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Study of Nano-Processing Techniques for GaN-based Light-Emitting Devices

Student: Hung-Wen Huang Advisor:  Prof. Shing-Chung Wang
Prof. Hao-Chung Kuo

Institute of Electro-Optical Engineering

National Chiao Tung University

Abstract

This dissertation explores the fabrication, structural properties, physical features, optical and
electronic properties of GaN-based nano-processing light emitting devices. The main focus of this
dissertation can be divided into four parts. First, the enhancement in the light output of GaN-based
top-surface nano-roughened light emitting diodes (LEDs) with self-assemble nickel (Ni) nanomasks
formed by rapid thermal annealing is studied, including device fabrication, electronic properties and light
output performance. The experimental results measured from the top-surface nano-roughened LEDs are
analyzed with the ASAP simulation. Next, the enhancement in the light output of GaN-based sidewall
nano-roughened light emitting diodes (LEDs) with nano-masks by TiO, particles also is studied. The
following part presents the optical properties of InGaN/GaN multiple quantum well nanorods with
diameters from 50 to 100 nm. The formation of the nanorods is employed by ICP etching with
self-assemble nickel (Ni) nanomasks formed by rapid thermal annealing. The optical and structural
properties are investigated by using varied temperature photoluminescence (PL) measurement, high
resolution transmission microscope (HRTEM) and scanning electron microscope (SEM). The last part is
fabrication of InGaN/GaN nanorod LEDs with self-assemble nickel (Ni) nanomasks and photo-enhanced
chemical (PEC) etching. This part focus on the fabrication, optical and electrical properties are
investigated on the InGaN/GaN nanorod LEDs by using room temperature PL, EL (electroluminescence)

and HRTEM measurements compared with that of the conventional devices.



wESE L 2R e ] R - ARG S R T F AR E
FEFIEF oG Y KA D R R EAEY I R F ) RG PRAEHA >
RLb Empgs e 2 BY F AR S o X SR

BERA R T o A ks PR R E R R M EPRA - e R F S ] 5
ok R RN FHF A B A AP E AT F S AT N hES s BRI R ,&1, Y %
o8RRI REE AL AT L R EL L S RAE L

KAt A% FHREE LGS P~ FE RHEP AT R L5 e BRE P

T

L

PR £ o el 22 F BT A ISRk R BE S EZE AT LT E S
=5

’

b

I I 4 A R IS L FLCEER ST It S S

ok i

f
}@E;&il”ﬁ]rmﬂi’ﬁk o RIT IRA R AT CRIRAEEEF R R EEF S ;xadji—‘gga: CRiEY
FREFaicm 2 Fandp 3 o BabpiT g FTEtiE A ) i)

Bofs o FHBHASRALA RS A F e Ealend 3 §RA TS E 81 v F U
FRT o ERBECE TR 3 RS RAESAEL BT T E Kk~ §

RIS I R U 13 R I £ - e e
EE N

Ce

A - 96# 6" 14F
SEEIRE S



Content

ADStract (1IN CRINESE) oo ot it i et e e it e e et s e et e ee e e et e e e
Abstract (in ENglish) ... ... e e e e e
0] (01112 T [0 =T 0 T o P |
(0] 1] (=T 3| iv
QLI L] L O T o] 4 o] o I TP Vi
T 0 =R OF Vo1 o] PP vii

Chapter 1 INTrOAUCTION. ..o 1
R O LY =T Y/ 11, 2 |
1.2 Outline of this diSSErtatioN.......c.ee et e e e e e e e a2

Chapter 2 GaN-Based Nano-Roughened Light-Emitting Diodes...............................5
2.1 Progress in GaN-based nano-roughened LEDs with wet etching................................5
2.2 Fabrication of nano-roughened LEDs with wet etching...................coooeiiiiiiinl B
2.3 Characteristics of GaN-based nano-roughened LEDs with wet etching......................6
2.4 Fabrication of GaN-based nano-roughened LEDs with laser etching............................ 9

2.5 Characteristics of GaN-based nano-roughened LEDs with laser etching....................... 13

Chapter 3 GaN-Based Sidewalls Roughened Light-Emitting Diodes................... 36
3.1 Progress in GaN-based sidewalls roughened LED device by natural
Ithography . ..o e e reeeee0 . 30

3.2 Fabrication of GaN-Based sidewalls roughened LED device by natural
lEhOQrapny . ... e e e e e e e e e 30

3.3 Characteristics of GaN-Based sidewalls roughened LED device by natural
HENOgIaPNY ... e —————————— 37

3.4 Fabrication of GaN-Based sidewalls roughened power chip LED device by natural
lthOgrapny ... ... e OO

3.5 Characteristics of GaN-Based sidewalls roughened power chip LED device by natural

000 =T o 0 PR 1)

Chapter 4 InGaN/GaN Multiple Quantum Wells Nanorods...................cccoool. 56



0 I 1o oo [T 1 oo PPN o1
4.2 Fabrication of INGaN/GaN MQWS NANOTOUS. .........euuiiieiieiii e s v e e e e re e e ene e

4.3 Optical properties of the INnGaN/GaN MQWS Nan0rods...........oeveevesvenieieieneeee e 59

Chapter 5 GaN-Based MQW Nanorods Light-Emitting Diodes..............................
T8 A 111 o T [0 o3 £ o o PP PPPPP
5.2 Experiments

5.3 Photoluminescence measurement

5.4 ElectrolumingsCenCe MEBaSUIEIMENT. ... .t et ettt e e et e et e e e e e e e e e e e

Chapter 6 SUMMATY........ooiiii i e e e e e e
PUBHCALION LIS ..o

Curriculum Vita



Table Caption

Table 3.1 Parameters of structure layer in the stimulated power-chip LEDs.
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Figure Caption
Chapter 2

Fig. 2.1 AFM images presenting the top surface morphology of a LED sample. (a) Image taken from the
top surface of a LED sample after the formation of Pt clusters. (b) Image taken from the top
surface of a LED spectrum, respectively.

Fig. 2-2 Showing the process flowchart of the GaN-based top-surface nano-roughened LEDs
using wet etching.

Fig. 2-3 Showing the standard process flowchart of GaN-based LEDs.

Fig. 2-4 AFM images of the top surface morphology of a LED sample. (a) Conventional LED p-GaN
surface image. (b) Ni nano-mask on p-GaN surface image. (c) Nano-roughened LED top p-GaN
surface image.

Fig. 2-5 1-V (a)forward (b) reverse curves of conventional and nano-roughened LEDs fabricated in this
investigation. (c) I-V characteristics of the nano-roughened and conventional p-GaN measured
by the Circular Transmission Line Method (CTLM). (d) Total resistance (Y) measured by
CTLM is linearly related to the pad distance (X).

Fig. 2-6 (a) Room temperature EL spectrum of conventional and nano-roughened LED at a current of 20

mA. (b) Light output power-current (L-1) characteristics of conventional and nano-roughened
LEDs.

Fig. 2-7 Photons of (a) conventional LED and (b) nano-roughened LED at a dc injection current of 20
mA.

Fig. 2-8 Schematic diagram of the nano-roughed LED structure.

Fig. 2-9 Simulation describes the light extraction efficiency of LEDs with and without rough top surface
as a function of absorption coefficient of the p-GaN.

Fig. 2-10 The schematic diagram of laser etching process setup.

Fig. 2-11 The etching rate as a function of laser fluence.

Fig. 2-12 (a)SEM and (b)AFM images of the Ni nano-mask on p-GaN surface morphology of a

nano-roughened LED sample.

Fig. 2-13 AFM images of the top surface morphology of a LED sample. (a) Conventional LED p-GaN
surface image. Nano-roughened LED top p-GaN surface applied laser etching energy of : (b)
300 mJ/cm?, (c) 400mJd/cm?, (d) 800mJ/cm?.

Fig. 2-14 forward I-V curves of conventional and nano-roughened LEDs.
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Fig. 2-15 (a) Room temperature EL spectra of conventional and nano-roughened LEDs with laser etching
energy of 300 mJ/cm?at a current of 20 mA. (b) Light output power-current (L-1) and RMS
surface roughness characteristics of conventional and nano-roughened LEDs.

Chapter 3

Fig. 3-1 A schematic diagram of InGaN-GaN MQW LED structure with nano-scale textured sidewalls.

Fig. 3-2 SEM images of InGaN-GaN MQW LED structure with nano-scale textured sidewalls. (a)

cross-section of nano-scale textured sidewalls and (b) nano-rods density of nano-scale textured
sidewalls.

Fig. 3-3 (a)current-voltage (I-V) and (b)intensity—current (L-I) characteristics of conventional and LED

with nano-scale textured sidewalls LEDs fabricated in this investigation.

Fig. 3-4 Light output patterns of the LED with nano-scale textured sidewalls and the conventional LED.

Fig. 3-5 Top-view ray tracing images of the (a) conventional LED. and the (b) LED with nano-scale

textured sidewalls.

Fig. 3-6 Top-view of power chip LED.

Fig. 3-7 (a)current-voltage (1-V) and (b)intensity—current (L—I) characteristics of conventional power chip

LED and power chip LED with sidewall roughness fabricated in this investigation.

Fig. 3-8 Light output wavelength peak of the power chip LED with sidewall roughness.

Fig. 3-9 Light output far-field patterns of the power-chip LED with sidewall roughness and the

conventional LED.

Fig. 3-10 Top-view ray tracing images of the (a) conventional power chip LED. and the (b) power chip
LED with sidewall roughness.

Fig. 3-11 Power chip LEDs with sidewall roughness were driven by 350 mA current injection at room

temperature.

Chapter 4

Fig 4.1 Schematic illustration of GaN-based nanorod LEDs’ process: using (a) Ni (first set) and (b)
Ni/Si3N4 (second set) as nano-masks formation. The reaction products after RTA and ICP-RIE
etching, leading to the formation of GaN-based nanorod LEDs.

Fig. 4.2 The SEM images of GaN-based nanorod LEDs samples : (a)only Ni/SizNs nano-masks,
(b)etching first set sample, and (c) etching second set sample at fixed the same RTA
temperature 850°C, annealing time 1min, Cl,/Ar flow rate of 50/20 sccm, ICP/Bias power of
400/100 W, and chamber pressure of 5mTorr for 3 min of etching time.

Fig. 4.3 The mean dimension and density of GaN-based nanorod LEDs on first and second set samples as
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a function of the RTA temperature varies from 800 to 900°C for 1min with Cl,/Ar flow rate of

50/20 sccm, ICP/Bias power of 400/100 W, and chamber pressure of 5mTorr for 3 min of

etching time.
Fig. 4.4 The mean dimension and density of GaN-based nanorod LEDs on second set samples as a
function of the Ni film thickness varies from 50 to 150 A at the same RTA 850°C for 1min with

Cly/Ar flow rate of 50/20 sccm, ICP/Bias power of 400/100 W, and chamber pressure of 5mTorr
for 3 min of etching time.

Fig. 4.5 TEM image of a single InGaN/GaN MQW nanorod.

Fig. 4.6 (a) A schematic diagram of Ing3Gao7N/GaN MQWSs green emission nanorods structure. (b) Tilted

45° SEM and (c) TEM images of Ing3Gag7N/GaN MQWSs green emission nanorods.

Fig. 4.7(a)The Arrhenius plot of an integrated PL intensity obtained from the Iny3Gag7N/GaN MQWs
active layer emission over a temperature range from 20 to 300 K. (b)Comparing the PL spectra
from as-grown and green nanorods of excited by a 325 nm He-Cd laser from 20 to 300K.

Fig. 4.8 TRPL life time curves of the Ing3Gag7N/GaN MQW as-grown and green nanorod samples for the
main InGaN emission peak measured at 10K and 300K.

Fig. 4.9 Radiative recombination rates of the structures with the two different polarization charges in the

special location of single-QW.

Chapter 5

Fig. 5.1 schematic illustration of InGaN/GaN MQW nanorods LED process flowchart.

Fig. 5.2 the SEM images of (a) Ni nano-masks on p-GaN top surface after RTA process, (b) InGaN/GaN
MQW nanorods LED after ICP-RIE etching. (c) InGaN/GaN MQW nanorods LED after PEC
process. (d) InGaN/GaN MQW nanorods LED after deposited contact metal.

Fig. 5.3 normalized PL intensity spectra for as-grown LED and nanorods LED with/without PEC at room
temperature.

Fig. 5.4 normalized EL intensity spectra for as-grown LED and nanorods LED with PEC at room
temperature. Insets show the top-view photograph image of a blue emission from InGaN/GaN
MQW nanorods LED at 1 mA dc current. The inset shows the top-view photograph image of
nanorod LED with PEC.



