIC scan profile across the nanowire, indicated by the blue solid 

line.  
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The depletion width is approximately 138 nm when measured at the 1/e of maximum intensity 

value. Using the depletion width we estimated that the p-doping level in the nanowire to be 6.75 x 

1016 cm-3 which is consistent with previously reported values104. To calculate the carrier 

concentration of ZnO, a planar 30 nm film of n-ZnO (ND) deposited under the same conditions on 

a glass substrate. Then, carrier concentration was calculated to be 2 x 1019 cm-3 using a combination 

of Drude and Cody-Lorentz model by ellipsometry and is consistent with the reported values in 

the literature 197. The calculation of depletion width proceeds as follows 196: 

                                         ὢ                                                                                  5.4 

                                        ὢ                                                                                   5.5 

                                        ὢ ὢ ὢ                                                                                                      5.6 

                                        ὠ
ᶮ ᶮ

                                                                                                   5.7 

 

where, X, Xp, Xn = total depletion width, depletion width in the p and n regions, 

respectively. 

             NA = 6.75 x 10 16 cm-3 

             ND =2 x 10 19 cm-3 

             Øp
 = 4.65 eV 198 

                 Øn
 = 3.7 eV 199 

            Ůp =  12.35Ů0 
200 

             Ůp =  10.4Ů0 
201 

             V = 0, (unbiased EBIC) 
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Using the above-mentioned equations, a depletion width of 138.85 nm is derived, consistent with 

the value calculated from the EBIC results.  

It is noticed that the EBIC profile is asymmetric, extending more into p-doped nanowire. This 

confirms that the depletion region is primarily formed in the nanowire where a majority of 

recombination occurs in this region. The possible reason for the non-symmetric profile at both the 

junctions could be a small angle tilt or non-uniform ICP-RIE etching of ZnO shell which is evident 

from the SEM image (Figure 5-3(a)). 

5.4 EL properties of p-InP/n-ZnO 

5.4.1 Room temperature EL properties 

Figure 5-4(a) shows the EL spectra from the nanowire array LEDs on substrate with increasing 

forward current injection level at room temperature. The EL signal is detectable at an injection 

current of 1 mA, showing a peak at 870 nm with a shoulder at around 920 nm. To have deeper 

insight of heating, the room temperature EL spectrum measured at 5 mA is plotted in Figure 5-

4(b), in comparison with their PL spectrum. Both spectra display same peak at 870 nm, confirming 

that Joule heating is kept to a minimum in our device even at continuous current injection. In the 

PL spectrum, the appearance of only one peak at 870 nm confirms that nanowires have a pure WZ 

structure. It has previously been reported that for the above mentioned growth conditions, the 

nanowires have a pure WZ phase irrespective of Zn doping concentration 104. However, in the EL 

spectrum, a shoulder at higher wavelength is observed.  

To investigate the origin of different peaks, Lorentz curve fitting was performed (Figure 5-4(c)). 

It is found that there are three peaks with majority contribution from the peak at 1.42 eV which 

corresponds to the fundamental bandgap of WZ InP nanowires 167, 202. The peak at higher energy 
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of 1.46 eV is due to the light hole and heavy hole splitting in WZ structures 203. A. Zilli et al. 

Figure 5-4 Room temperature EL spectra at different current injection levels. The black dashed line indicates the peak 

of the spectra at 870 nm. (b) PL spectrum at 17 µW excitation power and EL spectrum at 5 mA current. (c) Lorentz 

curve fitting of the EL spectrum measured at 5 mA at room temperature. (d) Optical images of the emission at room 

temperature from the 100 x 100 µm2 array at different current injection levels.  
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reported that this peak becomes dominant at temperatures above 150 K due to thermal population 

of higher energy states 167. The energy difference between these two peaks has been reported to be 

around 40 meV, consistent with our value of 37.8 meV 167, 203, 204. We attributed the peak at the 

lowest energy of 1.34 eV to the recombination occurring at ZB InP substrate 202. The existence of 

this peak confirms that some carriers are recombining in the substrate. At high injection current, 

EL intensity increases but the peak position slightly red-shifted to longer wavelength due to Joule 

heating. Figure 5-4(d) shows the optical microscopy image of the nanowire LED array captured 

by an infrared camera with 10x lens. It is clearly evident that light is emitted from the nanowires 

and with the increase of current injection, the emission intensity becomes more uniform across the 

entire array.  

5.4.2 Temperature dependent EL properties 

To investigate the temperature dependent characteristics of the device, I-V characteristics were 

studied from room temperature to 78 K from -1 to 1 V. As shown in Figure 5-5(a), as the 

temperature decreases, the current in the forward bias decreases. Following this, EL was conducted 

under an injection current of 5 mA from room temperature to 78 K and shown in Figure 5-5(b). 

The linewidth decreases with decreasing temperature and the spectra are blue-shifted, as a result 

of increased bandgap with decrease of temperature 167.  Interestingly, at ~238 K, we observed 

another peak in the EL spectra, which becomes more prominent at lower temperatures. Figure 5-

5(c) shows the LED behaviour at 78 K as a function of increasing injection current. To understand 

the origin of this peak, Lorentz fitting was performed at 78 K (Figure 5-5(d)) and 3 peaks were 

observed. The highest energy peak at 1.48 eV corresponds to the bandgap of nanowires which is 

also known as the A exciton peak in WZ semiconductor. We attribute the lower energy peak at 

1.44 eV to radiative recombination from the conduction band to Zn acceptor in the nanowires. We 
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calculated the activation energy of Zn acceptor level for doping concentration of 6.75 x 1016 cm-3 

obtained from EBIC measurements using the formula given by K. Hansen et al 205. 

Figure 5-5 (a) Temperature dependent I-V characteristics of the device. (b) Temperature dependent EL spectra of 

the device at 5 mA current where black dashed line indicates the peak position. (c) EL spectra at 78 K at different 

current injection levels. (d) Lorentz curve fitting of the EL spectrum measured at 5 mA at 78 K. 
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                                                             Ὁ Ὁ ὥὔ                                                                   5.8 

where E0 is the ionisation energy (51 meV) and a = 3.9 x 10-5 meV cm. This gives the activation 

energy of 35.1 meV which is same as the energy difference between these peaks confirming that 

the lower energy peak is related to Zn acceptor levels. Previously, defect related peak in pure 

wurtzite InP nanowires has been observed by various groups 38, 167, 206, 207. The lowest energy peak 

at 1.40 eV is due to recombination at the substrate. The difference between this peak and the 

highest energy peak is around 80 meV which is consistent with the energy difference of WZ and 

ZB InP nanowires 202.  

After confirming good optical and electrical properties without any proper design of p-InP/n-ZnO 

diode, simulations were performed to obtain optimum design to achieve low threshold lasing.  

5.5 Electrically pumped nanowire laser 
 

5.5.1 Simulations 

Figure 5-6 shows the schematic diagram of the device modelled for lasing as well as CAD 

interface. Again, for better convergence, additional SiO2 layer was used at the top and the bottom. 

Detailed steps of doing simulation are given in section 4.4.1. LaserMOD materials database does 

Figure 5-6 (a) Schematic diagram of core shell InP-ZnO nanowire (b) LaserMOD CAD layout (not to the scale). 



Chapter 5. Core-shell p-InP/n-ZnO nanowire devices 

 
 

85 

not have ZnO material file so, to simulate n-ZnO/p-InP core shell structure, ZnO material was 

defined in the software. Five main parameters namely, bandgap, electron mobility, hole mobility, 

optical dielectric constant and static dielectric constant were taken from the literature to define the 

material. The bandgap as 3.08 eV, optical dielectric constant as 2.37 and static dielectric constant 

as 18.71 were used for calculations 208. The electron and hole mobilities of ZnO film were set to 

50 cm2V-1s-1 and 20 cm2V-1s-1, respectively 209. The diameter and length of the nanowire were 

varied from 200ï 900 nm and 1 ï 4 µm, respectively. The ZnO thickness was fixed at 30 nm with 

doping concentration of 2 x 1019 cm-3 (measured from ellipsometer). Carrier concentration of p-

InP nanowire was fixed at 6.75 x 1016 cm-3 which was estimated from EBIC. To define the 

substrate, in-built material parameters in LaserMOD of InP was used as the substrate has a ZB 

configuration. The doping concentration (p-type) of substrate was assumed to be 2 x 1018 cm-3. 

Finally, to decrease the series resistance of the system, 70 nm of conformal ITO layer was 

considered with doping concentration of 1 x 1020 cm-3.  

Once the CAD layout and material files were defined, 1D simulations were performed to determine 

the longitudinal mode supported in the cavity of different lengths. Figure 5-7 illustrates the overlap 

of the gain curve with longitudinal modes at room temperature at a carrier density of 5x1018 cm-3. 

Resonant wavelengths obtained for 1, 2, 3 and 4 µm long nanowire are 811.9, 851.4, 861.9 and 

816.7 nm, respectively. For 3 and 4 µm long nanowires, two longitudinal modes align with the 

gain peak. Mode with higher transmission was taken for further calculations. Following this, 2D 

simulations were performed and nanowire diameter was varied from 200ï 900 nm to obtain 

overlap of waveguide supported mode with the longitudinal mode. For mode calculation, y min 

was set to the bottom of the nanowire to study only the modes supported inside the nanowire 
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cavity. Full laser simulation was performed to determine the threshold condition for each cavity 

dimensions.  

Fig. 5-8 shows the L-I curves for only those waveguide dimensions which showed lasing. 

Minimum threshold required for all cavity lengths corresponds to 200 nm diameter nanowires. The 

lowest threshold current of 0.26 mA for 1 µm long nanowire, 0.55 mA for 2 µm long nanowire, 

0.83 mA for 3 µm nanowire and 1.07 mA for 4 µm nanowire were obtained. The threshold current 

increases with length as longer nanowire results in higher non-uniform current spreading from the 

bottom of the nanowire to the ZnO layer. Here, the advantage of incorporating TCOs is quite 

Figure 5-7 Overlap of gain curve at room temperature at a carrier density of 5x1018 cm-3 and modes supported in (a) 

1 µm (b) 2 µm (c) 3 µm (d) 4 µm long InP/ ZnO core shell nanowires. 
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evident as the threshold current required for lasing decreases by an order of magnitude simply by 

replacing InP homojunction with radial TCO-InP heterojunction.   

The minimum threshold current required per nanowire is 0.26 mA for 1 µm long nanowire with a 

diameter of 200 nm to achieve lasing. Furthermore, increasing nanowire length leads to non-

uniform current injection which results in higher threshold current. Therefore, the optimised range 

Figure 5-8 Room temperature L-I plots of n-ZnO/p-InP nanowire devices of various nanowire diameter with total 

length of (a) 1 µm (b) 2 µm (c) 3 µm and (d) 4 µm with different diameters showing lasing. 
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of length of nanowire was considered to be 1 ï 2 µm with a diameter of 200 nm. The size of the 

array was reduced to 10x10 nanowires with a pitch of 5 µm. The array size was reduced so that 

higher current can be passed with our existing current source and the pitch was increased to avoid 

coupling among nanowires. Also, as discussed in section 5.4.1, when higher continuous current (~ 

11 mA) was passed through the array device, a slight red shift in the EL curve was observed. To 

minimise heating in the device, the current was pulsed with a pulse width of 0.5 µs and duty cycle 

of 1%.   

5.5.2 Fabrication of nanowire lasers 

After MOCVD growth, the device was fabricated using simplified process by depositing 30 nm of 

ZnO, 70 nm of ITO and 10 nm of Au. Figure 5-9 shows the schematic diagram of the fabrication 

process. 

5.5.3 Room temperature EL measurements 

EL measurements were carried out like the LED device except 50x lens was used instead of 10x 

lens to capture emitted light from individual nanowires. Figure 5-10 (a) represents EL spectra from 

Figure 5-9 Schematic diagram of laser device fabrication process. 
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a single nanowire indicating that EL intensity increases with current injection. However, the device 

was burnt without reaching to lasing threshold after 300 mA which is ~ 3 mA per nanowire. The 

injected current is an order higher than simulated lasing threshold, indicating additional losses such 

as higher series resistance and carrier losses. At lower current injection levels, a single peak at 870 

nm corresponding to the bandgap of WZ InP (nanowire) is observed 167, 202. However, at higher 

current levels, additional peak at ~ 920 nm is detected. This peak corresponds to the bandgap of 

ZB InP (substrate) indicating that carrier recombination is occurring in the substrate 202. With 

further increase in injected current, the ZB peak dominates over the WZ peak indicating most of 

the carriers recombine in the substrate. The reason behind this is the lower hole mobility as 

compared to electron mobility. The holes are injected from the bottom of a 350 µm-thick wafer. 

By the time they reach to the nanowires, the faster electrons coming from the 100 nm-thick 

(ZnO/ITO) film would have reached the substrate and recombination occurs within the substrate. 

Figure 5-10 Room temperature EL spectra at different current injection levels of (a) a device fabricated without SU-

8 and (b) a device fabricated with SU-8. The black dashed line indicates the peak of the spectra at 870 nm. 
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To mitigate this issue, another set of devices with 3-4 µm long nanowires were fabricated with ~ 

2 µm thick SU-8 layer. It is evident from Figure 5-11, introduction of SU-8 layer increases electron 

path to the substrate. Figure 5-10 (b) represents EL spectra from a single nanowire in the array 

device. Again, the EL intensity increases with the increase in injected current but the device was 

burnt at ~ 400 mA current. The peak corresponding to the substrate is significantly lower than the 

previous case, indicating more recombination is now happening within the nanowires. However, 

at high injection current levels, a significant red shift in the EL spectra is observed, suggesting 

excessive heating in the device. This excess heat is detrimental to the device performance. To 

minimise heating effect, measurements were performed at 78 K.  

5.5.4 78 K EL measurements 

Figure 5-12 (a) displays the EL spectra of the 3-4 µm long nanowire device fabricated without SU-

8. Similar to the room temperature measurements, with higher current levels, the peak from the 

Figure 5-11 Schematic diagram of core shell InP-ZnO nanowire showing comparison of current injection path (a) 

without SU-8 (b) with SU-8 (not to the scale). 
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substrate starts to dominate, suggesting significant carrier recombination in the substrate. The 

results for the device fabricated with ~ 2 µm thick SU-8 layer is shown in Figure 5-12 (b). At a 

current injection level of ~ 50 mA, a shoulder due to the ZB InP can be observed indicating carrier 

recombination in the substrate. However, this effect is significantly lower as compared to the 

device without SU-8, since the n-type contact now is further away from the substrate thereby 

giving the chance for more electrons to recombine within the nanowire. At very high current levels, 

a large red shift is observed in the device indicating substantial heating in the device even at lower 

temperatures. With a current higher than 600 mA, the device was burnt.  

To have deeper insight of degradation of device, SEM was performed. Figure 5-13 (a) shows the 

entire array after degradation of the device. It is evident that some wires are completely burnt 

whereas some are still present implying non-uniform current injection in individual nanowires. 

The potential reason could be different resistance due to slightly non-uniform growth or contact 

Figure 5-12 EL spectra at 78 K with different current injection levels of (a) a device fabricated without SU-8 and (b) 

a device fabricated with SU-8. 
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formation. Figure 5-13 (b) is a magnified image at a burnt nanowire. It can be seen that the 

nanowire is burnt at the bottom suggesting excessive current crowding inside the part of nanowire 

grown with 100 nm diameter opening. To avoid this issue, a probable solution is to remove the 

substrate from the device. This will lead to carrier recombination only inside the nanowires.  

5.6 Flexible LEDs 

Flexible LEDs are gaining rapid popularity due to a plethora of applications such as flexible touch 

screens, flexible displays, sensors and wearables that make conformal contact with human skin for 

accurate measurements. Organic LEDs (OLED) are the most developed devices that are currently 

being used as flexible displays 210-213. However, OLED technology has major drawbacks in terms 

of device lifetime, efficiency, brightness, and stability in humid conditions as compared to 

inorganic LEDs 214-216.  

Mechanical peeling of nanowires embedded with PDMS has been investigated to make substrate-

free LEDs 217, 218. However, this technique has been only demonstrated on very long nanowires as 

thin PDMS layer is very difficult to handle 218. Moreover, dry etching rate of PDMS is very slow 

and requires gases like CF4 and O2, which can damage the nanowires during the etching process 

219. On the other hand, SU-8 photoresist has excellent thermal properties, is easy to process and 

Figure 5-13 SEM images of device at a tilt of 45° (a) entire array, (b) magnified image. 
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etch with precise control on its thickness. Thin SU-8 film can be easily handled, making it a good 

alternative to PDMS. However, SU-8 adheres very well to the substrate and is hard to mechanically 

peeled-off like PDMS. To overcome this problem, we report a simple solution where an SiO2 film 

is used as a sacrificial layer for detaching nanowires embedded in SU-8 from the substrate. 

Fabrication process of flexible LEDs is described in section 3.3.3. Figure 5-14 shows the nanowire 

array lifted off in the polymer film and the final device. 

5.6.1 LED characterization  

The comparison between the IïV characteristics of the flexible device and on-substrate device in 

Figure 5-15(a) shows that the turn-on voltage for both devices is similar at ~ 3.5 V. However, there 

is a ôsofterô turn-on voltage for the flexible device. The flexible LED is also slightly more resistive 

compared to the one on substrate, which might be due to poorer contact formed on the flexible 

device using silver adhesive paste.  

To compare with the on-substrate nanowire LEDs, the PL characteristics of flexible LEDs were 

investigated. As shown in Figure 5-15(b), multiple, red-shifted and broader PL peaks are observed 

from the flexible device, in comparison to the on-substrate device. Furthermore, the peak of the 

PL spectra varies across the array, which is not observed for the on-substrate device. A possible  

Figure 5-14 a) SU-8 lifted-off film from the substrate with embedded nanowire array (b) Final device with gold pad 

on acetate film on two sides that are used to connect the p and n regions of the nanowire array. 
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Figure 5-15 (a) I-V characteristics of the on-substrate and flexible devices. (b) Room temperature PL spectra at different 

positions on the array for on-substrate (top) and flexible device (bottom). (c) Surface profile of flexible LED captured from 

optical profilometer. The region where the nanowire array is located is indicated by the white circle. (d) Surface profile 

scan along points x1 to x2. (e) Surface profile scan along points y1 to y2.  
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explanation for these multiple peaks could be the effect of non-uniform strain on the nanowire 

array imposed by the SU-8 film or the acetate film 220-222. We map the surface profile of the peeled 

SU-8 film after integration on the acetate sheet using an optical profilometer (Figure 5-15(c-e)) 

and observe that radius of curvature varies across the nanowire array. However, due to limitations 

around the measurement set up, we could not quantify the strain induced in the nanowire array. 

Furthermore, the intensity of the emission decreases significantly in comparison to the on-substrate 

device due to the wavy nature of the flexible device which leads to less light entering the detector. 

Figure 5-16 EL spectra from the flexible device at room temperature at different current injection levels. (b) Lorentz 

curve fitting of the EL spectrum measured at 1 mA at room temperature 

Figure 5-16(a) shows that as the injection current increases, there is a significant red shift in the 

EL spectra due to Joule heating. In comparison, the on-substrate device does not show any 

significant shift in the emission wavelength (Figure 5-4(a)). This effect can be understood in terms 

of the InP substrate providing better heat dissipation in comparison to the transparent acetate film 

used for supporting the flexible device. We also fitted the EL spectrum obtained at 1 mA and found 
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that two additional peaks at the longer wavelengths (peak 1 and peak 2) in addition to the 

fundamental bandgap peak (peak 3) and transition from conduction band to light hole band (peak 

4) (Figure 5-16(b)). The recombination from the conduction band to the heavy hole band and the 

light hole band is observed at 1.41 and 1.45 eV, respectively. Red shift of the spectrum suggests 

heating however, the energy difference remains around 40 meV. The possible reason for the two 

additional red-shifted peak might be strain related. Since radius of curvature varies across the 

nanowire array, it may induce non-uniform strain at different positions, similar to the report by  G. 

Signorello et al. 221.  

The temperature dependent behaviour of these peaks was studied by measuring the EL spectra at 

an injection current of 2 mA from room temperature to 78 K.  As shown in Figure 5-17(a), the 

emission spectra are blue-shifted with decreasing temperature due to temperature dependence of 

bandgap. Moreover, slightly red-shifted, broader and multiple peaks are observed (Fig. 5-17(b)) 

Figure 5-17 (a) Temperature dependent EL spectra at 1 mA current from the flexible LED. (b) Lorentz curve fitting 

of the EL spectrum measured at 1 mA at 78 K. 
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as compared to on-substrate device which is possibly due to the combined effect of heating and 

strain induced by the SU-8 and/or acetate film on the nanowires due to thermal coefficient 

mismatch 220-222. Moreover, a small peak at higher energy with a difference of ~ 40 meV indicates 

the splitting of heavy hole and light hole band confirming the temperature is higher than 150 K as 

this peak becomes dominant at temperatures above 150 K due to thermal population of higher 

energy states 167. These measurements illustrate that substrate-free flexible device will confine 

recombination inside nanowire however, a proper heat sink is required to reduce excessive heating 

in order to achieve lasing from such devices. 

5.7 Conclusions 

In summary, we have demonstrated core-shell InP/ZnO heterojunction nanowire LED arrays and 

successfully fabricated flexible LEDs by embedding the nanowires in a thin SU-8 film, which is 

then peeled off from the InP substrate. We have also studied the temperature dependent behaviour 

of these LEDs and confirmed that EL spectra consists of three peaks at both room temperature and 

78 K. The peaks related to band-to-band transition and recombination at the substrate are present 

across the temperature range, whereas the peak related to the transition from conduction band and 

light hole band quenches at low temperature; and Zn acceptor level peak became prominent at 

around 238 K. Our work provides a pathway for integrating LEDs on various substrates 

irrespective of their shape, lattice constants, chemical and mechanical properties. To achieve 

lasing, simulations were performed to get optimum dimensions and the number of wires were 

reduced to 100 nanowires, but due to excessive heating, higher series resistance and current 

crowding the device was burnt before reaching to lasing threshold. Additionally, substrate free 

devices were made to mitigate the recombination into the substrate. Future work will be carried 

out to further optimise the fabrication process and improve heat sinking (to minimise Joule 
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heating) to enhance the performance of the flexible device for a plethora of applications as low 

power and portable lasers. 
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Chapter 6. Core-shell p-InP/n-SnOx 

nanowire devices 
 

In this chapter, we investigate the electrical and optical properties of SnOx layer deposited at 

different conditions and demonstrate that there is a trade-off between electrical conductivity and 

transparency. The advantages with SnOx are that it is a low-cost material, and exhibits higher 

chemical stability as compared to ZnO and ITO. Subsequently, we investigate the performance of 

n-SnOx/p-InP LEDs and study the effect of absorption and resistance on the device. After 

confirming good optical properties of the device, we simulate similar structures to get optimum 

dimensions for low threshold lasing and carry out experiments. Potential reasons for degradation 

of device are discussed.  

6.1 Introduction  

SnOx is one of the extensively studied material among n-type TCOs owing to its application in 

various areas like flat panel displays, gas sensors, photovoltaic devices, solar cells, and transistors 

223-227. Other advantages of SnOx are that it is a low-cost material, and exhibits higher chemical 

stability as compared to the commonly used TCOs of ZnO and ITO 228, 229. These properties make 

SnOx a potential candidate for future transparent electrodes for compound semiconductor based 

optoelectronic devices. SnOx is, however, rarely in stoichiometric ratio due to oxygen vacancies. 

These oxygen vacancies lead to a provision of free electrons, which are present inside SnOx to 

maintain charge neutrality and makes undoped SnOx n-type 113
. 

Owing to various potential applications, many techniques to fabricate SnOx thin films and 

nanostructures have been developed. Some of the commonly developed methods to deposit SnOx 
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are chemical vapour deposition, pulsed laser deposition, sputtering, sol-gel process, and spray 

pyrolysis 230-234. The properties of thin films depend significantly on the deposition techniques as 

well as process parameters. Out of the various techniques, magnetron sputtering is the most suited 

for industrial applications due to its higher deposition rate, better reproducibility and scalability 

113, 233.  

Some work has been reported for incorporating SnOx film with InP 235-237. Still, there are no report 

of InP/SnOx nanowire device for light emitting properties. Moreover, progress in the field of using 

TCOs as both dopant and electrode layers for nanowire LEDs is also in nascent stage and only a 

few reports have been published 183, 238. 

6.2 Experimental section 

Table 6-1 Sputter deposition conditions for n-SnOx study. 

SnOx films were deposited on Corning glass slides and silicon substrate. The silicon samples were 

used for thickness, refractive index and absorption coefficient measurements with ellipsometry. 

Corning glass samples were used for Hall-effect and UV-vis measurements. 99.9% pure Sn target 

was used as the source for Sn along with reactive oxygen gas to form SnOx films. Argon was used 

as a sputtering gas. The purity of both gases was 5N. To obtain SnOx films with different 

stoichiometry, the partial pressure of oxygen in the chamber was varied by changing its flow from 

2 to 10 sccm in steps of 2 sccm. The total flow (O2 + Ar) was kept constant at 20 sccm. Oxygen 

Target Sn (99.9%) 

Gases Oxygen (5N), Argon (5N) 

Power 100 W DC 

Chamber Pressure 4 mTorr 

Oxygen + Argon Flow 20 sccm 

Oxygen Flow 2-10 sccm in steps of 2 sccm 

Substrate Temperature 22oC 
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percentage is defined as (O2 flow/ (O2 + Ar) flow) x 100. Chamber pressure was set to 4 mTorr 

and DC power of 100 W was applied to the Sn target. Depositions were done at room temperature. 

Table 6-1 summarises the SnOx optimisation experiments. For the Hall Effect study, the van der 

Pauw method was used with Greek cross geometry to minimise the measurement error due to 

contact size and placement to less than 1% , with a = 2 mm and w = 1 mm ensuring that a/w > 1.02 

where, a is the length and w is the width of each arm 149. SnOx film of ~2 µm thickness was 

deposited using a shadow mask to form a Greek cross geometry and contact pads of 10 nm Ti and 

150 nm Au were deposited on four pads of this Greek cross using electron beam evaporation and 

a shadow mask. Following optimisation of SnOx film, deposition on nanowires and LED 

fabrication were performed as discussed in section 3.3.2. 

Optical properties of nanowire-LEDs were measured with micro-PL system using a 10x lens with 

numerical aperture of 0.3. To characterise electrical properties, I-V measurements, EL and Hall-

effect measurements were performed. The output power from LEDs was measured using an 

integrating sphere connected to an optical multimeter (ILX Lightwave-Newport). Hall effect 

measurements were carried out in a magnetic field range from -0.24 to 0.24 T. Surface analysis 

was performed from XPS and UPS data.   

6.3 Optical properties 

Spectroscopic ellipsometry measurements were done on the sputter deposited SnOx samples to 

determine the deposition rates and their optical properties such as refractive index and absorption 

coefficient in the spectral range of 200-1800 nm. Ellipsometry spectra, y and D were recorded at 

room temperature for three different angles of 55°, 65° and 75°. Here, y and D represent magnitude 

and phase of the change in polarisation of the light reflected from the sample, respectively. Ideally, 
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only one angle is required, but simultaneously fitting the data from three angles provide better 

accuracy of the computed parameters. The optical model consists of a semi-infinite Si wafer, with 

a homogenous and isotropic SnOx layer on top followed by a Bruggeman-type effective medium 

approximation roughness layer composed of 50% SnOx and 50% voids 239. Ambient air medium 

was used on top of this roughness layer. Fitting of the measured data was performed using multiple 

Tauc-Lorentz/Gaussian optical oscillators in conjunction with least square regression analysis 

(built-in CompleteEase software) to obtain a unique fit. Tauc-Lorentz oscillator exhibited 

intraband absorption in the visible and UV region 240. The absorption edge was cross-checked with 

UV-Vis-NIR measurements in a spectrophotometer for samples deposited on glass substrates. We 

found excellent agreement between the two. 

Various optical properties of the SnOx films on Si wafers were compared using ellipsometer. 

Thickness of all the films were kept below 100 nm to obtain improved ellipsometer data fitting. 

Figure 6-1(a) shows the plot of refractive index as a function of wavelength for samples prepared 

Figure 6-1 Comparison of SnOx film deposited at various oxygen percentages. (a) Refractive index as a function of 

wavelength. (b) Absorption coefficient as a function of wavelength.  
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with different oxygen percentages. The trend of refractive index with wavelength for oxygen 10% 

and 20% is similar to that of metallic tin, indicating the film has more of a metallic characteristic 

241. This is also supported by their very high absorption coefficient (Figure 6-1 (b)). However, as 

the oxygen fraction increases, the film starts transitioning more towards metal oxide as both 

absorption coefficient and refractive index decrease, leading towards transparent electrode. Since 

our interest is only on transparent electrodes, the rest of the study is focused on films deposited 

with oxygen fraction of more than 20%. 

Figure 6-2 Tauc plot for SnOx layer deposited with an oxygen percentage of (a) 10%, (b) 20%, (c) 30%, (d) 40%, (e) 

50% and (f) 60%. 
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To determine the optical bandgap, we measured the absorption of SnOx deposited on glass 

substrates using UV-Vis-NIR spectrophotometer. Optical bandgap was determined from Tauc plot 

by extrapolating the linear region to the abscissa (Figure 6-2 (a-f)). Figure 6-3 shows that 

increasing the oxygen percentage leads to increasing the bandgap energy, indicating the transition 

towards SnO2 
242. Both SnO2 and SnO have direct and indirect bandgap with energy levels lower 

for indirect bandgap 242-244. Since the lowest energy band is indirect, we measured the indirect 

bandgap and considered it for band alignment with InP in later section.  

6.4 Electrical properties 

After studying the optical properties, the electrical transport properties were investigated by Hall-

effect measurements. Figure 6-4 (a) shows the variation of resistivity as a function of oxygen 

percentage. It is evident that as the oxygen percentage increases, resistivity of the film increases. 

The lowest resistivity in the oxide phase is found for the sample with oxygen 40%, however with 

a higher absorption. Figure 6-4 (b) shows the carrier concentration as a function of oxygen 

percentage. For more than 20% oxygen, carrier concentrations of the order of 1013 cm-3 are 

obtained. Moreover, the mobility of all the films is below 15 cm2 V-1s-1(Figure 6-4 (c)). In order to 

Figure 6-3 Bandgap of SnOx film deposited at various oxygen percentages. 
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achieve the best outcome for device applications, low resistance and low absorption of the SnOx 

layer is required. Our results show that there is a trade-off between resistance and transparency 

and hence, we investigated two deposition conditions in detail, one with oxygen 40% (higher 

absorption and lower resistance, Sample A) and another with oxygen 50% (lower absorption and 

higher resistance, Sample B). 

Figure 6-4 Electrical properties of SnOx film deposited at various oxygen percentages: (a) resistivity, (b) carrier concentration 

and (c) mobility. 
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6.5 Composition of SnOx film  

For carrier injection purposes, it is important to have a deeper insight of compositional properties 

of SnOx as well as the band alignment between InP and SnOx at the interface. To investigate this, 

XPS measurements were performed which provides deeper insight about the SnOx film. Figure 6-

5 (a) shows the Sn 3d core level photoemission spectrum. The two peaks at 486.6 and 495 eV are 

due to spin-orbit splitting between Sn 3d5/2 and Sn 3d3/2 and the difference between these two peaks 

is 8.4 eV, which is in good agreement with the reported value 245. Moreover, a single peak at 486.6 

eV confirms that Sn is present only in the +4 state 246. From Figure 6-5(b), it is evident that the O 

1s spectrum of the SnOx sample could be fitted reasonably well with two peaks at 530.4 and 531.7 

eV. These two peaks have been reported to be due to the lattice oxygen in the form of O-Sn4+ 246, 

247  and chemisorbed species of oxygen 246, 248, respectively. 

Figure 6-5 XPS spectra of SnOx film in samples A and B in showing (a) Sn 3d core level and (b) O 1s core level. 



Chapter 6. Core-shell p-InP/n-SnOx nanowire devices 

 
 

107 

6.6 Study of p-InP/n-SnOx junction properties 

6.6.1 Band alignment at p-InP/SnOx interface 

To study the band alignment, UPS was carried out on a sample comprising of a 30 nm SnOx 

deposited on p+ InP wafer. It has higher doping concentration than the nanowires and a ZB crystal 

phase whereas the nanowires have a WZ structure. This may lead to slight variation in band 

Figure 6-6 UPS spectra of SnOx films and InP wafer showing (a) the VBM with the Fermi level at zero binding 

energy and (b) the secondary electron cut-off.  Band alignment of SnOx and InP for (c) sample A and (d) sample B, 

where the red dashed line represents the Fermi level at equilibrium. 
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alignment, however it is expected to be very small and not cause a considerable difference in 

device performance as the difference in the bandgap energy of ZB (bulk) and WZ (nanowire) 

phases is very small. A silver sample was used as reference and the Fermi levels for all the samples 

were calibrated and corrected at 0 eV. The valence band maximum (VBM) is estimated by 

extrapolating the UPS spectrum and it is found to have a value of 1.46 and 1.57 eV in samples A 

and B, respectively (Figure 6-6(a)). The work function is taken as the difference in the energy of 

the ultraviolet source (He-I line, 21.2 eV) and secondary electron cut-off (SECO). Figure 6-6 (b) 

indicates the secondary electron cut-off energy for both samples A and B and the work function 

obtained for both the samples are 5.1 and 5.05 eV, respectively. These results are consistent with 

the literature that work function decreases as the oxygen fraction increases in SnOx film, with the 

reported work function of SnO2 to be 4.84 eV and SnO to be 5.2 eV 249. Similar analysis has been 

carried out on InP wafer and a VBM value of 0.1 eV and work function of 4.8 eV are obtained. 

The reported work function of n-InP is 4.65 eV at a carrier concentration of 6x1015 cm-3, hence for 

p-doped InP with carrier concentration of 2x1018 cm-3, the value of 4.8 eV is reasonable 198. On 

the basis of these results, we draw the band diagram of the SnOx-InP heterostructure, shown in 

Figure 6-6(c) and Figure 6-6(d) for samples A and B, respectively. The results reflect that in both 

the cases, reasonably large valence band offset (VBO) is observed. This indicates that SnOx can 

act as a hole blocking layer leading to confinement of holes at the junction. On the contrary, very 

low conduction band offset (CBO) can cause a considerable electrons overflow. However, CBO 

in sample A is ~ 5 times higher than sample B whereas the VBO values are of similar order. Hence, 

this can improve the performance of sample A by reducing electron overflow without 

compromising hole confinement. 
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6.6.2 I -V characteristics  

To characterise the electrical properties of SnOx-InP nanowire LEDs, I-V behaviour was studied 

for both the samples A and B. Figure 6-7 (a) shows a typical rectifying behaviour in both the cases 

confirming the formation of a p-n junction. To measure the turn-on voltage and series resistance, 

the I-V curves at higher voltages were extrapolated as a straight line. The point where the line 

intersects with the abscissa is turn-on voltage and the slope of the line is the inverse of series 

resistance. Extrapolation of the curves is displayed in Figure 6-7 (a). A ósofterô turn-on voltage for 

sample B is observed as compared to sample A. The turn on voltage for sample A is observed at 

2.8 V whereas sample B has slightly higher turn on voltage of 3.36 V. Moreover, sample B has 

slightly more series resistance (~760 W) compared to sample A (~ 440 W) which is due to lower 

carrier concentration in the SnOx film. As compared to an ideal p-n junction, slightly higher series 

resistance and turn-on voltage in both the cases is observed due to the formation of oxide layer at 

the interface of InP while sputtering SnOx. Indeed, the oxidation of InP at the interface has been 

confirmed by XPS. Figure 6-7(b) indicates the difference in the P 2p core level spectra at the 

interface of SnOx-InP and bulk InP. Additional peak at 133.3 eV confirms the oxidation of InP at 

the interface 250. 

6.7 EL measurements for LEDs 

6.7.1 Room temperature EL measurements 

Following I-V measurements at room temperature, EL measurements were carried out on both the 

nanowire array devices. To confirm that SnOx ïInP nanowire array works as an LED, EL spectra 

were measured at different current injection levels at room temperature. It is found that the EL 

intensity increases with input current (Figure 6-8 (a)). Moreover, a shoulder peak at higher energy 

is detected in addition to the peak corresponding to the bandgap of WZ InP. To quantify the 
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difference in light output from both samples, the optical power from LEDs was measured using an 

integrating sphere in which total emitted power is collected in all the directions. These 

measurements only provide a qualitative comparison as the integrating sphere was not suitable for 

our LED measurement setup. Figure 6-8(b) shows the output power from both samples. It is 

evident that sample A outperforms sample B as the output power is higher at all injection current 

levels. Our results thus far indicate that there is a fine balance between absorption and resistance 

for the device. Figure 6-8(c) shows the optical microscopy image of the nanowire LED array 

captured by an infrared camera with 10x lens. It is clearly evident that light is emitted from the 

nanowires and with the increase of current injection, the emission intensity becomes more uniform 

across the entire array.   

6.7.2 Temperature dependent EL measurements 

To gain further insight into the behaviour of these LEDs, temperature dependent EL spectra from 

room temperature to 78 K at 5 mA were measured. Similar but quite complex temperature 

Figure 6-7 (a) Comparison of I-V characteristics of nanowire device at room temperature. (b) XPS spectra of P-2p in 

bulk and at the interface of SnOx-InP 
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dependent behaviour is obtained for both the devices where multiple peaks emerge with 

temperature (Figure 6-9(a)). To understand the origin of these peaks, temperature dependent EL-

spectra are deconvoluted from Figure 6-9(b) and the peak shift values for each peak are plotted 

with temperature (Figure 6-9(b)). The blue shifted spectra clearly indicates that as temperature 

decreases, the bandgap of InP increases as expected from the temperature dependence of 

bandgap167. 

Figure 6-8 (a) Room temperature EL spectra at different current injection levels (Sample A). (b) Comparison of power 

output of samples A and B as a function of injection current. (c) Optical images of the emission at room temperature 

from the 100 x 100 µm2 array at different current injection levels (Sample A).  
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Figure 6-9(b) depicts that at temperatures around 208 K, the EL spectrum exhibits 4 peaks due to 

contributions of different energy bands. The peak at highest energy is due to the transition from 

Figure 6-9 (a) Temperature dependent EL spectra at 5 mA injection current. (b) Peak shift as a function of temperature 

for different peaks of the EL spectra. (c) EL spectra at 78 K at different current injection levels where the black dashed 

line indicates the blue shift in the peak position of ZB/WZ interface peak. 

 



Chapter 6. Core-shell p-InP/n-SnOx nanowire devices 

 
 

113 

conduction band (CB) to the light hole (LH) valence band, as a result of LH and heavy hole (HH) 

splitting in WZ structures 203. This peak becomes dominant at temperatures above 150 K due to 

thermal population of higher energy states 167. The energy difference between this peak and 

CB/HH peak remains ~40 meV, irrespective of temperature, which is consistent with the reported 

values 167, 203, 204. The second highest energy peak (CB/HH), corresponds to the bandgap of free-

exciton of WZ InP nanowires, in which recombination usually occurs between an electron at ũ7
C 

point and a hole at ũ9
V point of the Brillouin zone 251. The lower energy peak (labelled as Zn 

impurity peak) is considered to be due to Zn related from p-doped InP nanowires. The energy 

difference between this peak and CB/HH peak remains around 34 meV which is consistent with 

reported values of Zn activation energy for low doping levels 205. The lowest energy peak 

(ZB/WZ), is related to type II transition from ZB to WZ interface between the nanowires and 

substrate 252. To confirm the origin of the lowest energy peak, EL spectra at different current levels 

were measured at 78 K. It can be seen in Figure 6-9(c) that the position of this peak is at ~920 nm 

at 1 mA of current injection, which is consistent with reported values 252. Moreover, as the injected 

current increases, a blue shift in the peak is observed similar to that reported by Su et al. confirming 

this peak originates from the interface of nanowire (WZ) and InP substrate (ZB) 252. Another 

possibility of this peak could be the mixed phase structure in the nanowires. However, we rule out 

this case here as it has previously been reported that for the above mentioned growth conditions, 

the nanowires have a pure WZ phase 104. Multiple peaks in the LED are indication of many 

recombination centres in the device. After confirming excellent light output properties, optimum 

dimensions were found out to achieve low threshold lasing. 



Chapter 6. Core-shell p-InP/n-SnOx nanowire devices 

 
 

114 

6.8 Electrically injected nanowire lasers 

6.8.1 Simulations  

To perform simulations, SnOx material was defined. Bandgap of 3.6 eV 253, optical dielectric 

constant of 4 254 and static dielectric constant of 9 255 were chosen. The electron mobility of SnOx 

film was measured from Hall-effect measurement system and taken as 15 cm2V-1s-1 and hole 

mobility was considered 1/5th of electron mobility according to the effective mass ratio of holes 

and electrons 256, 257. CAD design for n-SnOx/p-InP core shell nanowire is similar to n-ZnO/p-InP. 

The only difference is instead of 30 nm of ZnO film, 30 nm of SnOx film was used with doping  

Figure 6-10 Overlap of gain curve at room temperature at a carrier density of 5x1018 cm-3 and modes supported in (a) 

1 µm (b) 2 µm (c) 3 µm (d) 4 µm long InP/ SnOx core shell nanowires. 
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concentration of 5x1012 cm-3. 1-D simulation of n-SnOx/p-InP cavity indicates that the resonant 

wavelength is 846.3 nm for 1 µm long nanowire, 808.8 nm for 2 µm long nanowire, 836.2 nm for 

3 µm long nanowire and 853.1 nm for 4 µm long nanowire (Figure 6-10).  

Figure 6-11 Room temperature L-I plots of n-SnOx/p-InP nanowire devices of various nanowire diameter with total 

length of (a) 1 µm (b) 2 µm (c) 3 µm and (d) 4 µm with different diameters showing lasing. 
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The 2D simulation results are displayed in Figure 6-11. Similar to n-ZnO/p-InP cavity, the lowest 

current threshold is obtained for 200 nm of diameter irrespective of nanowire length. The minimum 

threshold current obtained for 1, 2, 3 and 4 µm long nanowire are 0.16, 0.18, 0.31 and 0.46 mA, 

respectively. The minimum threshold current required to achieve lasing increases with nanowire 

length due to increase in non-uniform current injection. Moreover, with very low doping 

concentration of SnOx film, lasing could still be achieved. This happens due to high n-doping 

concentration of ITO layer. Therefore, the optimised range of length of nanowire was considered 

to be 1 ï 2 µm with a diameter of 200 nm.  

6.8.2 Experiments 

Nanowires were grown using the same optimised parameters as described in 4.2.2. The size of the 

array was reduced to 10 x 10 nanowires with a pitch of 5 µm and pulsed current was passed with 

Figure 6-12 EL spectra from single nanowire at different current injection levels at (a) room temperature and (b) 78 

K. The black dashed line in (a) indicates wavelength position at 870 nm. 
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pulse width of 0.5 µs and duty cycle of 1%. Also, to reduce recombination into the wafer, a 2 µm 

thick SU-8 was left after ICP etching. 

 Figure 6-12 (a) shows the EL spectra recorded from a single nanowire. It is evident that majority 

of recombination is occurring inside the nanowire as the peak position of EL curve is at 870 nm 

which corresponds to the fundamental bandgap of InP nanowires 167. However, red shift in the EL 

spectra at higher injection current is a clear sign of heating in the device. To minimise heating, 

measurements were performed at 78 K. Figure 6-12(b) displays the EL spectra measured at 78K. 

Similar to the LED measurements, three peaks were obtained at lower injection currents. At higher 

current levels, a peak from the substrate becomes prominent indicating the some recombination 

are occurring inside the substrate. After 350 mA of current (3.5 mA per nanowire), the device was 

burnt. The value of current is significantly higher than the minimum threshold obtained from the 

simulations. The deviation in the simulations and experiments could be due to excessive heating, 

higher series resistance and some carriers recombining inside the substrate due to lower hole 

mobility. Additionally, multiple recombination sites reduce the gain generated for the mode 

corresponds to the fundamental bandgap of the nanowires.  

 

Figure 6-13 SEM images of the InP nanowire array device after degradation at 45° tilted view. (a) Entire array and (b) 

magnified image showing the burnt out nanowires. 
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To understand the degradation of device, SEM analysis was carried out. Figure 6-13(a) shows an 

image of the device after degradation. Some nanowires are completely burnt whereas some are 

still present indicating the non-uniformity in the wires. Figure 6-13(b) indicates the nanowires are 

burnt at the bottom suggesting the excessive carriers crowding. Further optimisation in the design 

of lasers is expected to reduce excessive heating, carriers crowding, shift of recombination region 

and provide a sharp emission profile, so that peak gain can be increased substantially, which can 

then pave a way towards electrically injected nanowire lasers.   

6.9 Conclusions 

In summary, we have studied the electrical and optical properties of sputter deposited SnOx layer 

as a function of oxygen percentage and observed that there is a trade-off between absorption and 

resistance. To understand n-SnOx/p-InP junction formation, we studied the band alignment at the 

interface and found that SnOx acts as hole blocking layer. We have also demonstrated core-shell 

p-InP/n-SnOx heterojunction nanowire LED arrays at different deposition conditions to understand 

the trade-off between absorption and series resistance. In terms of output power, sample A (higher 

absorption and lower resistance) was better than sample B (lower absorption and higher 

resistance). The potential reasons are better confinement of electrons at the junction due to higher 

CBO, efficient current injection and lower resistance which leads to less heat generation. This also 

provides evidence that some compromise of the absorption for lowering the device resistance can 

lead to an effective working device. 

 To have a deeper understanding of recombination mechanism of these LEDs, we performed 

temperature dependent behaviour of these LEDs and showed that 4 peaks could be resolved from 

the EL spectrum at ~208 K. These peaks originate from CB/LH, CB/HH, CB/Zn-dopant energy 

level and ZB/WZ transitions. The first peak quenches when the temperature is less than 208 K 
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whereas, the last two peaks become prominent with decreasing temperature. The second peak is 

related to the fundamental bandgap; hence it is observed in all the measurements, irrespective of 

temperature. The device was burnt when high current was passed through it to achieve lasing. 

Further optimisation in the design is required to reduce recombination inside the substrate, multiple 

recombination centres, excessive heating and current crowding. 
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Chapter 7. Core-shell n-InP/p-

SnxNiyOz nanowire emitters 
 

In this chapter, we explore thin films of SnxNiyOz as a p-type layer for n-InP nanowires to minimise 

the recombination inside the substrate. First, electrical and optical properties of SnxNiyOz layer as 

a function of oxygen fraction and temperature are studied. Subsequently, we investigate the 

stability and the performance of p- SnxNiyOz /n-InP nanowire LEDs. After confirming good optical 

properties of the device, we perform both numerical and experimental lasing measurements and 

discuss potential reasons for degradation of the device. 

7.1 Introduction  

To date, the TCOs used for commercial purposes are predominantly n-type and extensive 

investigation is ongoing to develop p-type TCOs that are reliable for practical applications. The 

significantly poorer performance of p-type TCOs in comparison to their n-type counterparts is due 

to their electronic configuration. The interaction between metal ns orbitals and oxygen 2p orbitals 

causes charge disparity leading to spatially disperse ns orbitals and highly localised oxygen 2p 

orbitals 258-260. This results in smaller effective mass of electrons as compared to holes which leads 

to higher mobility and better transport of electrons 260. Therefore, high performance p-type TCOs 

can be realised by reducing the localisation of oxygen 2p orbitals.  

To reduce localisation, hybridisation of O 2p orbitals and closed-shell Cu 3d10 orbitals has been 

proposed since they have comparable energy levels and are expected to overlap 259. However, most 

of the copper-based oxides such as CuO, Cu2O and CuAlO2 exhibit decent electron mobility but 

poor hole density 116, 261. Furthermore, they are either deposited or annealed at very high 
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temperatures which is not suitable for most applications. SnO demonstrates high carrier 

concentration but struggles with stability 116, 261.  SnO has metastable phase and is stable only up 

to 300 °C 262, 263. NiO is stable and shows decent carrier concentration, however, minor absorption 

due to low oscillator strength dïd interband transitions causes lower transparency in the visible 

range 264. In this paper, we explore thin films of an alloy oxide of Sn and Ni (SnxNiyOz) to 

overcome these shortcomings. So far, its application in lithium storage, electrochemical and 

electro-catalytic properties, gas sensing and photo-catalytic properties have been studied 265-270. 

Nevertheless, the use of these films in optoelectronics devices is nascent.  

Combining p- SnxNiyOz with III -V semiconductors has potential in a vast range of optoelectronic 

applications. High dopant concentration is required to form good Ohmic contact but results in free 

carrier absorption and Auger recombination that decrease device performance 168-170, 271. In 

general, free carrier absorption from p-dopants is higher than n-dopants 169. Therefore, replacing 

the p-doped layer with conformal TCOs layer over an n-type nanowire can mitigate free carrier 

absorption as well as simplify extensive optimisation process during nanowire growth.  

7.2 Experimental section 

Sn and Ni targets with 99% purity were used in a sputter coater system, coupled with reactive 

oxygen gas to obtain SnxNiyOz films. Argon was used as the sputtering gas at a constant flow of 

20 sccm. Sn target was powered with 120 W RF source while 90 W of DC power was applied to 

Ni target for all the experiments. The O2/Ar percentage was varied from 10% to 25% while the 

temperature was varied from room temperature to 250oC. All depositions for optimisation study 

were done on Corning glass and heavily doped n-InP substrates. Glass substrates were used for 

bandgap, absorption and Hall-effect measurements while InP substrates were used for computing 

thickness and refractive index using ellipsometer. For ellipsometer measurements, films were 
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deposited for 5 mins such that thickness of all the films were below 100 nm for better fitting. 

Details of ellipsometer fitting has been described in section 6.3. Van-der-Pauw Hall-effect 

measurements were carried out on ~2 µm thick SnxNiyOz films as described in section 6.2. Energy 

dispersive X-Ray spectroscopy (EDX) was performed using an EDAX detector in FEI Helios 600 

Nanolab FIB to estimate the composition of SnxNiyOz films. 

For fabricating the LEDs, n-doped InP nanowires were epitaxially grown on heavily n-doped InP 

substrates using SAE with SiO2 mask with openings of 300 nm diameter, 1 µm pitch and array 

size of 100 x100 µm2. At a base pressure of 100 mbar, trimethylindium with flow rate of 6.07 × 

10ī6 mol/min and phosphine with flow rate of 4.91 × 10ī4 mol/min were introduced into the 

reaction chamber using H2 as a carrier gas. For n-doping, silane with flow rate of 3.08 × 10ī7 

mol/min was introduced into the chamber. Growth was performed at 730°C for 15 mins. The 

nanowires were 3.5 µm long with an average diameter of 400 nm as shown in Figure 7-1(a). Figure 

7-1(b) illustrates the device fabrication process for the LEDs, which have been described in detail 

in section 3.3.2. 

Bandgap and absorption coefficient of SnxNiyOz films were measured by UV-Vis-NIR 

spectrophotometer. To study electrical properties of the film, Hall-effect measurements were 

Figure 7-1 (a) SEM image of the InP nanowire array grown by SAE-MOCVD technique at 30° tilted view. (b) 

Schematic diagram of the LED fabrication process. 
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performed in a magnetic field range of -10 to 10 kG. Elemental and surface analysis of SnxNiyOz 

films were carried out using XPS and UPS. EL of the nanowire LEDs was measured by m-PL 

system. A 10x lens (numerical aperture of 0.3) was used for all the measurements. The IīV 

measurements were carried out using a source/measurement unit.  

7.3  Oxygen dependent optical and electrical properties 

To study the effect of oxygen partial pressure during deposition on SnxNiyOz films, refractive index 

was computed as a function of O2/Ar percentage for the thin film deposited on InP wafers. Figure 

7-2(a) shows the plot of refractive index as a function of wavelength. The trend of refractive index 

for 10% O2/Ar is different than the rest of the films. Monotonic increase in the refractive index 

indicates that film has more metallic characteristics than oxide. This is also evident from higher 

absorption coefficient (Figure 7-2(b)). However, as the oxygen percentage increases, both 

refractive index and absorption coefficient decreases, indicating film is transitioning towards a 

metal oxide layer.  To confirm this, we performed EDX measurements to determine the 

Figure 7-2 Comparison of SnxNiyOz films deposited at various O2/Ar percentages. (a) Refractive index as a function 

of wavelength. (b) Absorption coefficient as a function of wavelength.  
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composition of SnxNiyOz films. Table 7-1 indicates that with increasing oxygen partial pressure, 

both the concentration of Ni and Sn decreases monotonically. However, the change in Sn is higher 

than that of Ni. Further, the oxygen content increases from 33.8% to 60.2%. These results, 

therefore confirm that the film is transitioning towards oxides with increasing O2/Ar percentage.  

Table 7-1 EDX analysis of SnxNiyOz films deposited at room temperature. 

 

To determine the optical bandgap, thin films were deposited on glass substrates. By extrapolating 

the linear region of the Tauc plot to the x-axis, the bandgap was deduced (Figure 7-3 (a-g)). Figure 

7-3 (h) shows the variation of bandgap with O2/Ar percentage. A sharp rise in the bandgap from 

the 10% to 12.5% samples further supports the metallic characteristics of the 10% film. As oxygen 

fraction increases, the bandgap increases which also supports the oxide nature of the film. Our 

results are consistent with literature where an increase in the bandgap of both NiOx and SnOx with 

increasing oxygen fraction has been reported 242, 272. The fundamental bandgap of both SnO and 

SnO2 is indirect 243, 244. Moreover, NiOx also exhibits indirect bandgap, therefore, we consider 

indirect bandgap of SnxNiyOz film and use it for band alignment analyses with InP in later 

section273.   

O2/Ar percentage Sn atomic % Ni atomic % Oxygen atomic % 

10 42.8 23.4 33.8 

12.5 34.6 22.9 42.5 

15 29.4 22.5 48.1 

17.5 25.9 21.7 52.4 

20 24.0 20.5 55.5 

22.5 21.8 19.8 58.4 

25 20.6 19.2 60.2 
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After studying the optical properties, Hall-effect measurements were performed to investigate the 

electrical transport properties. Our results show that with increasing O2/Ar percentage the film 

transition from n-type to p-type. Figure 7-4(a) shows the carrier concentration as a function of 

O2/Ar percentage. Initially, films exhibit n-type characteristics. NiO is p-type irrespective of 

deposition condition 272. However, when metallic tin dominates, the film behaves as n-type 274. 

Figure 7-3 Tauc plot for SnxNiyOz layer deposited at room temperature with O2/Ar percentage of (a) 10% (b) 12.5% 

(c) 15% (d) 17.5% (e) 20% (f) 22.5% (g) 25%. (h) Bandgap of the SnxNiyOz layer vs O2/Ar percentage derived from 

Tauc plot. 
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The presence of metallic characteristics is also supported by higher refractive index values in 

Figure 7-2(a). As O2/Ar percentage increases, n-type conductivity decreases due to decrease in 

metallic elements which is evident from EDX results and finally the film exhibits p-type behaviour. 

The p-type behaviour is attributed to the formation of SnO, which is p-type in nature. Stability of 

SnO phase is reported in very narrow oxygen range which is consistent with our results 275. Further 

increase in the oxygen leads to SnO2 phase which is n-type and therefore, the p-type conductivity 

decreases 274, 275 and the film becomes resistive. Figure 7-4(b) shows the variation of resistivity as 

a function of O2/Ar percentage. 

7.4 Temperature dependent optical and electrical properties 

Following the study of the effect of O2/Ar percentage, both optical and electrical transport 

properties were studied as a function of deposition temperature for the p-type film (O2/Ar = 20%). 

Figure 7-5(a) shows the variation of refractive index as a function of wavelength for the films 

Figure 7-4 Comparison of SnxNiyOz films deposited at room temperature with different O2/Ar % (a) Carrier 

concentration and (b) Resistivity. The green, red and yellow rectangles indicate n-type, p-type and highly resistive 

behaviour of the films, respectively. 
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deposited at different temperatures. Our results indicate that refractive index decreases with the 

increase in temperature and the films become more transparent (Figure 7-5(b)). However, the 

change in both refractive index and absorption coefficient is relatively small which is due to 

minimal change in composition (Table 7-2). 

Table 7-2 EDX analysis of SnxNiyOz film deposited at 20% O2/Ar percentage at different deposition temperatures. 

 

Deposition Temperature (oC) Sn atomic % Ni atomic % Oxygen atomic % 

RT 24.0 20.5 55.5 

50 23.9 20.1 56 

100 23.5 19.7 56.8 

150 22.3 19.5 58.2 

200 20.7 19.2 60.1 

250 19.4 19.1 61.5 

Figure 7-5 Comparison of SnxNiyOz films deposited with 20% O2/Ar at different deposition temperatures. (a) 

Refractive index as a function of wavelength. (b) Absorption coefficient as a function of wavelength. 
















































