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Abstract 

There is considerable interest in ultra-small coherent light sources. A strong candidate is 

a semiconductor-nanowire laser, where a single, monolithic nanowire functions 

simultaneously as an optical microcavity and active medium, leading to an extremely 

compact and robust laser. Recent advances in nanowire synthesis have enabled 
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realization of optically pumped nanowire lasers in different material systems, including 

III-V, III-nitride, and II-VI semiconductors. However, due to the limited lasing control 

techniques, most of the nanowire lasers operate in naturally-occurring multi-mode and 

randomly polarized states.  

 Lasing control in nanowire lasers is strongly desired for many practical 

applications. For instance, specifically polarized lasing is desired for atom trapping and 

biological detection, and single-mode lasing is crucial for applications needing high beam 

quality and spectral purity such as nanolithography and on-chip communications. 

Motivated by these practical requirements, this dissertation concentrates on the study of 

fundamental lasing characteristics and their control in gallium nitride (GaN) nanowire 

lasers. 

 GaN nanowire lasers typically operate in a combined multi-longitudinal and 

multi-transverse mode state. Two schemes are introduced here for controlling the optical 

mode and achieving single-mode operation of the nanowire lasers. The first method 

involves placing two nanowires side-by-side in contact to form a coupled cavity. The 

coupled cavity can generate a Vernier effect, which is able to suppress both multi-

longitudinal and multi-transverse mode operation, giving rise to the single-mode lasing in 

these nanowire lasers. For the second method, single-mode lasing is achieved by placing 

individual GaN nanowires onto gold substrates. The nanowire-gold contact generates a 

mode-dependent loss, which can strongly attenuate high-order guiding modes and ensure 

single-mode operation.  
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 Additionally, polarization properties of the gallium nitride nanowire lasers are 

studied experimentally by direct analysis of light emission from the nanowire end-facets. 

Linearly and elliptically polarized emissions are both obtained from a single nanowire at 

different pump strength, and a clear switching of the polarization states is observed with 

the change of optical excitation. This polarization change is attributed to a switching of 

transverse modes due to their difference in cavity losses. 

 Finally, lasing polarization control is allowed by the coupling of the GaN 

nanowire lasers to an underlying gold substrate. The gold substrate breaks the symmetry 

of the nanowire geometry and generates an inherent polarization-sensitive loss. These 

effects allow us to demonstrate linearly polarized emission of GaN nanowire lasers, with 

a large extinction ratio and a fixed polarization orientation parallel to the substrate 

surface. 
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Chapter 1  

Introduction 

1.1 The need for semiconductor nanowire lasers 

Semiconductor nanowires are quasi-one-dimensional semiconductor structures, which by 

definition have cross-sectional dimensions from nanometers to hundreds of nanometers 

and lengths from hundreds of nanometers to millimeters. These subwavelength structures 

represent a new class of semiconductor materials for investigating light generation, 

propagation, detection, amplification, and modulation. In the recent two decades, 

semiconductor nanowires have witnessed an explosion of development, with tremendous 

of  nanowire photonic devices demonstrated, including photodetectors
1,2,3,4

, gas and 

biological sensors
5,6,7,8

, waveguides
8,9

, LEDs
10,11,12,13

, mircodisplays
14,15

, mircocavity 

lasers
16,17,18,19

, solar cells
20,21,22,23

 and nonlinear optical converters
24,25

.  

 One of the most remarkable developments in this research area is the 

demonstration of lasing behavior in these nanowires. A semiconductor nanowire 

naturally satisfies the requirements of constructing a laser cavity, i. e., optical wave 

guiding, gain media, and the cavity feedback provided by the two end-facet reflection. As 

a nanowire is excited so that the optical gain balances the cavity loss, lasing will occur. 

After the first demonstration of lasing behavior in 2001
18

, such miniaturized nanowire 

lasers have rapidly attracted intense attention in the research community since they have
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exhibited a host of unique features compared to their planar counterparts. These include 

dislocation-free single crystalline nature, atomically smooth surface, one-dimensional 

geometry, wave-guiding ability, and large photon confinement.
26, 27

  

 Another appealing advantage of nanowires is their relaxed growth relationship to 

the substrate.
28,29,30,31

 Nanowires can be grown either with or without an epitaxial 

connection to a substrate. For nanowires grown epitaxially from a substrate, the crystal 

orientation of the substrate is epitaxially transferred to the nanowires which determines 

orientation and direction of the nanowire growth. In this case, the requirement of lattice 

matching is substantially relaxed compared with the thin-film growth, and therefore a 

much larger strain can be tolerated. In the case of nanowire synthesis without epitaxial 

connection to a substrate, lattice matching requirement is further reduced where any 

substrate can be utilized for the nanowire growth. Such substrate insensitivity opens a 

wide material choices which are not available for planar growth. Moreover, the strain 

relaxation of the nanowire growth greatly enhances the toleration of lattice mismatch in 

semiconductor hetero-structures, highly enhancing design flexibility and performance of 

the hetero-structure based devices.  

 Besides the unique material properties, nanowire lasers have also exhibited 

attractive lasing characteristics and wide application potentials. Due to the ultra-short 

cavity length, the longitudinal resonance modes of nanowire lasers are largely separated, 

typically thousands times larger than that of microscopic lasers. This allows for the 

realization of single-mode nanowire lasers by simple geometry control of the 

nanowires.
32

 The strong-guiding waveguide property also enables control of the nanowire 
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lasing characteristics by manipulating the evanescent fields of the propagation modes. As 

will be presented in this dissertation, longitudinal and transverse mode selection as well 

as polarization control of nanowire lasers can be achieved by controlling the evanescent 

fields of propagating modes.
33,34,35

 The miniaturized dimensions of the nanowire lasers, 

and unique lasing characteristics, make them promising for tremendous groundbreaking 

applications, such as compact high resolution biochemical imaging, spectroscopy, atom 

trapping, integrated nanophotonics, nanolithography, high-resolution microdisplay, ultra-

high density information storage, and localized excitation and detection.  

1.2 Review of semiconductor nanowire laser techniques 

Advances in semiconductor material synthesis have given rise to nanowires with 

controlled geometry and single-crystalline material quality, which enable the lasing 

behavior of such nanowires. After the pioneered works on nanowire lasing in ZnO
18

 and 

GaN
17

 nanowires by Yang‟s group, this research area has rapidly attracted intense 

attention and experienced a boost of development. Although there has been many works 

subsequently conducted on this area, they can be divided into two group: one has 

concentrated on nanowire synthesis aiming at high material quality and controlled 

nanowire geometry which enable the lasing behavior
36,37,38

 , the other has focused on the 

study of the fundamental lasing properties and their control in nanowire lasers. 

 The bottom-up and top-down approaches are the two main categories for creating 

semiconductor nanowires.
27

 The bottom-up approach builds up desired nanostructures 

starting with individual molecules or atoms. For nanowire synthesis, the bottom-up 

techniques include vapor-liquid-solid (VLS) chemical or physical vapor deposition, solid-
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liquid-solid process, nanopore templating, and hydrothermal approaches.
27

 Among these, 

the VLS growth, which promotes seeding and oriented growth by means of introducing a 

catalytic liquid alloy phase, has achieved the most success in synthesizing semiconductor 

nanowires in various material systems.
39,40,41,42

 The growth of a crystal from direct 

absorption of a gas phase onto a solid surface is generally slow. The VLS mechanism 

circumvents this by introducing a catalytic liquid alloy phase which can rapidly absorb a 

vapor to supersaturation levels, and from which crystal growth can subsequently occur 

through nucleated seeds at the liquid-solid interface. The physical characteristics of 

nanowires grown in this manner depend, in a controllable way, upon the size and physical 

properties of the liquid alloy. The VLS technique was proposed in 1960s as an 

explanation for growing silicon whiskers from the gas phase with a liquid gold droplet 

placed on a silicon substrate as the catalyst.
43

 After that, the technique has been 

developed for inorganic nanowire synthesis over the last two decades by Yang, Lieber, 

Samuelson, Hitachi, and many other research groups. This technique has given rise to the 

production of high quality nanowires, with the lasing demonstrated in a broad range of 

inorganic nanowires including GaN
17,44

, CdS
16,45

, CdSe
8,46

, and ZnO
18,19

.  

 The top-down approach bases on dimensional reduction of thin-film samples by 

means of mask-defined selective etch or nanoimprinting techniques. For the nanowire 

fabrication, the mask is commonly produced by Langmuir-Blodgett or lithographic 

techniques. Although being applied for fabricating silicon devices
47

, the top-down 

technique has rarely been employed to produce III-V or II-VI semiconductor nanowires 

with lasing behavior until our efforts have been contributed. Our group in Sandia 

National Laboratories has developed a dry plus wet top-down etch approach to fabricate 
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GaN nanowires.
13,32 

The approach involves a first step of assembling a close-packed 

monolayer silica microspheres on the surface of the GaN epilayer using Langmuir-

Blodgett technique. This monolayer of silica microspheres functions as a mask layer for 

the subsequent inductively coupled plasma (ICP) etch, which forms an array of tapered 

GaN micro-pillars. Subsequently an anisotropic wet etch is used to selectively etch the 

GaN pillar sidewalls to form cylindrical (or hexagonal) and non-tapered GaN nanowires 

with desired diameters and to remove the plasma etch-damaged sidewalls. The nanowires 

fabricated using this technique have demonstrated high lasing performance, such as low 

lasing threshold, lasing capability with very short cavity, and lasing ability from arrays of 

them.  

 In addition to the advances in nanowire synthesis and fabrication, increasing 

efforts have been exerted on the fundamental lasing characteristics of such nanolasers. 

Due to the ultra-small cavity size, some principles obeyed by macroscopic lasers are not 

valid for these nanowire lasers. Also, new techniques need to be developed to control the 

nanowire lasing properties. Both theoretical and experimental efforts has been employed 

on nanowire lasers to illustrate the basis operation principles and to explore novel 

approaches to tailor the laser characteristics.  

 Cavity mode property, modal reflectivity, modal confinement and the far field 

distributions have been studied for nanowire lasers.
48,49,50,51

 The cavity feedback of a 

nanowire laser is generated by the reflection from the two end-facets, which indicates a 

Febry-Perot cavity formed by a nanowire. Experimental results have confirmed the 

Febry-Perot cavity feedback for the nanowire lasers, where the longitudinal mode spacing 

obtained in the experiments agreed well with the calculated results.
50

 Transverse modes 
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supported by a nanowire laser and their different reflectivities and far field properties 

have also been studied. Due to the small size of the waveguides, the reflectivities of the 

supported transverse modes differ with the conventional plane wave reflectivity 

determined by the Fresnel reflection formula    
2

1 2 1 2/R n n n n      . To determine the 

reflectivities of different modes, the Maxwell equation needs to be resolved. Finite-

difference time-domain (FDTD) method has been employed to solve this problem, 

revealing that that the reflectivity in the nanowire lasers varies with different modes.
49

 

Ning et al. have calculated the far field energy distributions of different transverse modes 

in a nanowire laser by using FDTD method in cylindrical coordinates.
48

 It was found that 

HE11 mode gives rise to the maximum emission at 0  , while the transverse TE01 and 

TM01 modes cannot emit at 0  and the emission maxima biased for 30
o
 ~50

 o
. The 

confinement factor is usually taken to mean the fraction of optical mode intensity 

contained within the active region. However, this is not accurate for semiconductor 

nanowire lasers due to the strong waveguiding. It has been shown for such strong 

waveguiding, the confinement factor can exceed unity.
51

 This can be understand by 

taking the effective propagation distances of different modes into account for the 

effective gain calculation. 

 Direct evidence of transition from amplified spontaneous emission to coherent 

laser emission in optically pumped ZnO nanowires has been reported by Zimmler et al.
52

 

It has been described that the output power of the nanowire lasers experienced a 

transition from superlinear to linear regime when the pump power exceeded the lasing 

threshold. This lasing action has also been evidenced by the transition from uniform body 
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emission to directional emission along the nanowire and spectral Fabry-Perot modes 

exceeding the spontaneous emission background by orders of magnitude.  

 Different approaches have been proposed or demonstrated for reducing the lasing 

thresholds of nanowire lasers. The basic idea is to reduce the cavity loss by enhancing the 

cavity feedback, which typically is generated from the nanowire end-facet reflection with 

a reflectance of ~20%. In 2006, Pauzauskie et al. developed a nanowire ring laser by 

bending a nanowire and connecting the two emission ends. 
53

 The ring cavity alleviates 

the cavity loss from the end emission and leads to a low lasing threshold of 75 J/cm
2
. 

Additionally, they demonstrated significant changes in nanowire photoluminescence, Q 

factor, and lasing modes by manipulating a linear nanowire into the ring geometry. 

Following the side-by-side coupling of nanowire ends, peak emission wavelengths shift 

by nearly 10 nm due to improved coupling efficiency between tangentially overlapping 

nanowire ends, Q factor enhancement, and preferential gain in long-wavelength modes. 

In 2006, Chen et al. proposed a nanowire structure with distributed Bragg reflector at the 

two nanowire ends for enhancing the end-facet reflectivity and thereby reducing the 

threshold of these lasers.
54

 Their simulation results show that the geometry has 

advantages as threshold reduction, enhanced stimulated emission over spontaneous 

emission and support of single wavelength operation. 

 Different approaches have been developed to achieve single-mode operation in 

nanowire lasers. The first single-mode nanowire laser was realized by Tong‟s group in 

2011.
46

 The single-mode lasing was achieved by folding a long CdSe nanowire to a 

“figure-8” shape. The “figure-8” nanowire forms a coupled cavity, which is able to 

enlarge the longitudinal mode spacing of the cavity and thereby reduce the lasing modes. 



Chapter 1 Introduction 

6 

 

Taking use of the same mechanism, single-mode lasing from a „X-shaped‟ coupled 

nanowire cavity was also obtained.
55

 The coupling effect was also demonstrated in a 

cleaved nanowire geometry.
56

 In this geometry, two end-to-end nanowires were formed 

by cleaving a single nanowire using focus ion beam mining. By controlling the cleaved 

gap, the coupling loss was minimized while strong coupling from one nanowire to the 

other could be generated. As-fabricated single-mode lasing has also been realized in GaN 

nanowire lasers, where the single-mode operation was ensured by the precise control of 

the nanowire length and diameter during the fabrication process.
32

 Since GaN nanowires 

typically operates in a combined multi-transverse and multi-longitudinal mode operation, 

they both need to be suppressed to achieve single-mode lasing. In this work, the GaN 

nanowire diameter was reduced to ~130 nm so that the nanowire functioned as a single-

mode waveguide, which bypassed the multi-transverse mode operation. Multi-

longitudinal mode operation was suppressed by reducing the nanowire length to ~5 m, 

which strongly enhanced the mode competition and generated the single-mode lasing. 

Although capable of generating as-fabricated single-mode nanowire lasers, this technique 

is restricted to nanowire with very small dimensions, which has the drawbacks of reduced 

gain volume and mode confinement, and surface defect effects due to the large surface-

volume ratio, leading to an increased lasing threshold. 

 To address this limitation, we have developed a method that uses a nanowire-pair 

geometry to generate single-mode lasing for GaN nanowires with larger dimensions.
33

 

The nanowire-pair was formed by putting two nanowires side-by-side in contact. A 

coupling effect can be generated from the nanowire-pair, which is able to not only select 

longitudinal mode, but also suppress the multiple transverse mode oscillation in the 
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cavity. Single-mode lasing in GaN nanowires with diameters as large as 800 nm has been 

achieved by this approach. We have also demonstrated that a transverse mode can be 

selected by coupling a nanowire to a gold substrate.
34

 The nanowire-gold contact 

generates a mode-dependent loss, which strongly attenuates higher transverse modes and 

ensures single-mode operation. 

 Large band wavelength tuning has also been realized in nanowire lasers.
57

 By 

selectively pumping a certain fraction of a nanowire instead of uniformly pumping the 

whole nanowire, the lasing wavelength of a nanowire laser can be shifted. Over 30 nm 

tuning range has been achieved by such selective pumping in a CdS nanowire laser. This 

tuning effect is attributed to the combine effects of self-absorption, band renormalization 

and pulling effect. Similar results have been reported in a CdSe nanowire, with a 

wavelength tuning range of ~40 nm.
58

 The wavelength tuning has been argued as a result 

of self-absorption effect from the unpumped nanowire section, which tends to absorb the 

light with short wavelength, thereby shifting the lasing wavelength. 

1.3 Introduction to gallium nitride  

GaN is a binary III/V direct bandgap semiconductor, and one of the most important 

semiconductor materials since silicon. GaN and its III-N alloys (AlGaInN) have 

established themselves as exceptionally significant semiconductors for short wavelength 

optoelectronics, and high frequency, high power electronics. The main reason for that is 

due to their direct energy band gaps covering the entire visible and a large part of ultra-

violet spectral range. Also, the large band gap and high chemical and thermal stability 

allow them to be used in harsh environments. 
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 Group III-nitrides can crystallized in zinc-blende (cubic) or wurtzite (hexagonal) 

polytypes. The wurtzite III-nitrides are more interesting since wurtzite GaN, AlN and InN 

all have direct bandgaps, with the room-temperature band gap energy of 3.39, 6.2 and 0.8 

eV respectively. The compounds of III-nitride semiconductor potentially cover the 

emission range from deep ultra-violet to near infrared. The large band gap of GaN also 

gives rise to a low sensitivity of intrinsic carrier concentration on the temperature, which 

leads to a much higher device stability compared with silicon and GaAs based 

semiconductor materials. In addition, the wurtzite III-nitrides are highly piezoelectric, 

offering promising for device designs which cannot be accessed by common Si or GaAs 

based semiconductors. Furthermore, GaN has strong absorption and optical gain 

coefficients of 40000 cm
-1

 and 7200 cm
-1

 respectively, making it a good candidate for 

short wavelength photodetectors and light emitting sources.  

 III-nitrides can be used in many electronic and optoelectronic applications. One 

significant application is emitting brilliant light in the form of light emitting diodes 

(LEDs) and laser diodes. LEDs play an important role in general lighting, luminescence 

displays, including traffic lights, and television and cell phone backlights. The unique 

features of the LEDs, such as high efficiency, long lifetime and quick response time, 

make them the ultimate general source of continuous light. GaN-based laser diodes are 

also used for high capacity optical storage applications. Since the resolution of optical 

reading and writing is reversely proportional to the laser wavelength, the CD capacity can 

be expanded from 0.8 GB (780 nm operation wavelength for CDs) and 4.7 GB (650 nm 

operartion wavelength for DVDs) to over 25GB by using the UV lasers. Additionally, 

UV laser diodes also are finding applications in biochemistry and medical sciences. GaN 
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is also the key material for next generation high frequency, high power transistors 

capable of operating at high temperatures. For example, GaN is the substrate which 

makes violet (405 nm) laser diodes possible, without use of nonlinear optical frequency-

doubling. Because GaN transistors can operate at much higher temperatures and work at 

much higher voltages than gallium arsenide (GaAs) transistors, they can make ideal 

power amplifiers at microwave frequencies. Furthermore, AlGaN/GaN HEMTs have 

demonstrated excellent characteristics, paving the way for high-efficiency operation of 

high power GaN HEMTs for amplifiers of next-generation mobile base stations. 

1.4 Organization of the dissertation 

In this dissertation, the fundamental lasing properties are studied and several unique 

techniques are introduced for controlling such lasing properties, including the mode 

selection and polarization control. The dissertation is organized as follows. 

 Chapter 1 gives the introduction of the nanowire lasers in terms of motivation of 

nanowire laser study, and state-of-art techniques for nanowire synthesis and lasing 

control. The material properties of GaN are also introduced. 

 Chapter 2 is devoted to the fundamental operation principles for the nanowire 

lasers. The chapter mainly focuses on the novel operation features of these nanolasers 

which differ with those of the conventional lasers. These include the extremely large 

longitudinal mode spacing, and different cavity feedback, modal gain and far field 

properties for different transverse modes. 
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 Chapter 3 introduces the experimental and simulation techniques used in the 

dissertation to fabricate, characterize and analyze the nanowire lasers. A dry plus wet 

two-step top-down etch approach is introduced to fabricate the nanodevices with high 

material quality and controlled geometry. The nanodevices are optically characterized by 

means of mirco-photoluminescence setups. A specific dual-arm mirco-

photoluminescence setup is developed to characterize the laser emission directly from the 

nanowire end-facets, which enable the analysis of the nanolaser polarization and far field 

properties. A commercial software package based on FDTD technique is employed for 

the analysis of the nanowire properties. 

 Chapter 4 presents a technique developed for realizing single-mode operation in 

GaN nanowires by placing two nanowires side-by-side in contact. The single-mode lasing 

is achieved by a coupling effect between the two nanowires, which generates a much 

more restricted resonance condition and thereby dramatically reduce the lasing mode in 

the coupled cavity. 

 Chapter 5 proposes an alternative approach to achieve single-mode lasing from 

individual GaN nanowire lasers. This is realized by simply coupling a nanowire to a 

underlying gold substrate. The gold substrate generates a mode-dependent cavity loss, 

which can suppress all the high-order modes from oscillating in the cavity and ensure the 

single-mode operation. 

 Chapter 6 studies the polarization properties of the GaN nanowire lasers. It is 

found that one single nanowire can lase with different polarization states when the optical 

excitation strength is changed. A clear polarization state switching from linear to 
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elliptical is measured experimentally. This phenomena is attributed to a transverse mode 

switching due to their different cavity feedbacks. 

 Chapter 7 presents an approach to control the polarization of nanowire lasers by 

coupling them to a gold substrate. In addition to suppress high order transverse modes, 

the metal substrate can generate a polarization-dependent loss, which ensures the linear 

polarized laser emission with the polarization clamped parallel to the substrate surface.  

 Chapter 8 discusses conclusions and future directions. 



 

12 

 

Chapter 2  

 

Theoretical Fundamentals for Nanowire 

Lasers 

Regardless of the constructed material, the general operation principles for nanowire 

lasers are similar. To enable the lasing behavior, the key factors for a laser cavity need to 

be satisfied, which include optical gain, waveguiding, and cavity feedback. Interestingly, 

an as-fabricated semiconductor nanowire naturally fulfills these requirements. A free 

standing nanowire typically has a circular (hexagonal or triangular) cross-sectional 

geometry, where the refractive index of the semiconductor material is much larger than 

that of the surrounding air forming an effective waveguide. The high refractive index 

difference between the semiconductor material and the surroundings allows for efficient 

waveguiding even when the nanowire cross-sectional size is comparable to or even 

smaller than the operation wavelength. The cavity feedback is provided by the reflection 

of the guided modes from the nanowire end-facets, which forms a micro-sized Febry-

Perot cavity. When a nanowire is excited, carriers can be injected in the nanowire which 

provides the material gain for the laser operation.  

 However, the miniaturized dimension of the nanowires lead to many interesting 

difference in principles compared to those for the macroscopic lasers. For instance, the 
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small transverse dimension of a nanowire generates propagation modes with a 

considerate portion of light fields outside the waveguide, which results in the invalidation 

of Fresnel rules which dominates the typical diffraction problems of guide wave 

scattering upon discontinuity. For the same reason, the far field property and the modal 

confinement also need to be reevaluated. To address these problems, Maxwell‟s 

equations need to resolved, which is best approached by numerical methods. This chapter 

will describe some theoretical aspects of nanowire lasers, especially those distinguishing 

them from other existing lasers.  

2.1 Cavity feedback 

Lasing occurs in a nanowire when the injected carriers provide sufficient gain to balance 

all the cavity losses. Since a nanowire cavity feedback is generated by the reflection from 

the two end-facets, it naturally forms a Febry-Perot laser cavity. Therefore, the threshold 

equation for a free-standing nanowire laser can be presented as
50

: 

1 1
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th t

t R W
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Where   is photonic confinement factor, 
thg  is the threshold material gain (

thg  

is the modal gain), L  is the nanowire length, R  is the end-facet reflectivity, and 
t , 

R , 

W stand for total loss, end-facet reflection loss, and wave guiding loss coefficients, 

respectively. Although the end-facet reflectance and the waveguide loss due to scattering 

both contribute to the cavity loss, the end-facet loss dominates in typical nanowire lasers 
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due to the low reflectivity at the nanowire-air interfaces.
50

 These equations render the 

relationship between the cavity length, mode confinement and the lasing threshold in the 

following way: large cavity length and confinement factor lead to a low threshold; on the 

contrary, small cavity length and mode confinement result in a high threshold. Since the 

nanowire waveguide is formed by refractive index contrast between the semiconductor 

material and the surrounding air, the mode confinement is intensely related with the 

nanowire cross-sectional dimension, i. e., for a given propagation mode, the mode 

confinement increases as the nanowire diameter increases. Therefore, a nanowire with 

larger diameter and length is believed to have a lower lasing threshold.  

2.2 Longitudinal modes 

A nanowire laser commonly has a Febry-Perot cavity, where the resonance occurs when 

the phase of a light wave constructively interfere with itself after a round trip propagation 

inside the cavity. This resonance condition gives a longitudinal mode spacing determined 

by  

 
 

1
21

2

dn
n

L d


  



  
    
    , 

where L  is the cavity length (or nanowire length),   is the wavelength and  n   is the 

refractive index at the wavelength  . This equation indicates that the longitudinal mode 

spacing is reversely proportional to the nanowire length and the spacing at different 

wavelength may not be even due to the dispersion of  the refractive index. As an example, 

Fig. 2.1 describes the dependence of nanowire length of the above-threshold laser spectra 



Chapter 2  Theoretical Fundamentals for Nanowire Lasers 

15 

 

obtained from different ZnO nanowires.
50

 Fig. 2.1(a) shows the lasing spectra 

experimentally obtained for three nanowires with different lengths. The observed sharp 

spikes corresponds to the longitudinal lasing modes of the nanowire cavities. It is seen 

that the mode spacing decreases with the increase of the nanowire length. In addition, for 

each spectrum obtained from a given nanowire, the mode spacing in the long wavelength 

side is larger than that in the short wavelength side, indicating a negative dispersion of 

the refractive index for this material. It is further evidenced in Fig. 2.1(b) that the 

reversely proportional relationship between the mode spacing and the cavity length, 

where the mode spacing at the same wavelength is measured for nine nanowires with 

different lengths.  

 

Figure 2.1 Nanowire length dependence of above-threshold laser spectra from ZnO 

nanowires. (a) Laser oscillation spectra for three nanowires of different lengths; (b) 

Spacing between adjacent modes versus 1/L. (figure taken from [50]) 
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2.3 Transverse modes 

The single-mode operation of circular waveguides is roughly determined by the equation 

  
0.5

2 2

1 0/ 2.405D n n    , where D is the nanowire diameter,   is the wavelength in 

vacuum, and n1 and n0 are the refractive indices of the nanowire and the surrounding air, 

respectively.
59

 It is seen that the single-mode cutoff diameter depends on the operation 

wavelength and the refractive indices of the semiconductor and the surrounding materials. 

Since the most demonstrated semiconductor nanowires have refractive indices from 

2.5~3 and the surround material is air for most cases, the operation wavelength becomes 

the dominating factor for the cutoff diameter. For the nanowires operating in short 

wavelength regime, such as GaN and ZnO nanowires, the cutoff diameter for them to 

behave as single-mode waveguides is in the range of 120~150 nm. Therefore, the 

nanowires with larger transverse dimensions guide multiple modes. Here, one question is 

raised that whether a specific mode is favored for lasing in these nanowire lasers. To 

address this issue, analysis needs to be conducted on the reflectivity, modal gain, far field 

characterization of these nanowires.  

2.4 Reflectivity of different transverse modes 

The reflectivity at the interface of two different material is usually determined by the 

Fresnel reflection formula     
2

1 0 1 0/R n n n n   , where n1 and n0 are the refractive 

indices of the materials on the two sides of the discontinuity. However, this formula does 

not apply for the nanowire lasers. Since the guiding modes are partially confined within 

the nanowires, only a fraction of the modes experience the end-facet reflection. As can be 

seen that the modal properties will have a strong effect on the end-facet reflectivity. To 
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accurately analyze the reflectivity of guided modes, Maxwell‟s equations need to be 

numerically resolved. FDTD method can be used to calculate the reflectivity. In this 

approach, the transverse modes supported by the cross-sectional geometry is firstly 

calculated, and then these modes obtained can be separately employed for the following 

reflectivity calculation. Fig. 2.2 shows an example of calculated reflectivities for guiding 

modes supported by a ZnO nanowire on SiO2 substrate geometry.
49

 This structure 

supports modes that closely resemble the transverse electric (TE0m), transverse magnetic 

(TM0m) and hybrid (HEnm) modes typically found in a cylindrically symmetric case of a 

free standing nanowire. Differently, the presence of the substrate breaks the cylindrical 

symmetry of the problem, rendering the calculation tractable only numerically. In 

addition, the substrate distorts the modes by pulling the field into the substrate. It is seen 

from the figure that only HE11 mode exists when the nanowire diameter is in the range of 

100~160 nm, and its end-facet reflectivity is less than 20%. When the nanowire diameter 

reaches 170 nm, the nanowire starts to support the TE01 mode; and when the diameter 

reaches 220 nm, it supports both TE01 and TM01 modes. Interestingly, the TE01 and TM01 

modes show larger laser reflectivity compared to that of the HE11 mode in this case. For 

the TE01 mode in specific, the reflectivity can be as high as about 45%, which is over two 

times larger than that of the HE11 mode. The simulation results suggest that for regular 

ZnO nanowire with diameter in the range of 200~400 nm, The lasing threshold for the 

TE01 and TM01 modes should be less than the HE11 mode, thereby be favored to lase in 

such nanowire lasers.  
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Figure 2.2  Reflection coefficient for several lowest-order modes of a ZnO nanowire 

lying on a silica substrate. (figure taken from [49]) 

2.5 Far field 

While nanowires with small diameter support only HE11 mode, nanowires with larger 

diameters can support higher order modes, such as TE01 and TM01. The mode types are 

typically distinguished by comparing the lasing spectral peaks according to their different 

dispersion properties. However, this approach may be ambiguous since different modes 

may have the similar lasing wavelengths which may not be distinguished by a common 

spectrometer. The far field analysis may offer a better solution to the problem, where the 

mode profile and polarization can be analyzed for confirming the mode type. To describe 

this the situation is considered that the radiation originates from the end of a free-standing 

nanowire. This is a typical diffraction problem that is similar to that of optical fibers 

which have been studied thoroughly. However, the strong guiding property of a 

semiconductor nanowire make it differ with the fiber case, and therefore the obtained far-
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field results for fibers does not apply for the nanowires. FDTD method can be employed 

to calculate the far-field emission of a nanowire laser.
48

 This is typically conducted by 

calculating the supported modes by the transverse geometry and then calculating the 

propagation of a certain mode after it reach the end-facets, which give rise to the time-

dependent fields in the far-field region. Fig. 2.3 shows a calculated result of far filed 

energy density as a function of for the three lowest modes supported by a multimode 

waveguide: TE01, TM01 and HE11 modes.
48

 For the HE11 mode, the emission at small is 

quite large and is independent of polarization. As /R c  increases, the forward emission 

decreases while the backward direction increases. The broadening of the emission angle 

with the increase of /R c  can be understood as the decrease of the transverse extent of 

the mode for larger /R c . Also, when /R c  is small, a strong maximum at 0   is 

achieved. This can be attributed to the weak localization of guided modes in thin 

nanowires. However, the reflection from the end facet is small correspondingly, which 

results in a high threshold gain. Thicker nanowires can provide lower threshold while 

their emission has a broader angular distribution. 

The emission for the transverse TE01 and TM01 modes shows large difference 

from that of the HE11 mode. As shown in Fig. 2.3(a), the emission is complete absence at 

0  . This is the direct result of the symmetry of these modes. For a mode having far 

field at 0  , it must have electric and magnetic fields perpendicular to the nanowire axis, 

which cannot be produced by the TE01 and TM01 modes. 
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Figure 2.3 Normalized far-filed intensity as a function of for (a) TE01, TM01 and (b) 

HE11 modes. (figure taken from [48]) 
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Chapter 3  

 

Fabrication, Characterization and Simulation 

Techniques for GaN Nanowires 

This chapter introduces the experimental and simulation approaches used in the 

dissertation to fabricate, characterize and analyze the III-nitride nanowire lasers. A novel 

top-down two-step etch technique is introduced, which is developed by our group in 

Sandia National Laboratories for the fabrication of the III-nitride nanowires and other 

nanostructures. The fabricated nanostructures are characterized using micro-

photoluminescence (-PL) setups. In addition to the one-arm -PL setup, a technique 

commonly employed for the nanowire characterization, we develop a dual-arm -PL 

setup to analyze the light emission directly from end-facets of nanowires. The dual-arm 

-PL setup allows for precisely analyzing the polarization and far field pattern of the 

nanowires. A commercial software package based on FDTD technique, “Mode 

Solutions”, is used for analyzing the nanowire operation, including the guiding mode 

analysis, propagation loss, and far field property analysis. 

3.1 Fabrication of GaN nanowires 
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Figure 3.1 The main steps of the top-down etch technique for fabricating GaN 

nanostructures. 

A unique top-down dry-plus-wet etch technique is developed in our experiment to 

fabricate GaN-based nanowires and other nanostructures.
32

 This technique is able to 

fabricate nanostructures with single crystalline material quality, controlled geometry and 

smooth surface. The fabrication process involves four main steps as seen in Fig. 3.1. This 

process starts with a c-plane GaN epitaxial thin film, which is grown in a metalorganic 

chemical vapor deposition (MOCVD) reactor on a 2 inch sapphire substrate. After the 

GaN growth, a mask layer is deposited on the surface of the GaN epilayer serving for the 

following dry etch. Depending on the desired device structure, two different techniques 

are utilized for producing the etch mask, i. e., one way is to utilize Langmuir-Blodgett 

techniques to form a close-packed monolayer of silica microspheres which is able to 

define arrays of cylindrical nanowires; the other way is to use e-beam lithography 

technique to define arbitrarily shaped masks for making devices with flexible geometries. 
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Subsequently, the mask geometry is transferred into the epilayer by the inductively 

coupled plasma dry etch, with the etch depth controlled by the duration of the dry etch. 

After the dry etch, tapered-shaped nanostructures are formed with severe surface damage 

and roughness. An anisotropic AZ400K-based wet etch is thereby utilized to selectively 

etch the structures to get straight and smooth sidewalls, which give rise to the improved 

optical performance of them. 

3.1.1 Mask design and fabrication 

A etch mask is a material that blocks etching in selected areas of the substrate surface, 

which defines the resulting surface morphology after the etch process. In order to 

fabricate cylindrical nanowire structures, etch mask utilized needs to have a circularly 

shaped cross-section. For this purpose, Langmuir-Blodgett technique is employed to 

generate a close-packed monolayer of silica microspheres. To define arbitrarily shaped or 

spaced etch mask, the electron-beam lithography technique can be used. These two 

techniques are detailed as follows.  

 Single monolayer microsphere deposition on the GaN epilayer is achieved by 

using a Langmuir-Blodgett trough, which is a laboratory apparatus used to compress 

monolayers of molecules or particles on the surface of a given subphase and measure the 

surface phenomena due to this compression so as to deposit single monolayer of the 

molecules to a given substrate.
60,61

 Fig. 3.2 illustrates the process of the Langmuir-

Blodgett deposition.
62

 Firstly, the molecules to be deposited are dispersed onto the 

surface of a sub-phase, typically oriented with the hydrophobic part upwards and with the 

hydrophilic part immersed in water. The surface area occupied by each molecule is 
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subsequently compressed by means of the movement of barriers in order to produce a 

highly densely packed array of the molecules in a solid state. The molecule transfer to a 

properly cleaned and prepared solid substrate can be performed from this state by dipping 

and lifting the substrate through the condensed Langmuir layer. To ensure the solid state 

is maintained during molecule transfer from the sub-phase to the substrate, a continuous 

movement of the barriers is performed which is monitored by a surface tension sensor.   

 

Figure 3.2 Schematic representation of the Langmuir-Blodgett deposition procedure. 

(figure taken from [62]) 

 In particularly, to fabricate 2-dimensinal array of circularly cross-sectional masks 

for the nanowire array generation, 1~5 m silica microspheres and distilled water are 

employed as the particles to be deposited and the subphase respectively. The monolayer 

of silica microspheres is assembled on a GaN epilayer following a process reported by 

Reculusa and Ravaine
60

. Firstly, given amounts of silica microspheres are introduced into 

an ethanol and ammonia solution. Sonication of the mixture solution is then performed to 
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homogenize it. Second, a large excess of allyltrimethoxysilane is added to functionalized 

the silica surface. This mixture is then sonicated at a system temperature of  90 
o
C for two 

hours in order to gain proper hydrophobicity for the spheres which prevents the 

aggregation phenomenon of the spheres from occurring. Thirdly, to eliminate the 

remaining reagents, the suspension is dialyzed several times and then transferred to a 

flask under continuous stirring. Fourth, after a few times purification by absolute ethanol, 

the suspension is then redispersed in a 8:2 mixture of chloroform and ethanol and 

sonicated for several minutes. Finally, this suspension is carefully spread along the water 

surface of the Langmuir trough, and a condensed single-layer is formed at a surface 

tension of 11 1mN m when sphere transferred starts with the dipping and lifting of the 

GaN substrate.  

 

Figure 3.3 Optical image of silica substrate deposited with a monolayer of 3 m 

silica microspheres. 
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 Using the Langmuir-Blodgett technique, we successfully demonstrate monolayer 

microsphere deposition on various substrates (e.g. GaN, glass, silica) with different 

sphere diameters (1 m~5 m). Fig. 3.3 shows an image of 2 inch silica wafer coated 

with a monolayer of  3 m microspheres. A colorful diffraction pattern can be seen on the 

sample surface from proper observation angles when the sample is illuminated by a lamp, 

indicating the generation of uniformly packed two-dimensional array of the microspheres.  

 

Figure 3.4 Schematic of the electron beam lithography procedure. (a) GaN substrate; 

(b) PMMA coated on the GaN substrate; (c) electron beam patterning (circle 

indicates the exposed region); (d) development performed in a 1:3 MIBK to IPA  

solution; (e) metal deposition; (f) metal mask obtained after removal of the rest 

PMMA and the metal attached to it. 

 While the Langmuir-Blodgett technique can produce masks with two-dimensional 

arrays of microspheres, electron beam lithography technique is able to define arbitrarily 

shaped masks. Electron beam lithography is the practice of emitting a beam of electrons 
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in a patterned fashion across a surface covered with a layer of resist, and of selectively 

removing regions of the resist. Depending on the resist type, either exposed (for positive 

tone resist) or non-exposed (for negative tone resist) region can be removed. In our 

experiments, polymethyl methacrylate (PMMA) is used as the resist. The PMMA is a 

positive tone resist, indicating the removal of the exposed region after the electron beam 

writing.  

 Fig. 3.4 sketches the process of mask fabrication by the electron beam lithography 

technique in our experiment. Firstly, a layer of PMMA is deposited on the GaN surface 

by spin coating (Fig. 3.4(b)). The thickness of the PMMA resist is determined by the 

solid PMMA concentration of the resist and the spin speed. Higher solid concentration 

leads to a thicker layer, and for a given solid concentration, higher spin speed gives a 

more uniform but thinner PMMA layer. In our experiment, a commercial resist 

950PMMA-C2 from Microchem Inc is commonly used which has 2% of the PMMA 

solids in chlorobenzene. A spin speed of 4000 rounds per minute is used to generate a 

uniform PMMA layer with the thickness of ~ 300 nm. This sample is subsequently 

loaded into a scanning electron microscope from FEI Inc for the electron beam exposure 

(Fig. 3.4(c)). An electron beam current of 520 pA and an intensity dose of 350 C/cm
2
 

are employed for the PMMA resist exposure. After the exposure, the exposed regions can 

be selectively removed by placing the sample into the 1:3 methyl isobutyl ketone (MIBK) 

to isopropanol (IPA) developer for about one minute (Fig. 3.4(d)). The development is 

stopped by moving the sample to a pure IPA solution for another one minute. 

Subsequently a metal layer with the thickness of ~100 nm is deposited to the sample 

surface by using electron beam evaporation (Fig. 3.4(e)). At last, the residual PMMA and 
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the metal on top of it are removed by dipping the sample to a acetone solvent, leaving 

only the metal mask on the electron-exposed region (Fig. 3.4(f)). The resolution for the 

metal mask by the electron beam lithography is ~50 nm, which is affected by the 

thickness of the PMMA layer, the deposited metal thickness, the resolution of electron 

beam scanning, and the duration of the development.  

 Compared with the Langmuir-Blodgett technique, electron beam lithography has 

more flexibility to make masks for single devices. Due to the high resolution and flexible 

mask shape control, it is desired for fabricating nanostructures with geometries that could 

not be formed by regularly shaped masks. For example, this technique has been used in 

our experiments to fabricate hexagonal microdisks, nanospirals, and coupled nanorings. 

On the other hand, this technique typically limits the produced metal mask thickness to 

be only a few hundreds of nanometers, which prevents it being used for applications 

needing large etch depth, such as fabricating vertically oriented long nanowires. In 

addition, the electron beam exposure process is time consuming that may not be suitable 

for large scale patterning to make dense nanostructures on a single wafer. 

3.1.2 Two-step top-down etch 

A unique two-step “dry plus wet” etch technique is utilized to transfer the mask pattern 

into the GaN epilayer. Due to the circularly cross-sectional geometry, the monolayer of 

silica microspheres prepared by means of the Langmuir-Blodgett technique is suitable to 

function as the mask to fabricate nanowire arrays. Fig. 3.5(a) sketches the geometry of a 

monolayer assembled on a GaN epilayer, and (d) shows a corresponding top-view SEM 

image from a real sample. The etching process starts with a inductively coupled plasma 
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(ICP) dry etch. The ratio of the etch rates for the silica spheres and the GaN substrate is ~ 

1:2, indicating an obtainable etch depth of ~ 6 m on the uncovered GaN substrate by 

using 3 m diameter spheres. We also notice that the spheres shrink during the dry etch 

process. Therefore, the etch duration needs be precisely controlled so that residual silica 

spheres have diameters of about a few hundreds of nanometers, which defines the top 

dimension of the resulting nanoposts. The gradual shrinking of the spheres, together with 

the shadow effect for the ICP etch, give rise to the formation of nanopost arrays with 

strong tapered shape, as indicated by Fig. 3.5(b) and (e). Moreover, many surface defects 

are formed after the dry etch, which leads to a severe surface scattering, preventing the 

effective waveguide of the nanoposts from happening. This is confirmed experimentally 

that no laser emission is obtained from these nanoposts when optically excited. To 

address this issue, a following wet etch process is employed to remove the surface 

damage and generate nanowires with uniform and straight sidewalls
13

. The wet etch is 

performed in a AZ400K (KOH based) developer with a system temperature of 65 
o
C. The 

wet etch is an anisotropic process which does not affect the C-plane surfaces and has a 

relatively lower etch rate for M-plane surfaces of the GaN material. Therefore, the etch 

starts from the top of the formed nanoposts and pills off the tapered part until a steady 

state is achieved where a hexagonal nanowire is formed with C-plane and M-plane facets. 

Fig. 3.5(c) and (f) illustrate the obtained nanowires with uniform surface and straight 

sidewalls. Experimentally, a two-hour etch duration is needed to reach the state. Note that 

the etch process does not stops when the tapered part of the posts are removed, but rather 

it shrinks the nanowires at a relatively lower etch rate. This offers us the ability to control 

the nanowire diameter by managing the wet etch duration. 
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Figure 3.5 Schematic of nanowire fabrication process by means of the two-step top-

down etch technique. (a) sphere coating on the GaN substrate; (b) taper-shaped 

nanoposts formed after the ICP dry etch; (c) nanowire formation after a anisotropic 

wet etch process; (d)-(f) show the SEM images of fabrication steps corresponding to 

(a)-(c) respectively. 

 It is also feasible to produce arbitrary shaped GaN nanodevices by combining the 

electron beam lithography and the top down techniques. Fig. 3.6. illustrates the procedure 

to fabricate nanostructures using this approach. Fig. 3.6(a) sketches a metal ring mask 

defined on a thin-film GaN substrate by the electron beam lithography. After the ICP dry 

etch, the ring structure is transferred to the GaN film with tapered and ununiformed 

sidewalls (Fig. 3.6(b)). The following AZ400K wet etch removes the damages from the 

dry etch process and generates straight and smooth sidewalls (Fig. 3.6(c)). Fig. 3.6(d)-(g) 

also show the SEM images of various structures fabricated by this technique, including 

nanorings, “figure-8” resonators, and nanospirals. 
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Figure 3.6 Schematic of arbitrary nanostructure fabrication process by the e-beam 

lithography plus the top-down etch techniques. (a) metal coating on the GaN 

substrate by the electron beam lithography; (b) taper-shaped nanoring formed after 

the ICP dry etch; (c) nanoring formation after a anisotropic wet etch process; (d)-(g) 

show the SEM images several nanostructures fabricated by this technique. The scale 

bars represent 1 m. 

3.1.3 Issues about the top-down technique 

While the top-down etch approach shows the capability of fabricating various GaN 

nanostructures, it is challenging to produce III-nitride devices with different material 

components. This is due to the reason that the wet etch rate varies with different III-

nitride materials so that smooth sidewalls of the structures are hardly be obtained. The 

roughness of the structure surface will strongly enhance the surface scattering effect, 

leading to the low optical performance of these nanostructures. 
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Figure 3.7 SEM images of (a) cross-sectional view of cleaved III-nitride epilayer with 

two DBRs respectively composed of 8 and 10 periods of AlN/GaN stacks and 5 

periods of GaN/InGaN multiple quantum wells; (b) formed nanoposts after the top-

down etch process. The scale bars represents 3 m. 

  An example of this issue is illustrated in Fig. 3.7, where nanoposts are fabricated 

from a III-nitride thin film with different III-nitride materials. Fig. 3.7(a) shows a cross-

sectional SEM image of the thin film. ~4 m GaN layer is sandwiched by two (top and 

bottom) distributed Bragg reflectors (DBRs), with the top DBR consisted of 8 periods 

and the bottom consisted of 10 periods of AlN/GaN stack layers respectively. In the 

middle of the GaN layer, 5 periods of GaN/InGaN multiple quantum wells (MQWs) is 

grown as the gain media. The top-down etch technique is expected to produce nanowires 
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with the DBRs and the MQWs for the purpose of generating visible nanolasers with low 

lasing threshold. After the top-down etch, the resulting nanoposts are shown in Fig. 

3.7(b). It is seen that the sidewalls of the nanoposts are ununiformed with clear steps 

observed at the interfaces between different materials. In addition, a etch rate difference 

of InGaN > GaN > AlN is also observed. This effect makes it challenging to generate 

high quality III-nitride nanodevices with more than one material components directly 

from the top-down etch. 

3.2 Optical characterization of the nanowires 

This section introduces the techniques used to characterize the optical properties of the 

GaN nanowires. Micro-photoluminescence (-PL)  setup is described which is commonly 

used to characterize the emission spectrum of the nanowires. Moreover, we also 

developed a dual-arm -PL system, which has a separate collecting arm oriented 

perpendicular to the pumping arm. This technique allow us to characterize the emission 

power, polarization and far field energy distribution of the laser emission from the 

nanowires. 

3.2.1 Micro-photoluminescence setup 

The optical properties of the nanowires are characterized using a -PL setup, as shown in 

Fig. 3.8. The pump laser used is a frequency-quadrupled Nd:YAG laser operating at 266 

nm with a pulse duration of 400 ps and a repetition rate of 10 kHz. The output power of 

the pump laser is ~10 mW. A set of spatial filter is employed to enhance the beam quality 

of the pump light, after which the light power reduces to ~1 mW. A set of neutral density 
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filters is used for the further controlled reduction of the pump power. The nanowire is 

excited using the pulsed laser through a 50× ultraviolet objective with a 5 µm spot size, 

and the emission from the nanowire is collected by the same objective and analyzed using 

a CCD detector and a 300 mm spectrometer with a 1200 or 2400 groove/mm holographic 

grating. Note that the pump spot size can be changed by using another set of spatial filter, 

which gives a ~1 m exiting spot. 

 

Figure 3.8 Sketch of experimental setup for nanowire excitation and micro-

photoluminescence measurement. 

3.2.2 Dual-arm micro-photoluminescence setup 

In addition to the commonly used PL setup introduced above (one-arm PL setup), 

we develop a dual-arm PL setup for analyzing the light emission directly from the 

nanowire end-facets. Different with the one-arm PL setup in which the pumping 

objective functions as well for the light collection, the dual-arm setup employs another 

arm to collect and analyze the emitted light. As illustrated in Fig. 3.9, the second arm 

(collecting arm) involves a 20X ultra-violet objective, a polarizer, and a Charge-coupled 
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device (CCD) detector or a 300 mm spectrometer with a 1200 or 2400 groove/mm 

holographic grating. The collection arm is orientated perpendicular to the pump arm so 

that the nanowires can be pumped from the side and at the same time their emission can 

be collected directly from the end facets. There are three main advantages of the dual-arm 

setup for the light characterization. Firstly, the direct analysis from the end-facet emission 

allows for measuring the far-field distribution that is hard to achieved in a one-arm setup 

which collects light from an orientation perpendicular to the nanowire emission direction. 

In addition, the lasing power can be measured precisely since only a large fraction of the 

emitted light can be captured from the on-axis direction. Moreover, by using the dual-arm 

setup, substrate scattering effect on depolarizing the emission can be intensely alleviated, 

which allowing for precise analysis of the light polarization.  

 

Figure 3.9 Sketch of dual-arm micro-photoluminescence setup used for analyzing the 

light emission directly from the nanowire end-facets. 
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3.3 Simulation techniques for the nanodevices 

The nanodevices properties are analyzed using a FDTD technique. The FDTD is a 

numerical analysis technique that can be used for finding approximate solution of 

Maxwell equations.
63

 The FDTD technique is a time-domain method, whose solution can 

cover a wide frequency range and treat nonlinear material properties with a single 

simulation run. The FDTD is numerical modeling method which belongs in the grid-

based differential time-domain methods. The partially-differential time-dependent 

Maxwell's equations are discretized to the space and time partial derivatives using 

central-difference approximations. The resulting finite-difference equations are solved in 

a leapfrog manner: the electric field vector components in a volume of space are solved at 

a given instant in time; then the magnetic field vector components in the same spatial 

volume are solved at the next instant in time; and the process is repeated over and over 

again until the desired transient or steady-state electromagnetic field behavior is fully 

evolved. 

 A commercial package from Lumerical Inc is utilized to solve the finite-

difference equations. The nanowire passive cavity eigenmodes are determined using a 

fully vectorial commercial Mode Solver from Lumerical Inc, which is a comprehensive 

waveguide design environment for designing, analyzing and optimizing components 

made from waveguide structures, including planar integrated optical waveguides and 

optical fibers.
63

 Mode solutions include both an eigenmode solver for waveguide and 

fiber modal analysis, as well as a 2.5D FDTD propagation method for analyzing how 

optical fields propagate within waveguiding structures. While typical applications include 

the design of planar waveguide layer structures, passive waveguide components, and 
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microstructured optical fibers, MODE Solutions can also address nonlinear effects and 

waveguide-based amplification. 
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Chapter 4  

 

Single-Mode Lasing in GaN Nanowire-Pairs  

Semiconductor nanowire lasers have sparked tremendous scientific and technological 

interest as potential ultracompact and low power consumption nanolasers.
18,28,64 

The 

properties of these nanowires, such as compact cavity structure and sub-wavelength 

waveguide, offer novel interesting lasing features and promise in constructing nanoscale 

photonic and optoelectronic circuits and devices
65,66

. For many practical applications, 

such as imaging, multiplex communication, and data storage, nanowire lasers are 

required to have high spectrum purity and beam quality so that desired functionality, such 

as resolution, can be achieved. These conditions can be satisfied if single-mode operation 

is achievable in nanowire lasers. Therefore, development of nanowire lasers with single-

mode operation is critical for realizing these practical applications.  

 However, due to the lack of mode selection mechanisms, most reported nanowire 

lasers exhibit multimode behavior
18,67

. Single-mode, as-fabricated Fabry-Perot GaN 

nanowire lasers have been demonstrated by precise control of the nanowire geometry 

(diameter and length) to reduce the number of transverse and longitudinal modes
32

. 

However, this approach limits the GaN nanowire diameter to < ~130 nm and length to < 

~ 5 µm, which could limit nanolaser design flexibility and reduce cavity gain, and could 

also potentially increase surface-related defects and surface depletion effects from the 

higher surface-to-volume ratio
68

. Another way of addressing this issue is to make use of 
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coupled cavities
33,46,55

, which can generate a mode selection mechanism by the Vernier 

effect. This technique has been employed to realized single-mode lasing from CdSe 

nanowires, where “8”-shaped and “X”-shaped cavities were introduced to ensure the 

coupling. In these nanowire lasers, the lasing wavelength (738 nm) is much larger than 

the nanowire diameter (200 nm
46

 and 420 nm
55

) so that the nanowires, without the 

coupled cavities, is believed to support a single transverse and multiple longitudinal 

modes. However, it is more complicate to achieved single-mode lasing in nanowires with 

diameter comparable or even larger than emission wavelength, where both multiple 

longitudinal and transverse modes need to be suppressed to achieve single-mode lasing.  

 Since the GaN nanowire lasers operate at ~370 nm, comparable to the nanowire 

diameter, the mechanism of multiple transverse mode suppression, as well as that of 

multiple longitudinal mode, needs to introduced to achieve single-mode lasing. This 

chapter will introduce stable single-mode lasing operation from a pair of coupled GaN 

nanowires. The GaN nanowires with different length are placed side-by-side in contact to 

form a coupled cavity through nanoprobe manipulation. Unlike individual nanowire 

lasers, which operate in a combined multi-transverse and multi-longitudinal mode 

oscillation, a coupled nanowire provides a mode selection mechanism through Vernier 

effect, which can strongly enhance the free spectrum range between adjacent resonant-

modes and generate a stable single-mode operation with a high side mode suppression 

ratio. This result for the first time demonstrates the full potential of Vernier effect for 

simultaneous suppression of both multiple transverse and longitudinal mode in coupled 

GaN nanowire cavities.   
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4.1 Experimental results 

 

 

Figure 4.1(a) Individual GaN nanowires.  The scale bar represents 10 microns. (b) 

The GaN nanowires was manipulated into a coupled nanowire cavity. The scale bar 

represents 5 microns. 

The GaN nanowires are fabricated by means of the two-step top-down etch technique, as 

described in chapter 3. For optical characterization, the nanowires are transferred to Si 

substrates covered with a 100 nm thick silicon nitride (Si3N4) thin film. The optical 

properties of the individual nanowires are studied using the one-arm micro-

photoluminescence (PL) setup as detailed in chapter 3. Note that this setup can achieve a 
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~5 µm or ~1 µm pump spot size with a two different single sets of spatial filters. To 

obtain a uniform illumination on the nanowires, the ~5 µm spot is commonly employed 

for the optical pumping. Since the nanowires used in this experiment is ~8 µm in length, 

we illuminate the center region of the nanowires. Following measurements on individual 

nanowires, the same nanowires are manipulated into coupled cavities using a piezo-

electric nanoprobe inside a scanning electron microscope (SEM) and measured with the 

same technique.   

 Fig. 4.1(a) shows a SEM image of two individual nanowires A and B with 

diameter/length of 680 nm/7.6 m and 720 nm/8.0 m, respectively. A typical PL 

spectrum pumped below threshold (from nanowire A) is shown in Fig. 4.2(a). It is seen 

that the spectrum covers a range of ~20 nm with a full width at half maximum (FWHM) 

of 7.4 nm. At this low pump level, the CCD image shows roughly uniform optical 

emission from the entire nanowire length, indicating that unguided (out-of-plane) and 

guided (on-axis) emission intensities are basically equal (see Fig. 4.3(a)).  The inference 

is that the optical emission is entirely from spontaneous emission.  When pumped above 

lasing threshold, the individual nanowires display many salient features evidencing lasing 

behavior. The first feature is that a distinctly different emission pattern emerges in the 

CCD image. The on-axis emission grows significantly, appearing as two bright spots at 

the ends of the nanowire indicative of Fabry-Perot lasing, as shown in Fig. 4.3(b).
32

  The 

light collected by the objective lens is directly from the highly diverging output beam and 

indirectly from scattering of the output beam by the SiN surface. The large divergence 

angle of output beam is because of diffraction from a sub-wavelength nanowire aperture.  

At the same time, there is a clamping of the unguided spontaneous emission, which 
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appears as a darkening (relative to the bright ends and with filters in place) of the entire 

length of the nanowire, also shown in Fig. 4.3 (b).  Also present in the CCD image are 

concentric rings of optical interference fringes, which is an indication of the spectral 

coherence of the emitted light, indicating the lasing behavior of the nanowire. The second 

feature is the sudden appearance of sharp spectral peaks from the spectrometer, with a 

bandwidth of ~0.14 nm for each peak, as shown in Fig. 4.2(b) (red curve).   

 The lasing behavior of the individual GaN nanowires shows multiple 

transverse/longitudinal modes.  This feature is evidenced by the uneven spacing between 

the lasing peaks.  For a nanowire to function as a single-mode waveguide, the nanowire 

geometry should satisfy   
0.5

2 2

1 0/ 2.405D n n   
16

, where D is the nanowire diameter,   

  is the wavelength in vacuum, and n1 and n0 are the refractive indices of the nanowire 

and the surrounding air, respectively. From this equation, we calculated the critical 

diameter to be ~130 nm for a GaN nanowire to function as a single transverse-mode 

waveguide. Therefore, for a GaN nanowire with a diameter of ~700 nm, the lasing will be 

dominated by multi-transverse modes. For each transverse mode, a set of longitude 

modes is activated with the free spectral range (FSR) determined by 2 / 2FSR gn L   , 

with  , L, ng representing wavelength in vacuum, cavity length, and group refractive 

index, respectively. Therefore, multiple transverse modes give rise to multiple sets of 

longitude modes with different FSRs, because ng varies with different transverse modes. 

The overlapping of all sets of longitude modes leads to an uneven spectral map for 

possible lasing wavelengths. In addition, mode competition
69

 and the spatial hole-burning 

effect
70

 selectively support certain modes and shape the uneven-spaced lasing spectrum. 

We note that the spectral spacing shown in Fig. 4.2(b) is much smaller than the predicted 
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FSR of ~1.53 nm for a single transverse-mode operation (using ng=5.6
71

, D=370 nm and 

L=8 µm for the calculation), which further verifies the multiple transverse-mode 

operation of the laser.  
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Figure 4.2 Lasing emission spectra of the coupled nanowire pair and corresponding 

separated individual nanowires. (a) a spontaneous emission spectrum obtained from 

nanowire A; (b) lasing spectra from individual nanowire A and B respectively; (c) 

lasing spectrum obtained from the nanowire pair. (b) and (c) are obtained with the 

same pump intensity of 1429 kW/cm
2
. 
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Figure 4.3 (a) and (b) are CCD images of a GaN nanowire pumped below and above 

lasing threshold, respectively. The nanowire laser emits a highly divergent beam 

from the facets, some of which is collected by the objective lens. The objective lens 

also collects radiation emitted from the facets that is scattered by the SiN substrate 

surface, as well as spontaneous emission exiting perpendicular to the nanowire axis.  

(figure taken from [32])  

 The coupled cavity formed by these two nanowires is shown in Fig. 4.1(b).  

Below lasing threshold, the PL emission from the nanowire pair was similar to that of an 

individual nanowire, showing a wide-band spectrum. However, above threshold, the 

nanowire pair exhibited single-mode lasing properties. As the pump intensity increased to 

874 kW/cm
2
, a single sharp peak emerged from the wide-band PL background. Further 

increase of the pump intensity led to a corresponding increase of the spectral peak and a 

larger signal-to-noise ratio. Fig. 4.2(c) shows a typical spectrum of the single-wavelength 
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lasing at a pump intensity of 1429 kW/cm
2
. It is seen that the lasing peak is located at 370 

nm with a side mode suppression ratio (SMSR) of ~15.6 dB. Lorentzian fitting of the 

spectrum gives a FWHM of ~0.14 nm. The lasing is stable with no spectral mode-hoping 

observed during the experiment. The lasing threshold of the nanowire-pair measured is 

874 kW/cm
2
, which is comparable for that of each individual nanowire.  

4.2 Discussions 

 

 

Figure 4.4 (a) SEM image of partial overlapped two nanowires for verifying the 

evanescent coupling; (b) the obtained CCD image when the A2 end of nanowire A is 

optically pumped. The scale bars represent a length of 3 m. 

 The simultaneous suppression of both multiple transverse and longitudinal mode 

operation for the coupled nanowires originates from a mode selection mechanism enabled 

by evanescent interaction between the two nanowires. Energy transfer through 
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evanescent coupling is demonstrated
72

 and modeled
73

 for closely located nanowires. To 

verify the coupling effect in our nanowire-pairs, we short the overlapping length of two 

nanowires, and then selectively pump one nanowire and observe the emission from the 

other one. To prevent the two nanowires from being pumped simultaneously, the spatial 

filter with a pump spot of ~1 µm is utilized.  As shown in Fig. 4.4(a), when one end of 

nanowire A2 is pumped, the emission is observed from the bottom end of B2, as 

evidenced by the CCD image shown in Fig. 4.4(b). This result evidences that the light is 

able to transfer between the two nanowires, verifying the effective coupling effect.  This 

coupling effect transforms a nanowire pair into a coupled cavity. In this coupled cavity, a 

set of resonance conditions has to be satisfied, i.e. simultaneous oscillation of each sub-

cavity.
74,75

 In the nanowire pair cavity shown in Fig. 4.1(b), the new resonance condition 

is the simultaneous oscillation of four sub-cavities of 12, 14, 23, and 34. Since L12+ 

L34=L14+L23 and L13=L24, the resonance condition will be simplified to the simultaneous 

oscillation of sub-cavity 12 and 14.    

 

Figure 4.5 Calculated transmission of the 7.8 and 8 m cavities. 
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 Since the diameters of the GaN nanowires are much larger than their emission 

wavelengths, in each sub-cavity many transverse modes exist with different value of 

group refractive index (ng) ranging from 5.0 to 6.0
71

.  For each of these transverse modes, 

the longitudinal modes can be expressed using 

       
2 2 21 / 1 4 sin 2 /gT R R R Ln      
   , 

where T is the transmission of cavity, L is the nanowire length, ng is the group refractive 

index, and R is the reflectivity at each nanowire facet (  
2

0 0/ 0.2R n n n n     when 

refractive index n=2.6
71

). From this equation, the resonant wavelengths of longitude 

modes for each sub-cavity can be calculated.  These resonant wavelengths are compared 

to determine overlapping resonant wavelengths between sub-cavity 12 (8 m cavity) and 

14 (7.8 m cavity) as shown in Fig. 4.5. It is seen that the modes of these two sub-

cavities overlaps at ~373.3 nm and start to deviate from each other when the wavelength 

is shifted. Moreover, this calculation reveals that the spectral range of two overlapping 

wavelengths of the coupled nanowire cavity is about 50 nm, much larger than the gain 

bandwidth. Therefore, the overlapping mode at 373 nm is likely the only possible lasing 

mode for the coupled cavity.  Note that this calculation assume a transverse mode with 

ng=5.6.  As ng varies with different transverse modes, the overlapping mode may shift 

away from the gain range (approximately GaN emission range) and not oscillate. In other 

words, only the transverse mode with proper ng can be selected by the coupled nanowire 

cavity.  Fig. 4.6 shows the calculated resonant wavelengths of the coupled cavity as ng 

varies from 5.0 to 6.0.  For each ng, three overlapping resonant wavelengths near the gain 

are plotted in the figure.  It is seen that there exists a resonant wavelength located within 
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the gain band only when ng is in the range from 5.47 to 5.64. Therefore, the coupled 

nanowire cavity provides a mechanism for selecting a transverse mode and thus functions 

as a single transverse mode laser.   
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Figure 4.6 Overlapping wavelengths for the nanowire-pair versus effective group 

refractive index ng. Three points nearest the gain spectrum are plot for each ng. The 

shaded area indicates the gain bandwidth. 

4.3 Summary 

In this chapter, we introduced the demonstration of a single-mode GaN nanowire laser by 

placing two nanowires side-by-side in contact to form a nanowire-pair. The nanowire-

pair lases at 370 nm with a threshold of 874 kW/cm
2
 and a SMSR of 15.6 dB is observed. 

The mode selection of the nanolaser is achieved by the Vernier effect, which in this letter 

is shown to suppress the multiple transverse mode oscillation as well as multiple 

longitude mode oscillation of the GaN nanowires. The results indicate a promising 

approach for transverse-mode selection in nanowires where the nanowire diameter is 

much larger than the wavelength. 
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Chapter 5  

 

Gold-Substrate Induced Single-Mode Lasing 

in Individual GaN Nanowires 

As presented in Chapter 4, by placing two GaN nanowires side-by-side in contact, single-

mode lasing can be generated. This technique opens insight to realize single-mode lasing 

in short-wavelength emission nanowires with comparable large nanowire diameters. 

However, this technique relies on the nano-manipulation to form the coupled cavities, 

which makes the process complicated. In this chapter, we introduce an alternative 

technique to realize single-mode nanowire lasers by contacting a GaN nanowire, which 

otherwise exhibits multimode lasing properties, to a gold substrate. The difference in the 

spatial distribution of different transverse modes causes them to be attenuated differently 

by the presence of the metal. This is confirmed by a FDTD simulation result, which 

demonstrates that high-order transverse modes have much larger attenuation compared 

with the fundamental mode. Therefore, the nanowire-gold contact generates a mode-

dependent loss, which can strongly attenuate higher guiding modes and ensure the single 

transverse mode operation. One-dimensional length control of the nanowires is utilized 

for multiple longitudinal-mode suppression.
32

 Using this technique single-mode emission 

at ~369 nm of a ~350 nm diameter nanowire is demonstrated with a side-mode 

suppression rate of 17.4 dB and a bandwidth of 0.12 nm. These results provide guidance 
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for the design of nanolasers and offer a practical method of realizing single-mode 

nanoscale light-emitting devices.  

5.1 Transverse mode selection by a lossy substrate 

GaN nanowire lasers typically exhibit multiple transverse-mode and multiple 

longitudinal-mode oscillation.
33

 In order to obtain single-mode operation, it is necessary 

to introduce a multimode suppression technique to the nanowire cavity. Previously, we 

have demonstrated that multiple longitudinal-mode oscillation in GaN nanowires can be 

suppressed by reducing the nanowire length to ~5 m, at which point the mode 

competition is strongly enhanced in the cavity.
32

 Here, we concentrate our efforts on the 

issue of multiple transverse-mode suppression. Single transverse-mode GaN nanowire 

lasers have been demonstrated, but this approach requires diameters below a critical 

diameter of ~130 nm.
32

 Transverse-mode selection techniques in macroscopic lasers, 

such as placing an intra-cavity pinhole into a bulk laser cavity
76,77

, have been widely 

studied. In principle, this technique could work for nanowire lasers but would be difficult 

to achieve due to the small cavity volume and potential material damage from 

lithographic or electron and ion-beam nanostructuring methods. Alternatively, the light 

field inside a nanowire waveguide can be manipulated by affecting the evanescent wave 

of the waveguide modes, so as to generate an attenuation effect.
78, 79

 Here, we propose a 

transverse-mode selection technique by means of an absorptive material serving as the 

nanowire substrate. Due to moderate ohmic loss in the ultraviolet band, gold is selected 

as a substrate material for achieving a single-mode GaN nanolaser. Note that this 

proposed on-metal dielectric nanolaser differs from the recently reported plasmonic 
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nanolasers that rely on metallic guided modes. In the case of the plasmonic laser the 

electric field is highly confined by the metallic structure.
80, 81, 82

 This contrasts from our 

proposed nanolaser since the mode is guided in the dielectric and the metal acts purely as 

a loss mechanism for high-order modes. Moreover, due to the difference in the spatial 

distributions, the cavity loss varies with different transverse modes, thereby generating 

the mode-dependent loss. 

5.2 Simulation results 

To investigate the proposed mode-dependent loss mechanism, we first conduct 

simulations to illustrate the modal properties of GaN nanowires placed on a gold 

substrate. The nanowire passive cavity eigenmodes are determined using a fully vectorial 

commercial mode solver from Lumerical Inc, which is widely used to analyze mode 

distribution, frequency response, and propagation loss of nanoscale waveguides.
63

 In this 

simulation, a cylindrical nanowire is defined on top of a gold substrate (200 nm thick). 

The operation wavelength is set as 370 nm (near the GaN bandedge emission 

wavelength). The refractive index of GaN is assumed to be 2.6
71

, and the real part and 

imaginary part of gold are set as 1.70 and 1.88 respectively
83

 (these values correspond to 

a wavelength of ~370 nm). The transverse modes supported by this geometry are 

analyzed by a two-dimensional cross section calculation in a 1m×1 m window 

(perfectly matched layer boundary conditions are used), where 200 unit cells in both x 

and y directions are employed to ensure the simulation accuracy. The dimensions of the 

nanowires can be modified to study the substrate effect on nanowires with different 

geometry. 
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Figure 5.1 Transverse modes supported by the nanowire-metal geometry. The black 

circle and straight line indicate the surfaces of the nanowire and metal substrate, 

respectively. 

 Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

Loss (dB/cm) 8151 1730 4806 7109 16041 

 Mode 6 Mode 7 Mode 8 Mode 9 Mode 10 

Loss (dB/cm) 34858 7551 22205 29175 28706 

Table 5.1 Propagation loss for the different modes supported by a 300 nm diameter 

nanowire (operation wavelength: 370 nm). 

 Fig. 5.1 shows the transverse mode distributions supported by a 300 nm diameter 

nanowire placed on the gold substrate. It is seen that ten modes are supported by this 

geometry. Due to the presence of the metal substrate, the mode degeneracy is broken, 

with modes in each order showing different polarization, mode distribution, and 

propagation loss (no propagation loss obtained from similar simulations of nanowires 
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with a dielectric substrate). Table 5.1 shows the propagation loss for the different modes, 

showing that the propagation loss is sensitive to mode distribution, i.e.,  more absorption 

occurs for modes that have more of their modal fraction confined within the metal region. 

Mode 2 has the smallest propagation loss of 1730 dB/cm (corresponding to an extra 1.83 

dB or 34.4 percent cavity loss for a 5.3 m nanowire cavity), which is significant lower 

than that of the other modes. Mode 3 has the second smallest loss of 4806 dB/cm, 

corresponding to an extra 5.09 dB or 84.7 percent cavity loss for a 5.3 m nanowire 

cavity. Therefore, single transverse-mode lasing is expected since Mode 2 will be the 

only mode with a cavity loss that is attainable by the modal gain. Further simulations are 

also conducted for nanowires with different diameters, and it is found that higher/lower 

losses will be generated with reduced/larger nanowire diameters. Regardless, in all cases, 

a mode-dependent loss can be always obtained. With further simulations, we find that 

nanowires with diameters ranging from ~250 to ~400 nm are suitable for generating 

single transverse-mode operation since one specific mode experiences much less 

attenuation than the others.  

5.3 Experimental results 

GaN nanowires with the expected proper geometry for single-mode lasing operation are 

then fabricated and optically characterized to experimentally verify the modeling results. 

The GaN nanowires are fabricated by a top-down, two-step etch technique, detailed in 

Chapter 3. This technique is able to produce vertically aligned c-axis oriented nanowires 

with precisely controlled geometries from c-plane GaN epilayers, and the fabricated 

nanowires have straight and smooth sidewalls. Here, nanowires are intentionally 
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fabricated with ~300 nm diameter and ~5.3 m length for the purposes of verifying the 

simulation results and bypassing the multiple longitudinal-mode oscillation
32

, 

respectively. These nanowires are then transferred to a Si3N4 (300 nm thick) on silicon 

substrate photolithographically patterned with gold regions (200 nm thick and 120 m 

diameter) for optical characterization. The structure of the substrate is sketched in Fig. 

5.2. The optical properties of the nanowires are characterized using the one-arm micro-

photoluminescence setup, as described in Chapter 3.  

 

Figure 5.2 Schematic showing the Si3N4 film selectively patterned with gold spots for 

optical characterization of the GaN nanowires. The inset shows an SEM image of the 

gold spots. 

 As a baseline, the lasing properties of GaN nanowires on areas of the Si3N4 film 

(without gold) are first investigated. Then, in order to examine the impact of the gold 

substrate on the lasing properties, these same nanowires are subsequently transferred onto 

a gold-coated area of the membrane with a piezo-electric driven tungsten probe. Fig. 

5.3(a) shows a scanning electron microscope (SEM) image of a GaN nanowire ~350 nm 

in diameter and ~5.3 m in length lying on the Si3N4 film.  
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Figure 5.3 SEM images of the same GaN nanowire (a) on top of the Si3N4 film; and 

(b) after being transferred onto a gold-coated region. The scale bars represent 3 m. 

 Below threshold, the nanowire shows a broadband photoluminescence (PL) 

emission, with a spectrum centered at 367.5 nm and a full-width half-maximum of 

~7.5 nm. Lasing is observed by gradually increasing the pump power with a threshold of 

241 kW/cm
2
. Fig. 5.4(a) shows typical lasing spectra at different pump powers. The blue 

curve shows the measured spectrum when the nanowire is pumped slightly below 

threshold, with several small peaks apparent. Upon increasing the pumping intensity 

beyond threshold, most of these peaks grow with an enhanced signal-to-noise ratio; 

moreover, new resonant peaks also emerge, as shown in the red spectral curve 

(276 kW/cm
2
). The black curve shows the spectrum at a pump power of 458 kW/cm

2
. Six 

primary peaks are seen in the spectrum with an uneven spectral spacing. A minimum 

spacing of ~0.58 nm is observed, much smaller than the calculated longitudinal mode 
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spacing of ~2.1 nm for single transverse-mode operation.
33

 Taken together, these spectral 

features are indicative of multiple transverse-mode operation of the GaN nanowire 

laser.
33

 

360 365 370 375 380
10

2

10
3

10
4

10
5

360 365 370 375 380

10
3

10
4

10
5

10
6

nanowire on Si
3
N

4

(b)

 

 

In
te

n
s
it
y
 (

c
o
u

n
ts

/s
e

c
)

Wavelength (nm)

Pump power density

 458 kW/cm
2

 276 kW/cm
2

 216 kW/cm
2

(a) 

 

 

In
te

n
s
it
y
 (

c
o

u
n

ts
/s

e
c
)

Wavelength (nm)

Pump power density

 526 kW/cm
2

 360 kW/cm
2

 254 kW/cm
2

nanowire on gold

 

Figure 5.4 Spectra of a GaN nanowire lasing (a) on Si3N4 and (b) after being 

transferred onto gold. 

 Fig. 5.3(b) shows the SEM image of the same nanowire after its transfer onto a 

gold-coated region of the substrate. Under gradually increased optical pumping, a similar 

spectral evolution from PL to lasing is observed, as seen in Fig. 5.4(b). Due to the extra 

cavity loss introduced by the metal substrate, the observed lasing threshold increases to 

276 kW/cm
2
, ~13% larger than that observed directly on the Si3N4 substrate. However, 
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when pumped above threshold the nanowire placed on gold exhibits single-mode lasing 

behavior, distinctly different from the multimode lasing observed for the same nanowire 

on Si3N4. The blue curve in Fig. 5.4(b) shows the emission of the nanowire when pumped 

slightly below threshold, exhibiting only one dominant peak at 369.3 nm. This remains 

the case as the pump power increases above threshold (red and black curves). Under a 

pump intensity of 526 kW/cm
2
, well above threshold, single-mode lasing with a side-

mode suppression ratio (SMSR) of 17.4 dB and a bandwidth of 0.12 nm, the resolution 

limit of the spectrometer, is measured (via Lorentzian fitting).   In order to further 

confirm this effect, the experiment is repeated with different nanowires whose diameters 

ranged from ~250 to 400 nm. A similar transition from multimode to single-mode lasing 

operation is also observed when these nanowires are transferred from the Si3N4 to the 

gold-covered regions. Thus, the predicted mode-sensitive loss mechanism induced by 

placement of the nanowire on the gold surface is confirmed. 

5.4 Summary 

In this chapter, we demonstrate a new mechanism for lasing-mode selection by coupling 

a GaN nanowire laser to an underlying gold substrate. A mode-dependent loss can be 

induced by the gold substrate to suppress multiple transverse-mode operation and thus 

enable single-mode lasing behavior from nanowires that otherwise exhibit multimode 

behavior, with an concomitant increase in lasing threshold of only ~13%. These results 

also offer guidance for the design of metal-contacted nanoscale devices and suggest that 

the impact of metal contacts on the optoelectronic properties may not be as detrimental as 

suspected. This method should provide more flexibility in realizing practical single-mode 

nanowire lasers compared to alternative methods requiring nanomanipulation of 
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nanowires into coupled cavities or tight restrictions on the maximum nanowire diameter. 

It also offers insight into the design of metal-contacted nanoscale optoelectronics.
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Chapter 6  

 

Polarization Study of GaN Nanowire Lasers 

Semiconductor nanowires are quasi-one-dimensional structures with unique optical 

properties such as wave-guiding, photon confinement, and being entirely composed of 

gain media.
16,18,67,84

 Nanowire-based monochromic-coherent light sources may enable a 

number of groundbreaking applications, such as compact high resolution biochemical 

imaging and spectroscopy. For III-nitride (GaN-based) nanowires, advances in synthesis 

techniques
32,36-38

 have given rise to high material quality and controlled nanowire 

geometries needed for the lasing. Moreover, increasing efforts have been dedicated 

recently on manipulating the fundamental lasing properties of these nanowire lasers to 

make them more suitable for practical applications.
52-54,57-59

 However, the polarization, 

another key feature defining a laser emission, has rarely been studied in nanowire lasers. 

Polarization is essential for many practical applications. For instance, linear polarized 

light sources are of great importance of on-chip communication, and circularly polarized 

ones are crucial in chemistry and biology for detecting molecules exhibiting circular 

dichroism.  

 In this chapter, we experimentally study the polarization properties of the light 

emitted by a GaN nanowire laser. An experimental technique is developed to collect the 

light emission directly from nanowire end-facets. This technique bypasses the effect of
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 substrate scattering and allows for precise analysis of the light polarization from a 

nanowire. Laser emission with distinct light polarizations, linear and elliptical-like, is 

observed from an individual nanowire at different pump levels. Furthermore, a switching 

between these polarization states is obtained. These results offer promise for the design of 

novel polarized nano-scale lasers for use in polarization-sensitive applications, such as 

signal processing and atom-trapping.  

6.1 Experimental results 

The GaN nanowires are fabricated by the top-down etch approach, detailed in chapter 3. 

To characterize their optical properties, the nanowires are dry transferred to a secondary 

sapphire substrate by means of a cotton swab. To analyze the light emitted directly from 

the nanowire end-facets, we purposefully placed the nanowires on the edge of the 

substrate. The result of this transferring process can be seen in the Scanning Electron 

Microscope (SEM) image of Fig. 6.1(a), showing several GaN nanowires hanging (in 

groups and individually) at the edge of the substrate. The central nanowire is used in this 

work for the emission analysis. The nanowire is measured to be ~5 m in length and 

~350 nm in diameter. 
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Figure 6.1(a) SEM image showing GaN nanowires placed on the edge of a cleaved 

substrate; (b) schematic of the experimental setup used in this work with separate 

excitation and analysis arms; (c and d) CCD images of individual nanowires in 

operation and captured from the excitation (c) and analysis (d) arms of the setup. 

(λ/4 ≡ Quarter-Wave Plate). 

 The two-arm µ-photoluminescence (µ-PL) setup, as described in chapter 3, is 

used to characterize the nanowire emission directly from its end-facets. Fig. 6.1(b) also 

shows the separated excitation and analysis arms. The two arms are orientated 

perpendicularly to each other so that an individual GaN nanowire can be simultaneously 
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optically pumped from the side and its emission collected from its end-facet. Fig. 6.1(c) 

and (d) respectively show CCD images of an optically-pumped GaN nanowire hanging at 

the substrate edge and captured respectively from the excitation (Fig. 6.1(c)) and analysis 

(Fig. 6.1(d)) arms of the setup. In fact, Fig. 6.1(d) shows directly the end-facet emitted 

light of an individual GaN nanowire (see the small purple spot at the center of the image 

in Fig. 1(d)). The excitation arm of the µ-PL system is composed first by a pump laser, 

specifically a frequency-quadrupled Nd:YAG laser operating at 266 nm (400 ps pulse 

duration and 10 kHz repetition rate). A variable neutral density filter wheel is also 

included to control the excitation strength and a 50X UltraViolet (UV) objective focuses 

the pumping light into a single nanowire with a pumping spot size of approximately ~5 

µm in diameter. The nanowires emitted light is collected through the analysis arm of the 

setup. There, a 20X UV objective collects the nanowires emission which is subsequently 

analyzed with a 2400 groove/mm holographic grating spectrometer. 

 Additionally, for the analysis of the polarization properties of these nanolasers we 

built a rotating Quarter Wave Plate (QWP) Stokes polarimeter between the 20X UV 

Objective and the Spectrometer. This consist of a fixed polarizer and a rotating QWP, 

where varying the QWP angle from 0 to 2π radians (rads) modulates the emitted light 

intensity. Important polarization information, such as the Stokes parameters (S1, S2 and 

S3) can be extracted from this recorded intensity modulation.
85

 Notice that the direct end-

facet collection technique alleviates the substrate scattering effect on depolarizing the 

nanowire‟s emitted light and guarantees the accuracy of the polarization measurements. 
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Figure 6.2 Lasing spectra collected from an end-facet of the nanowire with different 

excitation levels (a) 478.5 (b) 580 and (c) 1242 kW/cm
2
. 

 When optically exited above threshold, the nanowire laser demonstrates dual-

wavelength operation at 366 and 369 nm, and a switch of the lasing wavelength from 366 
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to 369 nm is observed with the increase of the pump power. Fig. 6.2 shows optical 

spectra measured from the nanowire end-facet emission at excitation levels at 478.5 

kW/cm
2
 [Fig. 6.2(a)], 580 kW/cm

2
 [Fig. 6.2(b)] and 1242 kW/cm

2
 [Fig. 6.2(c)] (all 

exceeding the threshold for lasing). At a low pump power, the nanowire lasing at 366 nm 

dominates as shown in Fig. 6.2(a). Interestingly, when the pump power is increased, the 

lasing peak at 369 nm increases more rapidly than that at 366 nm, indicated in Fig. 6.2(b). 

From this point, keep increasing the pump power leads to the shift of the dominating 

lasing wavelength to 366 nm.  

 

Figure 6.3 Total (black curve) and mode-resolved (red and blue curves) Light-Power 

(L-P) characteristics of the analyzed GaN nanowire laser; Red/Blue curves show 

results for the SW/LW lasing component. The inset shows in detail the lasing 

threshold region. 

 The switching of the lasing wavelength was further studied by measuring the 

Light-Power (L-P) characteristic of the GaN nanowire laser. Fig. 6.3 shows the obtained 

results from the nanowire end-facet emission with both the polarizer and QWP set at their 

respective fast-axes so that the intensity of the two spectral peaks is not changed related 
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to each other. Red and blue curves depict respectively the resolved L-P characteristics for 

the short-wavelength (SW) and long-wavelength (LW) lasing lines. The black curve plots 

the total intensity, defined as the sum of the intensities of both lasing components. The 

inset in Fig. 6.3 shows more details in the lasing threshold region. Fig. 6.3 shows that 

after a first threshold in excitation level of approximate 350 kW/cm
2
, the nanowire starts 

lasing in the SW component (in red). Then, exceeding a second threshold (around 500 

kW/cm
2
) the LW line also starts to lase. For a small range of excitation both lasing lines 

co-exist simultaneously. However, the LW line results quickly favored and its emission 

increases gradually with increased excitation. Meanwhile, the intensity of the SW lasing 

line saturates and decays gradually until levels much smaller than those measured for the 

LW component.  

 

Figure 6.4 Measured (blue) and calculated (red) normalized optical intensity vs. 

QWP angle relationships for the SW (a) and LW (b) lasing lines emitted by the GaN 

nanowire laser. 
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 Two conclusions can be therefore extracted from the L-P characteristics in Fig. 

6.3: first, different lasing components with different thresholds occur in the analyzed 

GaN nanowire laser; second, switching between these two lasing components with an 

associated emission wavelength switching is produced for increasing excitation levels. 

 To further clarify the lasing characteristics, the polarization properties of the two 

lasing components of the GaN nanowire laser are also analyzed by means of the QWP 

Stokes polarimeter. Complete details on the working mechanism of the polarimeter as 

well as on the equations to extract the Stokes polarization parameter values can be found 

in Ref. 85. In this work, the polarization of each spectral lasing peaks can be analyzed 

separately by simply taking the spectral intensity of each individually peak for the 

polarization analysis. Fig. 6.4(a) and (b) plot the measured optical intensity versus QWP 

angle relationship for the SW and LW lasing lines respectively (blue curves). In these 

plots, the optical intensity is normalized with the maximum peak power during the 

rotation of the QWP. It is seen the blue curve in Fig. 6.4(a) fit well with a sinusoidal 

intensity modulation (red curve) with a π/2 radians period for the SW lasing line of the 

nanowire, which is indicative of a linear polarization for the SW lasing component [15]. 

The blue curve in Fig. 6.4(b) fits with intensity curve (red) showing a distinctly different 

behavior with intensity minima separated by π radians and two sinusoidal components 

which are shifted by π/2 radians, which is characteristic of elliptically polarized emission 

for the LW lasing components.
85

 

 Furthermore, we calculate the Stokes parameter values and used them to generate 

Poincare spheres plotting the polarization states of the SW [Fig. 6.5(a)] and LW [Fig. 

6.5(b)] lasing lines. As predicted, the red dot appearing in the equator of the sphere in Fig. 
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5(a) indicates linearly polarized emission. On the other hand, the LW lasing component is 

elliptically polarized as indicated by the blue dot which is located now at the rear side and 

in the southern hemisphere of the Poincare sphere of Fig. 6.5(b). Fig. 6.3-6.5 therefore 

reveal not only a switching of lasing wavelength, but also a switching of lasing 

polarization with increasing excitation. 

 

 

Figure 6.5 Poincare spheres depicting the polarization state for the two lasing lines 

emitted by the GaN nanowire. (a) SW and (b) LW lines.  
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6.2 Discussions 

The switching of the lasing wavelength and polarization can be ascribed to the change of 

lasing transverse modes in the nanowire. Since the operation wavelength is comparable to 

the nanowire diameter it functions as a multimode waveguide.
33,34

 In a nanowire with a 

circularly cross-sectional geometry, the first three lowest transverse modes (HE11, TE01, 

and TM01) are considered as the candidates to lase due to their greater mode confinement 

compared with the higher order modes.
49,50

 Oppositely to the HE11 mode which is linearly 

polarized, the TE01 and TM01 modes have vector polarization states, azimuthally and 

radially polarized respectively.
86

 Due to the symmetrical distribution of the modes with 

vector polarization, they should exhibit a circular polarization when measured with the 

polarimeter of this work. However, imperfections in the NW‟s geometry can distort the 

mode distribution, resulting in a change of the measured polarization from circular to 

elliptical. From the discussion above, we believe that the SW lasing peak corresponds to 

the EH11 mode whereas the LW lasing line corresponds to the TE01 mode or TM01 mode.  

 The switching between the two lasing modes arises from the different cavity 

losses of each transverse mode. The threshold equation for a free-standing NW laser can 

be expressed as Γgth = αR + αW, where Γ is the photonic confinement factor, gth is the 

threshold material gain, and αR and αW stand respectively for the reflection and 

waveguide losses. Theoretical analyses have revealed that αR varies for different 

transverse modes with TE01 mode possessing the lowest value of αR due to its highest 

end-facet reflectivity.
49

 This mode has thereby been predicted to lase first in a nanowire 

laser. However, our experimental results differ from this theoretical prediction, where the 

HE11 mode exhibits a lowest lasing threshold. It is believed that this difference can be 
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attributed to sidewall and end-facet defects in the NW which cause the TE01 mode to 

experience a larger αW than that of the HE11 mode. These are likely to happen during 

fabrication and also during the transferring process to the secondary substrate for analysis 

(either while chopping their down with the razor blade or when affixing them to the 

substrate‟s edge with the cotton swab). It is finally believed that the observed transverse-

mode switching with the associated emitted light polarization switching is due to the 

mode competition.   

6.3 Summary 

In this chapter, The polarization properties of a GaN nanowire laser are studied 

experimentally by direct analysis of light emission from the nanowire end-facets. This 

technique alleviates the effect of substrate scattering on depolarizing the light emission 

from the nanowire, which ensures the precise polarization measurements in the 

experiment. Linearly and elliptically polarized emissions are both obtained in a single 

nanowire, and a clear switching of the polarization states is observed with the change of 

optical excitation. The polarization switching of the nanowire is accompanied with a 

corresponding lasing wavelength change from 366 to 369 nm. This polarization and 

wavelength switching is attributed to a transferring of transverse modes from a linear 

polarized fundamental HE mode to a TE or TM mode, which originates from their 

difference in cavity loss. This work deepens in the analysis of the emission properties of 

GaN nanowire lasers and offers promise for the design of polarization controlled 

nanolasers for polarization-sensitive applications as well as nonlinear elements for all-

optical signal processing at the nanoscale.  
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Chapter 7  

 

Polarization Control of GaN Nanowire Lasers 

The polarization properties of a typical GaN nanowire laser is introduced in Chapter 6. It 

is found that a free-standing GaN nanowire can emit with different polarization states, 

and the polarization of the nanowire can be switched from one state to another with the 

variation of pump strength. Apparently, this randomly polarized lasing is not suitable for 

many practical applications that need stable and specifically polarized light emission. For 

this reason, it is required to develop polarization control techniques for realizing stable  

and specific polarization states.  

 In this chapter we present a polarization control approach in optically-pumped 

individual GaN nanowire lasers. By simply placing the GaN nanowires onto gold 

substrates, the naturally occurring randomly orientated elliptical polarization of the 

nanowire lasers can be converted to a linear polarization that is strictly oriented parallel 

to the substrate surface. Confirmed by the simulation results, this polarization control is 

attributed to a polarization-dependent loss induced by the gold substrate, which breaks 

the mode degeneracy of the nanowire and forms two orthogonally polarized modes with 

largely different cavity losses.  
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7.1 Experimental results 

 

Figure 7.1 Schematic of the two-arm micro-PL setup. In the pump arm (right), an 

incident laser beam pumps the GaN nanowires from the side. In the collection arm 

(left), the objective is aligned along the nanowire axis so that its polarization can be 

measured accurately.  

 The GaN nanowires investigated in this work are fabricated using a top-down dry 

plus wet-etch technique, detailed in Chapter 3. The GaN nanowires are dry-transferred 

onto target substrates for optical characterization. Firstly, a cotton swab is used to rub the 

surface of the fabricated nanowire samples. As a result, GaN nanowires cleave at the 

sapphire/GaN interface and affix to the swab. The swab is then gently dabbed at the edge 

of the target substrates to transfer the nanowires onto them. In this work, a Si(100) wafer 

covered by a 200 nm thick gold film is used as the target substrate. After the dry transfer 

is performed, two types of nanowires are selected for analysis. As illustrated in Fig. 7.1, 

Type I nanowires hang over the edge of the substrate with minimal contact area to the 
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substrate; Type II nanowires contact the substrate along their entire length. Type I and II 

nanowires are subsequently characterized by means of a two-arm micro 

photoluminescence (PL) system. As seen in Fig. 7.1, the pump arm of the PL system 

consists of a pump laser, an attenuator, and a 50X objective. The pump laser is a 

frequency-quadrupled Nd:YAG laser operating at 266 nm with a 400 ps pulse duration 

and a 10 kHz repetition rate. The pump spot size is approximately ~5 µm in diameter. A 

nanowire is optically excited from this pump arm and its light emission is collected by 

the other arm (collection arm), which includes a 20X objective, a polarizer, and a 300 

mm spectrometer with a 2400 groove/mm holographic grating. The collection arm is 

orientated perpendicular to the pump arm so that the nanowires can be pumped from the 

side and at the same time their emission can be collected directly from the end facets. 

Note that the direct collection technique alleviates the substrate scattering effect on 

depolarizing the nanowire emission, ensuring the accuracy of the polarization 

measurements. The polarization of the nanowire laser is studied by adjusting the angle of 

the polarizer and analyzing the light power that propagates through it.  

 Fig. 7.2(a) shows a scanning electron microscopic (SEM) image of a type I 

nanowire. As is seen in this figure that the nanowire barely contacts the substrate surface, 

resulting in a negligible substrate effect. The nanowire is 5 m in length and 225 nm in 

diameter. By uniformly illuminating the nanowire and gradually increasing the pumping 

power, lasing behavior of the nanowire is observed with a threshold of 246 kW/cm
2
. This 

achievement of lasing threshold is experimentally evidenced by a sudden spectral 

narrowing, a transition from uniform body emission to a high contrast end-facet emission, 

and an interference pattern generation.
32

 Fig 7.2(b) shows a lasing spectrum from this 
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nanowire obtained at 359 kW/cm
2
, exhibiting single-mode lasing with a bandwidth of 

~0.15 nm (limited by the resolution of the spectrometer). Our previous work has revealed 

that this single-wavelength lasing originates from the narrow material gain spectrum and 

the short nanowire cavity length, which lead to a strong mode competition.
32

 Fig. 7.2(c) 

shows a SEM image of a type II GaN nanowire with similar dimensions to those of the 

previously discussed type I nanowire. Fig. 7.2(d) shows a lasing spectrum of the 

nanowire obtained at 389 kW/cm
2
, which shows a similar single-wavelength lasing 

behavior. From the comparison of the spectra and threshold values, it can be concluded 

that the two types of nanowires presents similar lasing behaviors. 

 

Figure 7.2 (a) SEM image and (b) lasing spectrum of a nanowire hanging over the 

substrate edge; (c) SEM image and (d) lasing spectrum of a nanowire lying on the 

substrate surface. 
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Figure 7.3 Optical power versus polarizer rotation angle measured for (a) the 

hanging nanowire (type I) and (b) the nanowire placed onto the gold substrate (type 

II). The 0
o
/90

o
 indicates the orientation parallel/perpendicular to the substrate 

surface. 

However, the analysis of the polarization properties of these two types of nanowire lasers 

reveal distinct differences. Fig. 7.3(a) shows the measured lasing emission power of the 

type I nanowire as a function of the polarizer rotation angle. A “peanut shaped” plot is 

obtained with clear maximum and minimum axes at ~36
o
 and ~126

o
 respectively. 

Additionally, the cross-polarization suppression ratio (CPSR) is measured to be 2.7:1. 

These features reveal that this nanowire (Type I) emission is elliptically-like polarized. In 

contrast, Fig. 7.3(b) shows that a highly linear polarized emission is observed for the type 

II nanowire laser. The CPSR of this nanowire laser reaches a value as high as ~23:1.  
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Moreover, its major polarization axis is measured to be -2
o
, evidencing that the type II 

laser polarization is parallel to the substrate surface. 
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Figure 7.4 Statistics of (a) polarization major axes and (b) CPSRs from 10 nanowires 

with similar geometry.  

This experiment is further repeated on 10 more GaN nanowire lasers (5 type I and 5 type 

II). The statistical analysis of the major polarization axes and the CPSRs of these 

nanowire lasers are summarized in Fig. 7.4. From Fig. 7.4(a), a mean axis of 63.6
o
 is 

calculated with a standard deviation of 38.06
o
 for the type I nanowire. This result 

confirms a random polarization angle from type I nanowires. In contrast, type II 

nanowires have a mean axis of 0.2
o
 with a standard deviation of 4.96

o
, suggesting a fixed 
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polarization parallel to the substrate surface. Note that the uniformity of the nanowires, 

the substrate surface roughness, and the alignment of the nanowires with the collection 

arm all contribute to the deviation of polarization orientation. Moreover, from Fig. 7.4(b), 

type II nanowires show an average CPSR of 20, much larger than those of the type I 

nanowires. These statistical results reveal that the gold substrate leads to linear and 

substrate-parallel polarization in GaN nanowire lasers.  

7.2 Simulation results and discussions 

The difference in polarization properties of the nanowire-substrate configurations can be 

attributed to a polarization-dependent loss generated by the gold substrate. Due to the 

negligible substrate effect, type I nanowires are axially symmetric. Therefore, they may 

support degenerate modes with different polarization simultaneously, forming the 

elliptically polarized laser emission. Another possible reason for the obtained elliptical-

like polarization state is the TE01 or TM01 mode operation of such nanowire lasers, as 

described in Chapter 6. In contrast, when the lossy gold substrate is present, the 

fundamental HE11 mode will be favored to lase due to its lower cavity loss (this result is 

obtained in Chapter 5). Moreover, with the presence of the gold substrate, the mode 

degeneracy is broken, and difference cavity losses can be expected for differently 

polarized modes. To clarify the gold substrate effect on the polarization of the nanowire 

lasers, we conduct simulations to illustrate the modal properties of GaN nanowires placed 

on a gold substrate. The nanowire passive eigenmodes are determined using a fully 

vectorial commercial Eigenmode Solver from Lumerical Inc In the simulation, the 

operation wavelength is set to 367 nm, the real part and imaginary part of gold 

respectively are set to 1.70 and 1.88
83

, and the refractive index of GaN is set to 2.67
71

. 
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Fig. 7.5 shows two orthogonally polarized HE11 modes supported by this nanowire/gold-

substrate geometry. These two modes are polarized parallel and perpendicular to the 

substrate, respectively. In spite of the similar mode distributions, these two modes show 

large difference in propagation loss, i.e., the propagation loss for the parallel polarized 

mode (Fig. 7.5(a)) is 0.36 dB/m, which is significantly lower than 2.11 dB/m for the 

perpendicularly polarized mode (Fig. 7.5(b)). The large cavity loss difference suppresses 

the perpendicular cavity mode and clamps the polarization parallel to the substrate.  

 

Figure 7.5 Mode intensity distributions calculated for a 230 nm diameter GaN 

nanowire placed on a gold substrate, i.e. distribution of the mode with polarization 

parallel (a) and perpendicular (b) to the substrate. 

7.3 Summary 

In this chapter, we demonstrate polarization control of optically pumped individual GaN 

nanowires with the utilization of a gold substrate. The gold substrate breaks the mode 

degeneracy of a nanowire and form two orthogonally polarized modes with a large 

difference in cavity loss. This polarization-dependent cavity loss suppresses the 

perpendicular polarized mode, leading to a linearly polarized lasing with polarization 



Chapter 7 Polarization Control of GaN Nanowire Lasers 

78 

 

orientation parallel to the substrate surface. These results represent a drastic contrast with 

the randomly oriented elliptical polarization laser emission observed from GaN 

nanowires without the loss mechanism. Our technique offers a simple methodology for 

controlling the polarization of individual nanowire lasers without drastically altering the 

performance of individual devices.  
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Chapter 8 Conclusion and Future Work 

While GaN nanowire lasers naturally operate in a combined multi-mode and randomly 

polarized state, controlled lasing is desired for many practical applications. This 

dissertation exerts efforts on the study of fundamental lasing characteristics and their 

control in these nanowires, and demonstrates the following results. 

 Stable single-mode lasing operation is realized from a pair of coupled GaN 

nanowires through optical pumping. By placing two nanowires side-by-side in contact, 

the resulting coupled cavity generates a Vernier effect, which dramatically increases the 

spectral spacing between adjacent resonant modes, giving rise to the simultaneous 

suppression of multi-transverse and multi-longitudinal mode operation. By this approach, 

single-mode lasing is obtained from coupled nanowires with large diameters. 

 A flexible approach for achieving single-mode lasing in the GaN nanowires is 

also demonstrated by coupling an individual nanowire, which otherwise exhibits 

multimode lasing properties, to a underlying gold substrate. As illustrated by the 

simulation results, the difference in the spatial distribution of different transverse modes 

causes them to be attenuated differently by the presence of the metal (high-order 

transverse modes have much larger attenuation compared with the fundamental mode). 

Therefore, the nanowire-gold contact generates a mode-dependent loss, which can 

strongly attenuate higher modes and ensure the single-mode operation.  
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 Polarization properties of a GaN nanowire laser are also experimentally studied 

by direct analysis of its end-facet emission. Linear and elliptical light polarization states 

are both obtained from a single nanowire at different pump strength. A switching 

between these two polarization states is also observed with the adjustment of  the optical 

excitation. This polarization switching is attributed to a variation of lasing transverse 

modes, which originates from the difference of cavity losses for these transverse modes. 

 Furthermore, lasing polarization control is achieved by the coupling of the GaN 

nanowire lasers to an underlying gold substrate. The gold substrate breaks the degeneracy 

symmetry of the nanowire geometry and generates an inherent polarization-sensitive loss. 

By simply placing the GaN nanowires onto gold substrates, the naturally occurring 

randomly orientated elliptical polarization of the nanowire lasers can be converted to a 

linear polarization that is strictly oriented parallel to the substrate surface.  

 What of special interest for the future work is the demonstration of mode-locked 

nanowire lasers. Integration of a semiconductor nanowire with a certain saturable 

absorber, such as graphene, may lead to demonstration of smallest mode-locked lasers. 

Such lasers is promising in terms of their ultra-small dimensions and much higher 

repetition rate pulse generation compared with all the existing mode-locked lasers.  

  Also of interest is the metal-nanowire contacted nanodevices. As demonstrated in 

the dissertation, a metal substrate has effects on both mode selection and polarization 

control for the nanowire lasers. Enlightened from this, single nanodevices might be 

obtainable by the integration of single nanowires with specifically patterned metal 

coating on the nanowire surfaces. For instance, from the simulation results, we find that 
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single EH11 mode lasing with controlled polarization can be generated from a GaN 

nanowire with a line (~50 nm width) of gold deposited on the nanowire along its axis. 

These metal-nanowire contact designs may open promising to demonstrate novel-

featured devices.  

 In addition, the future work also involves the demonstration of electrical injected 

nanowire lasers, GaN nanodisk lasers, and various nanodevices with III-nitride 

heterostructures, such as the core-shell nanowire lasers. 
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