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Lasing characteristics of meta-coated GaN nanocavity at room temperature

Student : Yow-Gwo Wang Advisor: Prof. Hao-Chung Kuo

Institute of Electro-Optical Engineering

National Chiao Tung University

Abstract

In this thesis, we demonstrated metal-coated GaN nanocavity laser operable at room
temperature by optical pumping.

We first utilized fabrication process to define the nanostripe pattern on undoped GaN layer
grown on a sapphire substrate, with-a thin dielectric layer and aluminum layer coated on it. From
micro-photoluminescence measurement result, we observed a single mode lasing at room
temperature with lasing wavelengtharound 370nm and the quality factor was about 150.
Moreover, by simulation analysis, we proved the aluminum layer coated on the nanostripe
strongly enhance the optical confinement of this nanocavity. We believed that this lasing mode
was a combination of waveguide mode and surface plasmon mode.

Second, we demonstrated lasing in metal-coated GaN nanoring at room temperature. We
utilize whispering-gallery-mode with surface plasmon mode to achieve lasing in a nanoring cavity.
The diameter of the smallest ring is 3pm, and the width of the nanoring is about 310nm. Compare
with the device performance of metal-coated GaN nanostripe, we got a higher quality factor and
lower threshold power density. The width of the nanoring could shrink to subwavelength scale and
the size of the device can be reduced significantly. This result proved our assumption that

whispering-gallery mode would improve the performance of nanolaser.
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Chapter 1 Introduction

1.1 History of Semiconductor Laser

Robert N. Hall, a researcher worked for General Electric, invented first semiconductor
laser in 1962. Since then, the development of semiconductor laser had a huge progress thanks
to scientists and engineers around the globe. At 1962, Nick Holonyak Jr. demonstrated first
visible wavelength semiconductor laser at red wavelength region. Other groups in the world
also contributed to the invention of semiconductor laser in different ways.

Since invention of semiconductor laser, it promises a huge potential for its application
in the very near future. It generally becomes one of the most important types of laser in the
world. It was first'used for optical communication in fiber. Then with the utilization of
different materials to fabricate the Laser Diodes(LDs), now we could see semiconductor
lasers in our daily life like<optical storage, or used.in a ‘micro projector for display, even for
military purposes. Its low cost and mass-production ability make it suitable for marketing than
other types of laser.

The first laser diode was made by gallium arsenide (GaAs), which emits light from
optical communication to red wavelength region. Other types of material including gallium
nitride (GaN) also adopted to make a laser diode with a lasing wavelength from visible to
shorter wavelength region. Nowadays common lasing wavelength for laser diode is ranging

from 375nm to almost 3 pum, and still under development.



1.2 GaN-based Optoelectronic Devices

Gallium nitride (GaN) is a compound semiconductor with direct bandgap, which is a

crucial characteristic for radiative recombination. It is a wide band gap (3.4 eV) material

which makes it a suitable candidate for the application of optoelectronic devices, including

GaN-based Light Emitting Diodes (LEDs) and LDs operating in blue or ultra-violet (UV)

wavelength regions and other devices.

GaN-based LEDs fill the void onthe primary color, and make white light LEDs possible

with the combination of phosphor or LED with different colors. Thanks to intensive

development in recent years [1-4], the manipulation of GaN material system has been mature

enough to create high-brightness GaN LEDs in blue wavelength. This progress makes LEDs

possible for the applications in'display or solid-state lighting, and might one day replace the

light bulb which used by human beings for many years.

At the same time, GaN-based semiconductor lasers’ lasing wavelength in blue or UV

wavelength region has also developed by scientist. Since the demonstration by Nakamura et

al. [5] the first GaN-based laser lasing operated under room temperature continuous-wave

(CW) condition at 1996, many applications of GaN-based have been achieved in recent years.

Its application like blue-ray disks or as a light source in a micro-projector already exists in our

daily life. Fig. 1.2 shows typical structures of GaN-based LDs and LEDs.

Moreover, GaN-based vertical-cavity surface emitting laser (VCSEL) has been



developed for many years [6-9]. At 2008, T. C. Lu et al. developed GaN-based VCSELS

operated under continuous wave condition at room temperature [7]. It has some advantages

like single-longitudinal-mode operation, symmetric and low divergence angle, and two

dimensional array capabilities makes VCSELs very competitive compared with edge emitting

laser. These merits make GaN-based VCSELs have many applications in our daily life.

1.3 Surface Plasmon Effect

Surface plasmon polaritons (SPPS)-are light waves trapped on the surface because of

electron gas couple with photons.-It-is a kind of electromagnetic wave propagating on the

interface between two materials which.change sign on their real part of dielectric constant.

For example: a metal-dielectric interface: The SPPs existed at the interface between dielectric

materials and metal could attribute to resonant coupling of photons from the polarized light

with the oscillation of metal free electron. Fig. 1.3.1.shows the schematic representation of an

electron density wave propagating along a metal-dielectric interface and the electric field

distribution around the interface.

SPPs could concentrate and channel light under subwavelength scale, which has a huge

potential on exploring science phenomenon under such small scale, and this might one day

help scientists and engineers to make photonic integrated circuit with a smaller size than we

have now. This kind of structure also solves the problem that dielectric waveguide would

show poor confinement under subwavelength region. Fig. 1.3.2 shows the distribution of



optical field for these two waveguide structures. The other advantage is surface plasmon

effect concentrates light in this way leads to an electric field enhancement that can be used to

manipulate light-matter interactions and boost non-linear phenomena. Therefore, lots of

applications have been developed for many years and exist in our daily life [10-13]. For

example, bioimage , biosensor , advanced lithography technique, and nanolaser.

It 1s the most difficult task for researchers to observe the behavior of a bio molecule.

Therefore, in order to observe this-tiny moleécule with the size in just a few nanometers,

researchers utilize surface plasmon effect to improve the extraction of light. With this new

technique, researchers could observe their samples, and distinguish its details even in

subwavelength region. For biosensor, the utilization of surface plasmon effect makes the test

sample become label free and can be detected directly in real time. This has been applied to

drug screening, kinase analysis and research on antibody development [10]. To further lower

the cost of production for a single chip, a better lithography is needed to put more patterns on

a single wafer, the e-beam lithography and other techniques are still struggling on their

throughput, which is too low to become commercialize. A set of plasmonic mirrors takes the

advantages of surface plasmon effect and demonstrate lithography technique with a linewidth

only 80nm recently [11]. This new method has showed a promising way to the development

of nanolithography. Moreover, taking the advantages of energy confinement and field

enhancement, researchers have achieved making a semiconductor laser in subwavelength



scale even with the lossy metal coated on it [13]. Many research teams have reported their

result using different metals and cavity. This will discuss thoroughly in the following section.

Fig. 1.3.3 shows some examples of the application of surface plasmon effect.

1.4 Metal-coated Nano Devices

Metal-coated cavity has been intensely researched by scientist around the world. It could

reduce the size of a semiconductor laser to nano scale, even in subwavelength scale. This result

breaks the diffraction limit which constrains the size of alaser that cannot be smaller than its

nature wavelength. The:lasing characteristics also be studied by researchers trying to explain

the physical meaning/behind the experimental result.

At 2007, Martin T. Hill et al. demonstrated lasing in metal-coated nanocavity [13]. They

coated silver and dielectric layer on the nanorod and observe lasing signal at 77 K. After that,

different designs of metal-coated ‘nanocavity have reported experimentally or theoretically.

Metal-coated waveguide structure had also been demonstrated by the same research team and

bow-tie nanostructure had been proposed by S. W. Chang et al. [14]. The combination of

surface plasmon effect and bow-tie structure shows a promising way theoretically in forming a

semiconductor laser. Moreover, different kinds of metal have been use to form metal-coated

nanocavity. From recent research results [13-17], people use silver, gold and aluminum to form

the nano structure. At 2010, M. P. Nezhad et al. [15] demonstrated a metal-coated nanocavity



with aluminum layer and SiO, as the dielectric layer. They also proposed a theoretical analysis

to show that optimization of the dielectric layer could have a higher chance to get a better

quality factor to achieve lasing action. K. Y. Yu et al. at 2010 demonstrated a nano-patch laser

with metal coated above and below the gain medium, and analyze the lasing characteristics of

the device [16]. In 2011, M. W. Kim et al. demonstrated lasing in a metal-clad microring [17].

In conclusion, metal-coated nanocavity has been demonstrated experimentally in different

structures includes nanorod, waveguide; and ring: In. sum, recent research results mainly focus

on InGaAsP material system, which has a lasing wavelength from red to Infar-red region. Table

1.4 shows some important research results did by researchers around the world in recent years.

1.5 Motivation

Metal-coated nanocavity shows huge potential to-reduce the size of semiconductor laser

into subwavelength scale. However;.their research results mainly focus on InGaAsP material

system and optical communication to infra-red wavelength region. Shorter lasing wavelength

and other material systems have not yet been reported by any groups in the world.

In this thesis, we utilize GaN as the gain medium for metal-coated nanocavity, combining

with aluminum and SiO; layer. We use E-beam lithography to define two different types of

nano structure, and then we use dry etching processes and other fabrication process to form the

metal-coated GaN nanocavity. We analyze the lasing characteristics of our metal-coated nano



devices which is optical pumped under room temperature pulsed condition, then we use finite

element method and effective index method to further simulate our structure and discuss the

physics behind the experiment result.

In chapter 2, we briefly introduce the instruments which are used to fabricate the device

and measure its characteristics. Then in chapter 3, we present experiment and simulation result

of lasing in a metal-coated GaN nanostripe at room temperature. The waveguide structure is

only 500nm in its width. In chapter 4, we use E-beam lithography to define a nanoring pattern

on the undoped GaN layer. We also-perform measurement on different sizes of nanoring laser

range from 7um to 3pm, coated with the aluminum layer. By the combination of nanoring

structure and the advantages of metal-coated nanocavity, we could shrink the size of our

nanostructure into smaller scale and better device performance. Finally in chapter 5, we will

give a brief conclusion of this thesis.



Fig. 1.1 Dr. Robert N. Hall with Semiconductor Laser.
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Fig. 1.2 Basic structure of GaN-based LDs and LEDs.
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Fig. 1.3.3 Applications of surface plasmon effect: (a) Biosensor. (b) Bioimaging. (c) Lithography
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Table 1.4 Recent Research Results on Metal-coated Nanocaviy.
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Chapter 2 Experimental Instruments and Methods

2.1 Electron Beam Lithography and Scanning Electron Microscope (SEM)

Electron Beam Lithography System

Electron beam lithography, usually call as E-beam lithography, is a technique to utilize a

beam of electrons to exposing the photo resist on the surface of a material, then selectively

removing the photo resist on the film to transfer the pattern we want onto the film. This could

break the diffraction limit which constrains conventional photo lithography technique, and

shows a promising chance to fabricate device in nano-scale.

The E-beam lithography system usually consists of an electron gun as source of electron,

lenses for focusing, stage for moving the sample precisely under the electron beam, a beam

blanker to control the exposure time of electron beam and a computer to control the whole

system and the pattern. Fig. 2.1.1 shows the schematic diagram.

For most of E-beam lithography system used for commercial applications are very

expensive; therefore, for academic purpose, people usually convert an electron microscope

into an E-beam lithography system with a relatively low cost. For thesis, we use an E-beam

lithography system converted from a scanning electron microscope using JSM-6500 made by

JEOL as shown in Fig. 2.1.2.
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Scanning Electron Microscope

Scanning electron microscope (SEM) is one of the most important equipment for people

to observe objects in nano-scale. The electrons interact with atoms that make up the sample

producing signals that contain information’s about itself. Moreover, preparation of the

samples for SEM is relatively easy due to the fact that SEM only require the sample to be

conductivity. The combination of higher magnification, larger depth of focus, greater

resolution, and ease of sample observation makes the SEM becomes one of the most widely

used equipment used for. commercial and research purposes. Fig. 2.1.3 shows the JSM-7000F

made by JEOL.

2.2 Dry Etching Process and E-gun Evaporation

Drv Etching Process

Dry etching process is critical for scientists to fabricate the device according to their

plan, and there are two types of etching processes: wet etching and dry etching. Dry etching

process uses plasma to etch the semiconductor material and it is a kind of anisotropic etching

process. The linewidth of dry etching process is smaller than wet etching, therefore, dry

etching process gradually replace wet etching process after 1980.

The mechanism of dry etching process is as follow: first, the etching gas has been
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diffuse to chamber under ultra-low pressure. Second, when the pressure is stable, plasma is

produced by RF frequency. Third, the radicals produced by bombardment of high speed

electron would diffuse to the wafer and attach to its surface. Fourth, with the help of ion

bombardment, these radicals would react with the atoms on the surface and form by-product

as gas. At the end, these volatile by-products would then leave the surface of wafer and

discharge from chamber. Fig. 2.2.1 shows the inductively coupled plasma and reactive ion

etching (ICP-RIE) system used to etch SizN, layer to transfer the patter from PMMA layer,

and Fig. 2.2.2 shows the ICP-RIE equipment used to etch GaN layer.

E-gun Evaporation

E-gun evaporation, also called as E-beam evaporation, is one kind of physical vapor

deposition (PVD). The difference of E-gun evaporation is that it uses electron beam to heat

up the source material.The advantage of E-gun evaporation is that it could heat only one

small part of the surface of the source material. This will reduce the energy consumption

used by PVD. Therefore, it is a common way to use E-gun evaporation to deposit metal on to

the device.

For an E-gun evaporation system, it consists of an electron beam evaporation gun, a

system controller, power supply, evaporation material, its crucibles, and sample to be coated.

All the processes are conducted under very low pressure, in a vacuum chamber. Fig. 2.2.3

shows the E-gun evaporation system.
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2.3 Micro-Photoluminescence (n-PL) System

Micro-Photoluminescence is an advanced Photoluminescence system to measure

sample in micrometer even nanometer scale. The spot size of the light source for p-PL

system has shrunk to micrometer scale to observe the optical properties of sample. In our

pu-PL system, we use Nd:YVOy laser with lasing wavelength 355nm as a pumping source,

and the spot size is about 50 um, frequency of the laser is 1 kHz, and the pulse width is

about 500 ps. The schematic diagram of [1-PL system is shown in Fig. 2.3.1.
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Fig. 2.1.2 JSM-6500 E-beam Lithography System.
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Fig. 2.1.3 JSM-7000F SEM System.

Fig. 2.2.1 ICP-RIE System (Oxford Plasmalab System 100).
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Fig. 2.2.3 E-gun Evaporation System (ULVAC EBX-8C).
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Chapter 3 Lasing in Metal-coated GaN Nanostripe at Room Temperature

3.1 Epitaxial Characteristics and Fabrication Process of Metal-coated GaN Nanostripe

We use undoped GaN layer grown on C-plane (0001) sapphire substrate as gain

medium. The thickness of the undoped GaN layer is about 2um. Metal-organic chemical

vapor deposition (MOCVD) system (EMCORE D-75) is used to grow undoped GaN layer

on the polished optical-grade C-plane (0001), 2 inches sapphire substrate. Trimethygallium

(TMGa) and Ammonia (NH3) were used-as the Ga and N sources respectively.

First, a thermal cleaning process.was carried out at 1080°C. for 10 minutes in a stream

of hydrogen ambient before the growth of epitaxial layers to clean the sample surface.

Second, the 30nm thick GaN nucleation layer was first grown on the sapphire substrate at

530°C, and at the end'the 2um thick undoped GaN-layer was grown on it at 1040°C.

After we finish the preparation of sample, we adopt some fabrication processes to

complete our device. The complete process flow chart for our device is shown in Fig. 3.1.1.

First, we deposit 300nm thick SisNy4 layer on the undoped GaN layer as an etching mask for

the following E-beam lithography process. Second, for E-beam lithography process, we use

spin coater to put a thin polymethylmethacrylate (PMMA) on the sample, then the nanostripe

pattern was defined using E-beam lithography system. After this, we use ICP-RIE dry

etching system to transfer the pattern on the PMMA layer onto the SizNs. And then transfer

the pattern again onto the undoped GaN layer to form the nanostripe structure on it. Fig.
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3.1.2 shows the SEM image of nanostripe from top view and angled view after these

Processcs.

Third, before we start to do the next step, we use wet etching methods to clean our

sample, washing away the particles created in the previous dry etching processes to promote

the performance of our device. After this, we use plasma enhanced chemical vapor

deposition (PECVD) to deposit a thin SiO, layer on the GaN nanostripe for just 20nm. At

the end, we use E-gun evaporation to deposit a 60nm thick aluminum layer to complete our

device. The SEM image of our device after the deposition of dielectric layer and metal is

shown in Fig. 3.1.3 in angled view. The detail recipe. of each process is shown in the

following paragraphs, and the schematic diagram of metal-coated GaN nanostripe is shown

in Fig. 3.1.4.

PECVD (SAMCO PD220)

®  Si3Ny film deposition:

SiH4/Ar: 20sccm

NH;:10scem

N>:490sccm

Temperature: 300°C

RF Power: 35W

Pressure: 100Pa
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Time: 31min. for 300nm thick SizN4

® SiO; film deposition:

SiH4/Ar: 25sccm

N,0:500sccm

N»,:250sccm

Temperature: 250°C

RF Power: 35W

Pressure: 120Pa

Time: 1min. for 20nm thick S105

ICP-RIE (Oxford Plasmalab System 100)

®  SisNy film etching:

Ar/O,: Sscem

CHF;5: 50scem

RF Power: 150W

Pressure: 7.5x10°Torr

Temperature: 20°C

Time: 3min. 40sec. to etch 300nm thick Si3Ny4 film

ICP-RIE (SAMCO RIE-101PH)

® GaN film etching:
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Cly: 25scem

Ar: 10sccm

ICP Power: 200W

Bias Power: 200W

Pressure: 0.33Pa

Time: 55sec. to etch 500nm thick GaN film

E-beam Lithographyv System (JEOLJSM-6500)

® Spin coating use PMMA (AS)

First step: 1000 rpm for 10sec.

Second step: 3500 rpm for 25sec.

® Hard bake: hot plate 180°C, 90sec.

® Exposure:

Beam voltage: 25KeV

Dosage: 1.4~1.7 (point does)

® Development: MIBK: IPA (1:3) 70sec.

® Fixing: IPA 40sec.

E-gun Evaporation System (ULVAC EBX-8C)
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® Source: Aluminum

® Pressure: 3x10°Torr

® Current: 170mA for first Snm

200mA for the rest 55nm

® Pressure: 3x10°Torr

3.2 Lasing Characteristics of Metal-coated GaN Nanostripe at Room Temperature

To explore experimentally about our. device;s we use the micro-Photoluminescence

system mentioned in‘'the previous chapter to measure its characteristics. We pump our device

directly from the metal side to avoid the absorption of undoped GaN layer beneath our

device, if we choose to pump the device from the back of the wafer.

First, to ensure that the lasing action is truly originated from our nano structure, we use

a He-Cd 325nm continuous-wave laser to pump the flat region of undoped GaN layer, before

and after the deposition of dielectric layer and metal to see the Photoluminescence (PL)

spectrum of them. As shown in Fig. 3.2.1, the peak wavelength of undoped GaN layer is

about 362nm. However, the spectrum after the deposition of SiO; and aluminum layer is

totally different, the peak around 362nm no longer exists because the energy from 350nm to

380nm had been totally absorbed by shielding layer. Therefore, we could use Fig. 3.2.1 to

prove that the lasing action is truly from our nano structure. Moreover, from Fig. 3.2.2, the
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PL spectrum of the metal-coated nanostripe below (black) and above (red) the threshold
power density has been presented. This device has a single lasing mode at 370nm and the
difference between two spectrums further ensure that we observe a lasing action in our
structure. From the light-in light-out curves of this mode shows in Fig. 3.2.3 and the
linewidth of the lasing mode, we could observe linear behavior after soft turn-on which
indicates the lasing action, and also the narrowing linewidth shows that the transition from
spontaneous emission to stimulated emission of the optical mode. These evidences prove the
lasing action in our metal-coated GaN nanostripe. The thréshold pump power density is
about 0.055kW/cm’® (55mJ/cm?)-and the quality factor estimated by the wavelength to
linewidth around the transparency is 150. Compared to the sample without metal or SiO;
shielding layer, the_high thermal conductivity and high reflectivity of aluminum make
measurement easier andiincrease the possibility of lasing at room temperature. Moreover, the
Si0; layer would passive the surface roughness created by the dry etching processes and
therefore reduce the nonradiative center on the surface of the nanostripe, and it reduce
energy loss if the metal layer is directly coated on to the gain medium, this would reduce the
absorption and lower the threshold gain of this device, making lasing action possible [1].
The nanostripe without shielding layer exhibits high optical loss and lower Q value. It was
for these reasons that we can’t observe lasing action in uncoated GaN nanostripe. The

reason why we use aluminum instead of other metal like silver or gold to form our
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metal-coated device is that aluminum has a higher reflectivity which could show a better

optical confinement at UV wavelength region compared with silver [2], even aluminum is

also quite lossy at this wavelength region. Also, the adhesive ability to SiO, is better for

aluminum than gold.

3.3 Simulation Results and Discussion

To get a better understanding of our experiment results, we use finite-element-method

(FEM) to simulate the optical mode in-our metal-coated nanocavity. The simulation model

consists of a sapphire.layer, an-undoped GaN layer, a thin SiO, layer, and an aluminum

shielding layer. The'refractive indexes of aluminum and undoped GaN layers established by

Peng and Piprek [3], and Rakic et al. [4], with the refractive index of the SiO, are 1.46. This

model also includes a perfectly matched layer surrounds the nanocavity to absorb redundant

signal which might reflect back to. the metal-coated nanocavity, thereby influencing the

simulation result. Fig.3.3.1 shows the simulated optical mode profiles for a GaN nanostripe

cavity with or without the shielding layers. In Fig.3.3.1 (a), the model incorporating metal

and Si0; layers had an optical mode well confined within the nanostripe, demonstrating a

clear standing wave pattern with 3.5 nodes. However, for the nanostripe without shielding

layers in Fig. 3.3.1 (b), the optical mode leaks into the region of air with a standing wave

pattern lacked uniformity, compares with the metal-coated nanostripe. The wavelength of the

optical mode shown in Fig. 3.3.1 (a) is 367nm, and the qualify factor is about 150, which is
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ten times larger than the case in Fig. 3.3.1 (b). This illustrates the difficulty of achieving

GaN nanostripe lasing without dielectric and metal layer coated on it. The small differences

between the experimental and simulation results might comes from the imprecise fabrication

processes and the imprecision of material indices used in the simulation model. From the

discussion above, we confirmed that the metal shielding layer in this structure plays an

important role in lasing at room temperature. And also, from the thermal conductivity of

aluminum (237W/m-k) and air (0.025W/m-k), it indicates that under room temperature

pulsed condition, metal-coated nanostripe has a better opportunity to observe lasing action

before it breaks down than the nanostripe without shielding layers.

To further improve the performance of this device, vertical confinement would be the

key issue. Distributed Bragg Reflector (DBR) would significantly reduce the energy loss

from the bottom of the nanostripeas shown in Fig.3.3.1 (a). For example, C. Y. Lu et al.

demonstrated this idea by an n-type DBR with metal coated on the microrod [5]. The device

operated under room temperature continuous-wave condition, and showed a high thermal

resistance. This would form a three dimensional cavity which would definitely improve the

performance of the device and even operate under electrically pumped condition. Also,

heterostructure with precise calculation to confine the optical field in the active region would

also work [6].
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Moreover, we adopt effective index method to calculate the band diagram of this

structure. The effective index method is an efficient method to analysis rectangular

waveguide structure, which is really common structure for semiconductor laser. The ridge

waveguide structure has been split into different part first, and calculates the effective

indexes of each part, then combined these parts together again and calculate the true

effective index of this structure. A representation schematic diagram is shown in Fig. 3.3.2.

This way put the complex two dimensional calculations into one dimensional, and still keeps

a high accuracy with the experimental result. In our case, we split our nanostripe structure

into three parts as shown in Fig.-3.3.3 and then calculate the band diagram. The TE mode

band diagram is shown in Fig. 3.3.4, as you could see, there is only one waveguide band in

this structure. Moreover, around  370nm there 1S waveguide. mode quite fit to our

experimental result. We'believe that the single mode lasing‘'we observe in the experiment is

a combination of TE waveguide mode with surface plasmon mode from the Al/Si0,/GaN

interfaces. The calculation helps us to clarify the observation result and further prove that

there would be only one optical mode with a clear standing wave pattern confine in the

nanostripe, which makes lasing action possible.

3.4 Summary

In sum, we demonstrated lasing in metal-coated GaN nanostripe at room temperature

pulse condition with the width of the nanostripe is only about 500nm. Lasing wavelength
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was about 370nm and the threshold power density is about 0.055kW/cm?. The quality factor
was about 150 estimated from the experimental result. FEM simulation result showed the
importance of aluminum layer coated on the nanostripe in the lasing action, and from
effective index method, the single mode lasing was confirmed by the band diagram of the
nanostripe structure, which had only one waveguide band around 300nm to 400nm
wavelength region. From experimental and simulation results, the GaN nanostripe without
metal and SiO, shielding layers was. really hard to.achieve lasing at room temperature with
the width of the nanostripe only 500nm due to its poor optical confinement and worse

thermal conductivity by air.
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Fig. 3.1.2 SEM Image of Metal-coated GaN Nanostripe (a) Top View of the GaN

Nanostripe before Deposition of Shielding Layers. (b) Angle View of One side of the GaN

Nanostripe before Deposition of Shielding Layers.
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Fig. 3.1.4 Schematic Diagram of Metal-coated GaN Nanostripe.‘
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Chapter 4 Lasing in Metal-coated GaN Nanoring at Room Temperature

4.1 Epitaxial Characteristics and Fabrication Process of Metal-coated GaN Nanoring

We use undoped GaN layer grown on C-plane (0001) sapphire substrate as gain

medium. The thickness of the undoped GaN layer is about 2um. Metal-organic chemical

vapor deposition (MOCVD) system (EMCORE D-75) is used to grow undoped GaN layer

on the polished optical-grade C-plane (0001), 2 inches sapphire substrate. Trimethygallium

(TMGa) and Ammonia (NH3) were used as the Ga and N sources respectively.

First, a thermal cleaning process was carried out at 1080°C for 10 minutes in a stream

of hydrogen ambient before the growth of epitaxial. layers to clean the sample surface.

Second, the 30nm thick GaN nucleation layer was first grown on the sapphire substrate at

530°C, and at the end the 2um thick-undoped GaN layer was grown. on it at 1040°C.

After we finish the preparation of sample, we adopt some fabrication processes to

complete our device. The complete process flow chart for our device is shown in Fig. 4.1.1.

First, we deposit 300nm thick SisNy4 layer on the undoped GaN layer as an etching mask for

the following E-beam lithography process. Second, for E-beam lithography process, we use

spin coater to put a thin polymethylmethacrylate (PMMA) on the sample, then the nanostripe

pattern was defined using E-beam lithography system. After this, we use ICP-RIE dry

etching system to transfer the pattern on the PMMA layer onto the SizN4. And the transfer

the pattern again onto the undoped GaN layer to form the nanostripe structure on it. Fig.
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4.1.2 shows the SEM images of different size of nanorings from angled view after these

Processcs.

Third, before we start to do the next step, we use wet etching method to clean our

sample, washing away the particles created in the previous dry etching processes to promote

the performance of our device. After this, we use E-gun evaporation to deposit a 50nm thick

aluminum layer to complete our device. Fig. 4.1.3 shows one of the nanorings after metal

deposition. The detail recipe of each process is shown in the following paragraphs, and the

schematic diagram of metal-coated GaN nanoring is shown in Fig. 4.1.4.

PECVD (SAMCO PD220)

®  SisNy film deposition:

SiH4/Ar: 20sccm

NH;:10scem

N>:490sccm

Temperature: 300°C

RF Power: 35W

Pressure: 100Pa

Time: 31 min for 300nm thick SizNy4

ICP-RIE (Oxford Plasmalab System 100)

®  SisNy film etching:
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Ar/O,: Sscem

CHF;5: 50scem

RF Power: 150W

Pressure: 7.5x10°Torr

Temperature: 20°C

Time: 3min. 35sec. to etch 300nm thick Si3Ny film

ICP-RIE (SAMCO RIE-101PH)

® GaN film etching:

Cly: 25scem

Ar: 10sccm

ICP Power: 200W

Bias Power: 200W

Pressure: 0.33Pa

Time: 65sec. to etch 600nm thick GaN film

E-beam Lithography System (JEOL JSM-6500)

® Spin coating use PMMA (AY)

First step: 1000 rpm for 10sec.

Second step: 3500 rpm for 25sec.

® Hard bake: hot plate 180°C, 90sec.
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® Exposure:

Beam voltage: 25KeV

Dosage: 1.4~1.7 (point does)

® Development: MIBK: IPA (1:3) 70sec.

® Fixing: IPA 40sec.

E-gun Evaporation System (ULVAC EBX-8C)

® Source: Aluminum

® Pressure: 3x10Torr

® Current: 170mA for first Snm

200mA for the rest 55nm

® Pressure: 3x10°Torr

4.2 Lasing Characteristics of Metal-coated GaN Nanoring at Room Temperature

To investigate the performance of our metal-coated GaN nanoring device, we use the

micro-Photoluminescence system mentioned in chapter 2 to measure the lasing characteristics

of our devices. We directly pump our device at room temperature, trying to avoid absorption

loss from the undoped GaN layer which is beneath our nanoring structure.
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In our experiment, there are three different sizes of nanoring structure: 7um, Spum, and
3um in diameter. Fig. 4.2.1 to Fig. 4.2.3 shows the lasing characteristics of metal-coated
nanorings with different diameter. The smallest nano structure we observe lasing action is the
nanoring structure with 3pum in diameter, 600nm in height, and 310nm in width. The width of
this structure is below the nature wavelength of the lasing mode. Due to better control of dry
etching processes, there is no SiO, layer between metal and gain medium for nanoring
structure, trying to utilize the advantages of surface plasmon effect as much as possible.
Following paragraphs arethe lasing characteristics of our nanoring devices.

For metal-coated GaN nanoring with 7um‘in diameter, we observe a lasing action with
lasing wavelength around 365nm, which is shownin Fig. 4.2.1 (a).. The spectrum above (red)
and below (black) the threshold for our nano structure clearly indicate that we observe a
lasing action. From Fig, 4.2.1 (b), the threshold pump power density is 0.019 kW/cm®
(19mJ/cm?) obtained from the experimental result. Moreover, the quality factor estimated by
the ratio of wavelength to linewidth around the transparency is about 910. We believe this
high quality factor could attribute to the combination of whispering-gallery mode and surface
plasmon mode. This is the reason why we could still observe lasing action even though we
shrink the size of our device to a smaller scale.

We further shrink the diameter of the nanoring to Sum, and the width of the nanoring to

340nm. The width of the nanoring is smaller than the lasing wavelength. The lasing
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characteristics are shown in Fig. 4.2.2. The lasing peak is around 363nm, as we could see that
the spectrum above and below the threshold for this structure is quite different. For this case,
the threshold pump power density is about 0.042kW/cm?* (42mJ/cm?), and the quality factor is
about 910, which is quite the same as the result of metal-coated GaN nanoring in the previous
paragraph. Clear turn-on behavior of L-L curve and the narrowing linewidth of the lasing
peak after turn-on both indicate the lasing action at room temperature.

At last, the smallest nanoring structure which we could observe lasing action at room
temperature is 3um in diameter, 600nm in height, and 310nm in width. It is the best result we
could obtain under room temperature, pulsed condition. For this case, the lasing wavelength is
364nm and the quality factor is about 800. The difference in quality factor of our device might
be due to the smaller device, the stronger interaction between metal and gain medium is under
such a small scale. The threshold pump power density 48 around 0.045kW/cm® (45mJ/cm?)
estimated from the L-L curve shown in Fig. 4.2.3 (b). The increase in threshold power density
might be due to the beam spot size of our micro-PL system is about 50um, which is much
larger than the nanoring device. Poor injection efficiency might be the reason for increasing
threshold power when we have smaller device. Table 4.2 shows the lasing characteristics and

the geometric parameter of our device.

4.3 Result and Discussion

Compare to the nanostripe structure, nanoring structure has a unique advantage that
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utilize whispering-gallery mode which do not require other feedback structure to form the
cavity [1]. Therefore, metal layer coated on the nanoring structure could be specifically used
to reduce optical loss from the side of the nanoring structure and makes lasing action possible
at room temperature. Higher quality factor is expected for nanoring structure compare to
waveguide structure. Higher quality factor indicates that photon in this structure would stay
longer and have higher chance to get enough gain from the gain medium to overcome the loss.
The experiment result of metal-coated GaN nanoring laser confirms our hypothesis. Even
though both nano structutes are benefit from better optical confinement and better thermal
conductivity which make lasing action possible at room temperature, the advantages of
whispering-gallery-mode make the device performance of nanoring better than nanostripe
structure. Moreover, these advantages let us could shrink our device to smaller scale compare
to the nanostripe structure. We could still observe lasing action at room temperature with the
width of the nanoring down to subwavelength scale, which is not possible for nanostripe case.
Table 4.3 lists a comparison between nanostripe and nanoring structure.

As shown in the Table 4.3, the size of the nano structure has reduced significantly.
Compare to nanostripe structure, which has a size about 12.5um?, the size of the smallest
nanoring structure we could observe lasing action at room temperature is 1.7um’, seven times
smaller than the nanostripe structure. Moreover, the width of the nanoring has been shrunk

down to 310nm, which is smaller than the lasing wavelength we observe. We could not
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achieve lasing in such a thin structure in nanostripe case. We believe that the utilization of

whispering-gallery mode would be the key reason for this result.

Moreover, compare to the lasing characteristics of these two devices, the nanoring

structure has a lower threshold power density and higher quality factor. The quality factor is

about 6 times larger for nanoring structures which are 5 or 7um in diameter, and about 5.5

times for nanoring structure which is 3um in diameter. The threshold power density is at least

20% lower for the nanoring structure.compatre to the nanostripe structure.

In conclusion, whispering gallery mode would bea better choice to further improve the

performance of metal-coated nanocavity than fabry-perot oscillation from the waveguide

structure.

4.3 Summary

Even though some research results about metal-clad microring laser already reported

experimentally and theoretically [1,4], they only observed lasing action at 77K and the quality

factor was about 160, which was quite similar to other structure reported previously [5-7].

The advantages of whispering-gallery mode weren’t fully utilized by them. Therefore, in our

experiment, we demonstrate lasing in metal-coated GaN nanoring at room temperature. It is

the first time in the world that demonstrates lasing in metal-coated nanoring cavity at room

temperature with GaN-based material system with such a high quality factor.

In our experiment, we fabricate three different size of the device: 7um, Sum, and 3pum in
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diameter. They all could observe lasing action at room temperature by optical pumping.
Besides, their quality factors are about 800 to 900, much higher than previous reported data.
The lasing wavelength of each device is 365nm, 363nm, and 364nm, and the threshold power
density for each one is 0.019kW/cm® (19mJ/cm?), 0.042kW/cm® (42mJ/cm?), and
0.045kW/cm’” (45mJ/cm?) respectively.

Compare to the nanostripe structure mentioned in the previous chapter, nanoring
structure has higher quality factor and lower threshold power density than it. We could further
shrink the volume of theidevice to one tenth the nanostripe structure, and the width of the
nanoring is smaller than the lasing wavelength. We attribute this result to better feedback
mechanism brought by nanoring structure. Moreover, from the experimental result, the
red-shift of lasing peak wavelength of the reference sample compares to the metal-coated one
which shows a steady blue-shift as pumping power increase indicates that metal could provide
better thermal dissipation than"the air, so the device’s performance won’t be influenced by

heat even operate at high power density.
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Fig. 4.1.2 SEM Image of Different Size of GaN Nanoring before Shielding Layer

Deposition (a) 7um in diameter: (b) Sum in diameter. (¢) 3um in diameter.

Fig. 4.1.3 SEM image of metal-coated GaN nanoring, 7um in diameter.
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Table 4.2 Lasing Characteristics of Different Metal-coated GaN Nanorings.

Geometrical
Parameter of Diameter: 7um Diameter: 5pm Diameter:3um
Nanoring Width: 400nm Width: 340nm Width: 310nm
(Height: 600nm)
Lasing Wavelength (A) 365nm 363nm 364nm
Quiality Factor (Q) ~900 ~900 ~800
Thre;hc"d. Power 0.019kW/cm? 0.042kW/cm? 0.045kW/cm?
ensity
Compareto A Width: 1.09A Width: 0.94A Width: 0.85A
aBGBEBEE .

Table 4.3 Comparison between Metal-coated GaN Nanostripe and Nanoring.

Type of Metal-coated

Nanocavity

Nanostripe Nanoring
Size in pm? 12.5 1.7
. 1.35A 0.85A
Width of the Structure (A 370nm) (A: 364nm)
Quality Factor (Q) ~150 ~800
Threshold Power Density 0.055kW/cm? 0.045kW/cm?2
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Chapter 5 Conclusion
5.1 Conclusion

Lasing in metal-coated GaN nanocavity at room temperature is demonstrated. With the
combination of GaN as gain medium and metal-coated nanocavity, lasing signal has been
observed at room temperature in nanostripe and nanoring structure.

First, we observe a lasing peak with its wavelength is about 370nm and the quality factor
1s 150 for our metal-coated GaN nanostripe. It has a low threshold pump power density which
is only 0.055kW/cm?® (55mJ/em?). Moreover, by finite element method and effective index
method, we prove that the aluminum layer coated on the nanostripe provides a better optical
confinement and better thermal conductivity makes lasing action possible at room temperature
and single mode lasing has been confirmed by the band diagram of the nanostripe structure
and all these simulation results fit to experimental result pretty with only a small difference
between them.

Second, we conduct fabrication process to make metal-coated GaN nanoring laser. The
smallest ring we could observe lasing action at room temperature is 3um in diameter, and the
widths of the nanorings is about 310nm, smaller than the lasing wavelength. The quality
factor of this device is about 800 and the threshold power density is only 0.045kW/cm®
(45mJ/cm?). Better performance and smaller device are obtained by the combination of

nanoring structure and metal-coated nanocavity. The quality factor is improved and threshold
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power density is smaller compare to metal-coated nanostripe. Also, better thermal stability of

metal-coated device is confirmed by analyzing the PL spectrum of the devices. All these

results shows promising way to further improve the device performance and shrink the size of

device into subwavelength-scale.

5.2 Future Work

In order to achieve lasing in three-dimensional nanocavity or operate under

electrically-pump condition, we have to reduce the.optical loss in vertical direction. As shown

in chapter 3, even though we could see clear standing wave pattern in the nanostripe structure,

there is still some energy dissipate mto the undoped GaN region beneath the structure. If we

wanted to further improve device performance, we have to improve optical confinement

vertically by heterostructure or Distributed Bragg reflector (DBR):

Moreover, poor injection efficiency of the measurement system might reduce the device

performance. First, the beam spot/size of Nd: YV Oy laser is about 50pum, which is much larger

than our device, lots of energy is wasted and might be the reason why there is always a signal

around 370nm to 380nm in our spectrum. Smaller beam spot size comparable to the size of

our device would significantly increase injection efficiency and the threshold power density

might be smaller than what we get right now. Second, if we could use bonding technique to

remove the sapphire substrate and undoped GaN layer beneath the device, we could collect

lasing signal efficiently. It is hard for us to observe lasing signal because we are collect its
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signal from top of the wafer, where is coated a high-reflectivity metal layer.

All the issues mentioned in the previous paragraphs are the key points for further
development of metal-coated nanocavity. If we could solve these problems, we could achieve
lasing in three dimensional or subwavelength nanocavity and photonic integrated circuit in

nano-scale in the very near future.
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Appendix

1. Thermal Issue

The thermal conductivity of metal is better than the air, therefore, it is believed that the

device with metal layer coated on it would show a better performance after reduce the thermal

effect. In our cases, the aluminum layer’s thermal conductivity (237W/m-K) coated on the

GaN nanocavities is far better than air (0.025W/m-K). We believe that this is also an

important feature provided by metal so' that-we could observe lasing action at room

temperature. From the lasing characteristics of GaN nanoring with and without metal, Spum in

diameter, we could observe the differences brought by metal layer.

From the PL spectrum, the lasing peak of the metal-coated nanolaser has a blue shift as

the pumping power increase. However, for the GaN nanoring, Sum in diameter, it has a red

shift after a small blue shift.as the pumping power increase, this indicates that the heat

provided by pumping source influence the device performance. We believe that it is the metal

layer coated on the nanoring structure passivates the heat provided by the pumping source, so

that the device performance won’t be affected by it. Fig. A. 1 shows the lasing peak

wavelength of these two devices after turn on. This evidence shows that the metal layer

coated on the nanocavity not only provide better optical confinement, but also better thermal

dissipation that the device performance won’t be influenced by heat even operate at high

carrier density.
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Fig. A.1 The Lasing Peak Wavelength of GaN Nanoring Laser with (Red) or without (Black)
Metal.
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