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Study of GaN-based Two-Dimensional Surface-Emitting Photonic
Crystal Distributed-Feedback Laser

Student : Li-Fan Lin Advisor : Dr. H.C. Kuo
Dr. T.C. Lu

Institute of electro-optical Engineering

National Chiao-Tung University

Abstract

In this thesis, we study the fabrication and characteristics of GaN-based two-dimensional
surface-emitting photonic crystal -distributed-feedback (2D SEPC DFB) laser. We also
simulated the band diagram of the PC Istructure to realize the lasing mechanism by using
plane-wave expansion (PWE) method. We fabricated these devices with different lattice
constant (from 190nm to 300nm) by using electron-beam lithography (EBL). The laser action
of photonic crystal devices was achieved under the optical pumping at room temperature. The
clear threshold characteristic was observed atdifferent devices (a=190-300nm). All these
devices show a similar threshold pumping energy densities to be about 3.5mJ/cm”. The
GaN-based 2D SEPC DFB laser emits violet wavelength (from 397nm to 425nm) with a
linewidth of about 1.1A. In addition, the degree of polarization (53%) ~ divergence angel (<10
° ) and emission image of the laser was also measured. In emission image of the laser, we
obtain a stimulated emission of GaN-based 2D SEPC DFB laser over a large area. All
emission light normal to the sample surface is collected into a spectrometer/CCD, and the
lasing spectrum shows just one lasing mode in the whole lasing area. So, it is clear, the single
mode GaN-based 2D SEPC DFB laser with large lasing area was demonstrated. Finally, we
compare experiment results with simulation results. We are able to classify the normalized
frequency into few groups. Different groups of the normalized frequency occur at different
points of Brillouin-zone boundary, I' ~ M ~ K points. All points of normalized frequency can
exactly correspond to points of Brillouin-zone boundary because the Bragg condition only

satisfies at these points.

il



wsH

PERR far EREX PG4 A wi}wx@%miaﬂ » F e end ‘“‘ﬁr’t,&m*g‘J ,
BRTOUEHEE BB nT B b oAl EAENEEY R E USSR
Wipsy A 2P R E g -

g ENFY Y o FA AR X2 A E AT OREE 3R EEPFF
EW R B2 E SRR fP 2 e R E A @A - fRi o T AR
AERWI RO T XN R ORI REFIE R - B
WEFAFY Pffe L RBREHIXFT ol 5 - TEREFFHEETHRTAM N
P TR FE LR B E T B S 4 Tt $ 2§ R bk
P58 R BT ﬁﬁmp”%4&.ﬂ1*$&Tg%ﬁ%*§4¢¢Fﬁa%Jﬁﬁ%
FEfen bFEL o  BRBFE 1T P EZ AEFL R +HE> R
&P R L

FA S AFRHAPE RFE LR 2R R AT RS R RT Y P
A eEk o 4 PR R RS E 2 4 2T Y IR R
ZRM AT L LA BE BRI 7 b , =

.
NEFE R IO - P SR ) T & S i SR A
*':"J‘if‘.‘w_”‘ﬁ']“‘fﬂ@i‘,u%‘jglﬁ‘7’%’—&{\?;'"-‘3{’;4:/\ i fgrﬂﬁ
B TR HEA £ RIS A TR R 4R I SRR A
PP A AEES E R CRBERAFE e SRS L o A g e @R e
CRRLE R NN ﬁ“gmmmbp£§%%+ﬁ\¢§\@%\ﬁwxi$\a@\
I A AN )-SR S B Ra ek D b SV KR s c R AP VRL U S TR Ul e
Bofs » ARBHADFA MR ASLP L FL G RPELEESLIFZ PR
A AL ERE b’“r@“%g s8N S R5E 0 BEEHR P and A o

Toom XA e D N2
o
2

2007/07 = =~

il



Contents

ADSTFACT (IN CRINESE)....viiiiiiiecie ettt et e s reeteeneeeraesreeneennes i
ADSEFraCt (iN ENQHISN).....oiiiiicc et re e ii
ACKNOWIEAGEMENT. ...ttt re e b nneas i
(O70] 0] (=] 0 | <P OT PP v
TADIE CONTENTS. ...t bbbttt bbbttt Vi
Lo TU L =R O] ] (=] g1 OSSPSR vii

Chapter 1

Chapter 2

Chapter 3

Chapter 4

(@171 /1=, R |

L1 Introduction........coueieii i 1
1.2 Developments of Two-Dimensional Photonic crystal Lasers............. 2
1.3 Objective of the Thesis.........coueveiiiiiiiiiiii 4
1.4 Outline of the ThesSIS. .. ... il i 4
Fundamentals of LLaser... ... oo i 5
2.1  The Theory 0f DBRSI T . citen i 5
2.2 The Bragg Diffraction In 2D Triangular-Lattice Structure............... 8
2.3 Spontaneous and Stimulated Transition.................ooevviiiiiiniannnnn. 9
2.4 Operation Mechanism of Laser...........cooovviiiiiiiiiiiiiiiiieeinn, 10
Fabrication of GaN-based 2D SEPC DFB Laser.........c.cconiieinierennenns 14
3.1  Electron Beam SyStem..........cccccevviiiiiieiiieiieeieeiee et 14
3.2 Water Preparation..........c.ceccveeeiiieeeiiieeiieeeiie ettt s s 16
3.3 Process Procedure. ...........oooiiuiiiiiii e 16
34  Process Flowchar..........ooooiiiiii e 18
Optical pumping GaN-based 2D SEPC DFB LaSer ........ccccccccevevveiveinesnnnnn. 20
4.1 Design of GaN-based 2D SEPC DFB Laser.......cccccecevveevveenciieenreeenee. 20
4.1.1 Micro-Photoluminescence ([1-PL).......ccccoviiiiiiniiniiiniiiiee 20

4.1.2 Calculation of Confinement Factor and Effective Refractive

v



4.1.3 Calculation of dielectric constant (g, and €p).........c.covvenn.... 21
4.1.4 Simulation of Band Diagram...............c.oooiiiiiiiiiinin.n 21
4.2 Optical Pumping Experiment..............c.coovviiiiiiiiiiiiiininnieenennn 22
4.3  Characteristics of GaN-based 2D SEPC DFB Laser........................ 22

4.3.1 Stimulated emission (1asing).........cccceeevvreerviireriieerieeeiee e 22

4.3.2 Emission images of GaN-based 2D SEPC DFB laser................ 23

4.3.3  Polarization............cooueiiiiiiii i 23

4.3.4 Divergence Angle........cooviiiiiiiiiiii 23

4.4 Comparison between Experiment and Simulation Results.................... 24

Chapter 5 CONCIUSIONS........coiiiiiiiieiei e bbb 25
RETEIBINCE. ... 54



Table Contents

Table 3.1 Properties of the electron sources commonly used in electron beam lithography

vi



Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

1.1 Schematic diagram of topical 2D PC cavity........cccccevuerieneriieniineenieicnecseeieeen 27
1.2 Spectrum of the laser. The spontaneous emission is shown in the inset................ 27
1.3 L-L curve showing the power at the laser wavelength versus the incident pump
0100 28
1.4 Schematic diagram of electrically driven single-cell photonic crystal laser........ 28
1.5 L-I curve of the laser. The lasing spectrum is shown in the inset.................... 29
1.6 Schematic diagram of PC membrane nano-cavity..............cooooeviiiiiiiinan... 29
1.7 Resonance modes of nano-cavities and r /a =0.262+0.004, 0.254+0.004, and
0.246+0.004 from top to bOttOmM. ... ...ouiiii i 30
1.8 Schematic structure of the surface-emitting laser with 2D triangular-lattice structure.
The inset shows the SEM, photograph- of the triangular-lattice structure............ 30
1.9 L-I characteristic of the:2D PClaser-at-RT under pulsed condition (repetition period:
Ims, pulse width: 500 NS). i eesasfh e 31
1.10 Lasing spectrum under pulsed condition and the injection current was J=1.56 Ji.31
1.11 Schematic diagram of the device Structure.............c.oviiiiiiiiiiiiiiinnnen... 32
1.12 Lasing spectrum of the device under RT-CW condition.......................o.oee.. 32
1.13 Light output power-current characteristic.............ooiiiiiiiiiiiiiiii e, 33
2.1 Schematic draw of the light reflected from the top and bottom of the thin film....33
2.2 Schematic diagram of DBR...... ... 34
2.3 Structure of 2D triangular lattice in real Space.............coveiiiiiiiiiiiiiiiiaiannn 34
2.4 Structure of 2D triangular lattice in reciprocal space..............coceveviiiiiinnin. 35
2.5 Triangular reciprocal lattice diagram of in-plane direction at I point............... 35
2.6 Triangular reciprocal lattice diagram of vertical direction at I point............... 36
2.7 Triangular reciprocal lattice diagram of in-plane direction at M point............... 36

Figure Contents

vii



Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

2.8

2.9

2.10

2.11

3.1

3.2

33

34

3.5

3.6

3.7
3.8

3.9

3.10

3.11

3.12

3.13

3.14
4.1

4.2

4.3

44

Triangular reciprocal lattice diagram of in-plane direction at K point............... 37
Electronic transitions between the conduction and valence bands................... 37
Reservoir with continuous supply and leakage as an analog to a DH active region

with current injection for carrier generation and radiative and nonradiative

TECOMDBINALION. ...ttt ettt ettt et et e et et e et e e eaeanens 38
[lustration of output power versus current for a diode laser.......................... 38
Cross-section of a typical electron beam block................c.oooii 39
Schematic diagram of half-structure by MOCVD............ccoooiiiiiiiiiiiiinnn. 39

Reflectivity spectrum of the half structure with 35 pairs of GaN/AIN DBR structure

measured by N&K ultraviolet-visible spectrometer with normal incident at room

11001015 21D (N 40
CCD image of GaN-based material with SiN film 200nm........................... 40
SEM image of soft mask patterfie.i i e i i 41
SEM image of hard mask pattelil. s .o ideiereerrieeiieniieeieerie et seee e e ens 41
Top view SEM image of 2D SE PC DEB 1aser.........cccoceviiviniiniiiiiicicce 42
SEM image of Cross-section of 2D SE PC DFB laser.......c..ccccevevieniiiienienennnne 42
Schematic diagram of nitride structure grown by MOCVD.......................... 43
Ist step of process: deposing SiN film..............oooiiiiiiiiii i 43
2nd step of process: Soft mask...........ooviiiiiiiii i 44
3rd step of process: hard mask............oooooiiiiiii i, 44
4th step of process: ICP etching...........oooiiii i, 45
5th step of process: removing hard mask...................ooiii 45
Measurement setup of pP-PL System..........ooviiiiiiiiiiii e, 46
PL spectrum of as-grown StruCtUre. ...........ooueiuiiniiiiii i ieeeenaen, 46
Distribution of electric field in the vertical direction of the device.................. 47

Calculated band diagram of the 2Dtriangular-lattice structure for transverse-electric

viii



Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

(TE) MO, .. .ttt e et e e e e s 47

4.5 Measurement setup of optical pumping SyStem............ccevvviiniiiiiiniiiienninnn. 48
4.6 Normalized frequency as a function of the lasing wavelength..................... 48
4.7 Excitation energy — emission intensity curve (L-I)..................ocooiiiiiii. 49
4.8 Spectrum of stimulated emission at room temperature..............c..ceoeveenennnn.e 49
4.9 Excitation energy intensity VS. emission spectrum................covvveiinnennnne. 50
4.10 (a) Spontaneous emission image at 0.92Ey,, (b) stimulated emission image at

L T E e ettt ettt a bt e a e bt e bt st saeebeentenneenneas 50
4.11 Measurement setup for DOP....... ..o 51
4.12 Intensity of laser emission as a function of the angle of the polarizer............... 51
4.13 Measurement setup for divergence angle..................ooooiii, 52
4.14 Intensity of laser emissionias a function of the angle of the fiber position......... 52
4.15 Experiment (left) and simulation results (right).......................coo. 53

X



Chapter 1

Overview

1.1 Introduction

Nitride-based materials have attracted a great attention in the early 1990s due to
the large direct band gap and the promising potential for the optoelectronic devices,
such as light emitter diodes (LEDs) and laser diodes (LDs) [1- 7]. In the early 1970s,
the crystal growth, basic properties and the fabrication of the prototype of GaN-based
light emitting diodes have been studied by Maruska and Tietjen [8], Pankove et al.
[9], and Maruska et al. [10]. In 1993 the first prototype high brightness (> 100 rimes
greater than previous alternatives, about 1 candela) GaN-based blue LEDs were
developed by Nakamura s group, and:then they reported room temperature pulsed [11]
and continuous wave (CW) lasing loperation [12] of GaN-based blue LD with an
emission wavelength of around 400nm in 1996. Recently, Nichia Corporation
succeeded in developing high's power blue-vielet semiconductor laser diodes
corresponding to a double-layer disc at more than 10 X record speed/ a quad-layer
disc at more than 2 X record speed applied for the next generation DVD recorders and
they confirmed that estimated life time exceeded 10,000 hours and stable operation
was achieved for 1000 hours with the condition of 320mW pulsed operation at 80°C
[13].

Today, blue LEDs are widely used in many applications such as mobile
electronics, flat panel displays, Competing storage technologies, automobiles, traffic
signals, back light of liquid crystal display, general lighting, large outdoor displays
and illumination. The blue LD can serve as the light source of high density data
storage in high definition digital versatile disk (HD-DVD). The big market of

HD-DVD has shown up the importance of blue LDs. Besides, the blue and violet LDs



may have many other possible markets, such as high brightness projector, high speed

printer, medical field and others.

1.2 Developments of Two-Dimensional Photonic crystal Lasers
Semiconductor 2D PC laser provide mode confinement at a characteristic length
comparable to an optical wavelength and have emerged as a versatile building block
to construct photonic circuitry. Such structures can act not only as a passive
waveguide or resonator to direct the wave propagation but also as an active medium
to control light emission [14]. They are some structures to forming the 2D PC laser

such as (i) 2D PC nano-cavity laser, (ii) 2D PC band edge laser.

2D PC Nano-Cavity Lasers

In 1994, P. R. Berman et al, first presented that photonic crystal (PC) can be a
reflected mirror around the cavity of laser-[15]. In"1999, 2D optically pumped PC
cavity laser was demonstrated by Q. Painter[16]. The optical cavity consists of a
half-wavelength thick waveguide for vertical confinement and a 2D PC mirror for
lateral localization. A defect in the 2D PC is introduced to trap photons inside a
volume of 2.5 cubic half-wavelength, approximately 0.03 cubic micrometers. The
laser is fabricated in the InGaAs material system, and the peak emission wavelength is
1.55 micrometers. The figure 1.1 is the structure of PC laser. The spectrum of the laser
with linewidth about 0.2nm is shown in Fig. 1.2 and the light-output and light-in
power (L-L) curve is shown in Fig. 1.3.

In 2004, electrically driven single-cell 2D PC laser (A=1519.7nm) was
demonstrated by Hong-Gyu Park ef al. [17]. A sub-micrometer-sized semiconductor
post is placed at the center of the single-cell photonic crystal resonator and the

thickness of the semiconductor slab is 282.5 nm as shown in Fig. 1.4. Electrons are

2



supplied laterally from the top electrode, whereas holes are injected directly through
the bottom post. The light-current (L-I) curve of the laser is shown in Fig. 1.5.

In 2005, GaN-based blue (about 488nm) photonic crystal membrane nano-cavity
with Q factor about 800 was reported by Y. S. Choi ef al. [18].The membrane layer
consists of a 44 nm unintentionally (uid) doped GaN top cladding, five InGaN
quantum wells (QWs), a 14 nm uid GaN bottom cladding, and a 30 nm
Al0.15Ga0.85N insulating layer. The total membrane thickness was designed to be
140 nm as shown in Fig. 1.6. Some resonance modes from the nano-cavities with

lattice constant 180nm are shown in Fig. 1.7.

2D PC Band Edge Lasers

In 1999, the 2D PC band edge laser with.semiconductor QW under pulsed
condition was reported by Noda et.al [19]. The PC-has a triangular-lattice structure
composed of InP and air holes) which-is integrated with an InGaAsP/InP
multiple-quantum-well active layer by-a waferfusion technique. The sample structure
and SEM image of triangular lattice PC structure is shown in Fig. 1.8. The L-I curve
and lasing spectrum are shown in Figs. 1.9 and 1.10, respectively. In 2004, they
successfully reported the 2D PC band edge laser under room temperature continuous
wave (RT-CW) operation [20]. The device structure, lasing spectrum and light output
power-current characteristic are shown in Figs. 1.11, 1.12 and 1.13, respectively.

However, the GaN-based 2D PC laser on both structures has not been
demonstrated; and the 2D PC band edge laser has been repeatedly considered as
potential candidates for perfect single-mode emission over a large area, high output
power, and surface emission with a very narrow divergence angle. Therefore, my

group makes effort on GaN-based 2D PC laser and makes it.



1.3 Objective of the Thesis

In this thesis, we report the fabrication of GaN-based two-dimensional (2D)
photonic crystal (PC) distributed-feedback surface-emitting (DFBSE) laser using the
AIN/GaN DBRs as the bottom mirror and periodical nano-holes which to form a PC,
and demonstration of the laser operation under optical pumping at room temperature.

We also present the characteristics of optical pumping GaN-based 2D PC
DFBSE laser such as excitation energy — emission intensity characteristic (L-I),
emission image of laser, polarization, divergence angle. In addition, the simulation of
band diagram of triangular lattice PC was calculated by R-Soft. Finally, we discuss

the experiment results and compare them with the simulated band diagram.

1.4 Outline of the Thesis

This thesis is organized in the following manner. In chapter 2, the formation,
operation mechanism and applications 0£2D-PC, DFB SE laser and simulation method
are briefly introduced. In chapter 3, the fabrication of GaN-based 2D PC DFB SE
with (EBL) is presented. In chapter 4, we discuss the characteristics of GaN-based 2D

PC DFB SE laser. Finally, chapter 5 is the conclusion and future work.



Chapter 2

Fundamentals of Laser
2.1 The Theory of DBRs
The DBRs are a simplest kind of periodic structure, which is made up of a
number of quarter-wave layers with alternately high- and low- index materials.
Therefore, it’s necessary to know the theory of quarter-wave layer before discussing

the DBRs.

Quarter-wave layer [21-22]

Consider the simple case of a transparent plate of dielectric material having a
thickness d and refractive index ny, as shown in Fig 2.1. Suppose that the film is
nonabsorbing and that the amplitude-reflection coefficients at the interfaces are so low
that only the first two reflected beams (both having undergone only one reflection)
need be considered. The reflected:tays are parallel on leaving the film and will
interference at image plane.

The optical path difference (P) for the first two reflected beam is given by

P=n[(4B)Y+(BC)]~n(AD)
and since (E) _ (R) — d/cos
p=2" (D)
cos &
also (AD) = (AC)sin &
Using Snell’s Law (E) = (E)Esin o
ni
(AC) =2d tan 6

2nd .
The expression for P now becomes P="——(l-sin’ )

cos &
or finally P =2ndcosf

2.1)

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

2.7)

(2.8)



The corresponding phase difference () associated with the optical path length
difference is then just the product of the free-space propagation number and P, that is,
K,P. If the film is immersed in a single medium, the index of refraction can simply be
written as n;=n,=n. It is noted that no matter ny is greater or smaller than n, there will

be a relative phase shift © radians.

Therefore, Ar
dcos@ =2m +1)?’
5= (0 _nsin? 6) . x
or Ao

The interference maximum of reflected light is established when 6=2mm, in other
words, an even multiple of 7. In that case Eq. (2.9) can be rearranged to yield
. Ao
[maxima] dcos&:(2m+1)4— (m=0,1,2,...)
ny
The interference maximum of réflected light is established when 6=(2m+1)n, in other

words, an odd multiple of n. In that case Eq.(2.9) can:be rearranged to yield

[minima] dcos&=2mj—0 (m=0,1,2,..)
ny

Therefore, for an normal incident light into thin film, the interference maximum of
reflected light is established when d = Ay/4n¢(at m=0). Based on the theory, a periodic
structure of alternately high- and low- index quarter-wave layer is useful to be a good
reflecting mirror. This periodic structure is also called Distributed Bragg Reflectors

(DBRs).

Distributed Bragg Reflectors (DBRs) [23- 28]

DBRs serve as high reflecting mirror in numerous optoelectronic and photonic
devices such as VCSEL. There are many methods to analyze and design DBRs, and
the matrix method is one of the popular one. The calculations of DBRs are entirely
described in many optics books, and the derivation is a little too long to write in this

thesis. Hence, we put it in simple to understand DBRs. Consider a distributed Bragg

(2.9)

(2.10)

(2.11)

(2.12)



reflector consisting of m pairs of two dielectric, lossless materials with high- and low-
refractive index ny and np, as shown in Fig 2.2. The thickness of the two layers is
assumed to be a quarter wave, that is, L; =Ag/4ny and L, =Ap/4n;, where thelg is the

Bragg wavelength.

Multiple reflections at the interface of the DBR and constructive interference of
the multiple reflected waves increase the reflectivity with increasing number of pairs.
The reflectivity has a maximum at the Bragg wavelength Ag. The reflectivity of a
DBR with m quarter wave pairs at the Bragg wavelength is given by

1" (E)M

R = No Nu
ns Neo

1+— ()%
No Nu
where the n, and ny are the refractive index of incident medium and substrate. The
high-reflectivity or stop band of a DBRidepends on the difference in refractive index
of the two constituent materials,*/A\n (ng=np).~The-spectral width of the stop band is

given by

2 AsAn
TNeff

A//lstopband =

where ng is the effective refractive index of the mirror. It can be calculated by
requiring the same optical path length normal to the layers for the DBR and the

effective medium. The effective refractive index is then given by

I 1.
N = 2(—+—)""

e Ne
The length of a cavity consisting of two metal mirrors is the physical distance
between the two mirrors. For DBRs, the optical wave penetrates into the reflector by
one or several quarter-wave pairs. Only a finite number out of the total number of
quarter-wave pairs are effective in reflecting the optical wave. The effective number
of pairs seen by the wave electric field is given by

1 ne+m Ny — Ne

Meff = — tanh(2m
2 nuw—n Nu + N

)

(2.13)

(2.14)

(2.15)

(2.16)



For very thick DBRs (m—0) the tanh function approaches unity and one obtains

1 nu+n:
Meff = —

Nue — Nt

Also, the penetration depth is given by

Li+ 1>

Lpen = tanh(2mr)
where r = (n;-ny)/ (n;+ny) is the amplitude reflection coefficient.

For a large number of pairs (m—0), the penetration depth is given by

Li+L> _L1+L2 nu+ N

Lpen ~
4r 4 nmi—m

Comparison of Egs. (2.17) and (2.19) yields that

1
Lpen = Emeﬁ"(LI i LZ)

The factor of (1/2) in Eq. (2.20)1s due to-the fact that m. applies to effective number
of periods seen by the electric field whereas Lpen-applies to the optical power. The
optical power is equal to the square of the electric field and hence it penetrates half as
far into the mirror. The effective length of a cavity consisting of two DBRs is thus
given by the sum of the thickness of the center region plus the two penetration depths

into the DBRs.

2.2 Bragg Diffraction In 2D Triangular-Lattice Structure[29][*]

In there, we consider the sample structure has three layers. The 2D
triangular-lattice structure is in the middle layer. The real lattice and reciprocal lattice
of 2D triangular-lattice structure is shown in Fig. 2.3 and 2.4, respectively. K; and K;
are the Bragg vectors with magnitude |K|=2m/a, where a is lattice constant. We
consider the TE mode in the 2D PC structure. The incident lightwave and diffracted
lightwave must be satisfied the relationship,

ka=kitqK;+q2K>, ql,2=0, £1, £2, ...

W, =0,

1

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)
(2.22)



where k;1s xy-component wave vector of diffracted lightwave, k; is xy-component
wave vector of incident lightwave, ¢, is order of coupling. In Eq. (2.22), ®, is the
frequency of diffracted lightwave and w; is the frequency of incident lightwave. The
Eq. (2.21) and Eq. (2.22) represent the phase-matching condition and
constant-freqency condition.

First, we consider the lattice point I" in first Brillouin zones of the structure as
shown in Fig. 2.5. Figure 2.5 shows that lightwaves are diffracted in five different I'-I"
directions such as k;=k+K;, k;=kit+K+K>, k;=ki2K>, ki=ki-K;+2K>, k;=ki-K;+K>,
in addition, k; = k;+ K; also satisfy the Bragg condition as shown in Fig. 2.6. So, in
this case, the incident lightwave can couple with lightwave of the five different
directions in in-plane which like a cavity and the coupling light also can emit normal
to the sample surface due to the first Bragg diffraction.

Second, we consider the M peint in first, Brillouin zones of the structure as
shown in Fig. 2.7. The diffraction condition is.expressed as k,=k;+K; and k;=ki-K;.
Here, the k4, ki+K; and k,;=k-K; must be parallel to the I'-M direction to satisfy the
diffraction condition. In this case, the incident lightwave only coupled two waves that
propagate in the forward and backwatd directions and the cavity can exist in each of
the three different directions. This is similar to the 1D DFB laser.

Third, the K point in first Brillouin zones of the structure must be considered as
shown in Fig. 2.8. In this case, the diffraction condition is expressed as, k;=k+K;,
kqs=k+K>, and the diffraction waves are not parallel to the I'-K direction. It is different
from the others. There are six directions in I'-K direction and we can know that two
different cavities exist simultaneously in the different I'-K direction from Fig. 2.8.
The lasing mode is not clear due to the couple waves are emitted in the three different
directions.

Finally, the lattice points of higher Brillouin zones of the structure are not
described in here because those are similar to the lattice points of first Brillouin zones

of the structure.

2.3 Spontaneous and Stimulated Transition [31]
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In here, we can consider only a single level in both the conduction and valence
bands in semiconductor. In Fig. 2.9, there are four basic mechanism of electron
generation/recombination must be considered: (i) spontaneous emission, (ii)
stimulated absorption, (iii) stimulated emission, (iv) nonradiative recombination. The
solid circles represent electrons and the open circles represent holes.

The first case (Ryp) represents the electron in conduction band recombining with
a hole in valence band spontaneously to generate a photon. If a lager number of
photon is generated, the emission time and direction would be random, and the
emission is not coherent radiation light. This is the primary mechanism of LED, in
which photon feedback is not provided.

The second case (R;;) represents the electron in valence band absorbs the energy
of pumping source to generate the electron in conduction band while leaving a hole in
the valence band.

The third case (Ry;) is the same as the second, only the sign of the interaction is
reversed. An incident photon gets into’the system, stimulate the electron and hole to
recombine, and generate a new photon., This is.an important mechanism because it is
necessary for lasers.

The fourth case represents’several nonradiative ways, a conduction band electron
can recombine with a valence band. hold without generating any photons such as

nonradiative recombination centers and Auger recombination.

2.4 Operation Mechanism of Laser[29-30][31- 35]

The operation of a semiconductor lasers, can be understood by observing the
flow of carriers into its active region, the generation of photons due to the
recombination of some of these carriers, and the transmission of some of these
photons out of the optical cavity. These dynamics can be described by a set of rate

equations, one for the carriers and one for the photons in each of the optical modes.

Carrier density rate equation

The carrier density in the active region is governed by a dynamic process. In fact,
we can compare the process of establishing a certain steady-state carrier density in the
active region to that of establishing a certain water level in a reservoir which is being

simultaneously filled and drained. This is shown schematically in Fig. 2.10. As we
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proceed, the various filling (generation) and drain (recombination) terms illustrated
will be defined. The current leakage illustrated in Fig. 2.8 contributes to reducing n;
and is created by possible shunt paths around the active region. The carrier leakage, R,
is due to carriers “splashing” out of the active region (by thermionic emission or
lateral diffusion if no lateral confinement exists) before recombining. Thus, this
leakage contributes to a loss of carriers in the active region that could otherwise be

used to generate light.

For the DH active region, the injected current provides a generation term, and
various radiative and nonradiative recombination process as well as carrier leakage
provide recombination terms. Thus, we can write the carrier density rate equation,
aN _ - _p (2.23)
dt gen — ALrec

where N is the carrier density (electron density), Ggen 1s the rate of injected electrons

and Ry is the ratio of recombining electrons. per init volume in the active region.

Since there aren; I/q electrons per second.being injected into the active region,

gen

G,, = % , where V is the volume of the active region. The recombination process is
q

complicated and several mechanisms must be:considered. Such as, spontaneous
recombination rate, Ry, ~ BNZ, nonradiative recombination rate, Ry, carrier leakage
rate, R, (R + Ry = AN+CN3), and stimulated recombination rate, Ry;. Thus we can
write Rree = Rgp + Ror+ Ry #Rgi. Besides, N/t = R, + Ry, + Ry, where 1 is the carrier

lifetime. Therefore, the carrier density rate equation could be expressed as

-—-R, (2.24)

carrier density dN _nl N
dt qV t

rate equation

Photon density rate equation

Now, we describe a rate equation for the photon density, N,, which includes the
photon generation and loss terms. The photon generation process includes
spontaneous recombination (Ryp) and stimulated recombination (Ry), and the main
photon generation term of laser above threshold is Ry. Every time an electron-hole
pairs is stimulated to recombine, another photon is generated. Since, the cavity

volume occupied by photons, V,, is usually larger than the active region volume
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occupied by electrons, V, the photon density generation rate will be [V/V,]R not just
Rg. This electron-photon overlap factor, V/V,, is generally referred to as the
confinement factor, I. Sometimes it is convenient to introduce an effective thickness
(defr), width (Wer), and length (Le) that contains the photons. That is, V,=desWegrLess.
Then, if the active region has dimensions, d, w, and L,, the confinement factor can be
expressed as, ['=I'\I'yI",, wherel'x= d/des, I'y= W/Wegr, I',= La/Letr. Photon loss occurs
within the cavity due to optical absorption and scatting out of the mode, and it also
occurs at the output coupling mirror where a portion of the resonant mode is usually
couple to some output medium. These net losses can be characterized by a photon (or

cavity) lifetime, 1,. Hence, the photon density rate equation takes the form

hoton densi dN N
[p = } L=TR, +Tf,R, = (2.25)
rate equation dt 7,

where By, is the spontaneous emission factor. As to Ry, it represents the
photon-stimulated net electron-hole_recombination which generates more photons.

This is a gain process for photons: It 1s given:by

dN J AN
P P
=R = =v,gN, (2.26)
( dt . At

where v, is the group velocity and g is the gain per unit length.

Now, we rewrite the carrier and photon density rate equations

carrier densit dN I N
[ o ] 05Ty gN, 2.27)
rate equation dt qV 7
hoton densit dN N
[p oton density ] L —Tv,gN, +TB R, ——~ (2.28)
rate equation dt ‘ 7,

Output power versus driving current

The characteristic of output power versus driving current (L-I characteristic) in a
laser diode can be realized by using the rate equation Eq. (2.29) and (2.30). Consider
the below threshold (almost threshold) steady-state (AN/dt = 0) carrier rate equation,

L v N . .
the Eq. (2.29) is given by 77’—V”’ = (Rsp +R, +R, ):h =—"  While the driving current
q

T
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is above the threshold (I> 1), the carrier rate equation will be

above threshold

dN 7-1,)
carrier density —=n—"--v,gN (2.29)

dt T qV b
rate equation

From Eq. (2.31), the steady-state photon density above threshold where g = gy, can be

calculated as

[ steady stat'e ] N, = n,(I—1,) (2.30)
photon density qv, 9,V

The optical energy stored in the cavity, E, is constructed by multiplying the photon
density, N, by the energy per photon, hv, and the cavity volume, V,. That is E,; =
NyhvV,. Then, we multiple this by the energy loss rate through the mirrors, veo, =
1/tm, to get the optical power output from thé mirrors, Py = ve0.,,N,hvV,. By using Eq.

(2.30) and (2.32), and I'=V/V; Wwe can|write the output power as the following

equation
b hy
( output power ) P,'=n, [—J—(Z -1,) (2.31)
a, +a, ) q
. %, T
Now, by defining 77, = , the Eq. (2.33) can be simplified as
Thus, the ng can be expressed as P, =n, %(1 -1,) 1> I (2.32)
) . . q |dP,
( differential quantum efficiency ) n, = ol (I>1In) (2.33)
1%

In fact, ng is the differential quantum efficiency, defined as number of photons out per
electron. Besides, dP,/dI is defined as the slope efficiency, S4, equal to the ratio of
output power and injection current. Figure 2.11 shows the illustration of output power
vs. current for a diode laser. Below threshold only spontaneous emission is important;
above threshold the stimulated emission power increase linearly with the injection

current, while the spontaneous emission is clamped at its threshold value.
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Chapter 3

Fabrication of GaN-based 2D SEPC DFB Laser

3.1 Electron-Beam System [36][37]

The technique of EBL is using electron beam to generate patterns on a surface
and the De broglie relationship (A < 0.1nm for 10-50keV electrons) to avoid the
diffraction limit. So the primary advantage of this technique is that it can beat the
diffraction limit of light and create a pattern which only has few nanometers
line-width without any mask. The first EBL machines, based on the scanning electron
microscope (SEM), were developed in the 1960s.

The EBL system usually consists of electron gun, beam blanker for controlling
the state of beam, electron lenses for focus the electrons beam, stage and computer

control system as shown in Fig. 3.1.

Electron Sources

Electrons can be emitted from a_conductor. either by heating the conductor with a
sharp point where the electrons obtain sufficient energy from the thermal source to
overcome the work function of the conductor (thermal emission sources) or by
applying a strong electric field Where the electrons can tunnel through the work
function (field emission sources). Therearethree key parameters of the electrons
source such as virtual source size, brightness, and the energy spread of the emitted
electrons.

The virtual source size determines the number of the lenses in order to form a
small spot size at the target. Brightness is similar to the intensity of light optical, so
the brighter the electron source has a higher current in the electron beam. The
electrons beam with the wide energy spread is similar to white light which has one
more wavelength while a beam with a narrow energy spread can be comparable to
monochromatic light.

Table 3.1 shows the properties of common electrons sources. For many years the
normal thermal emission source for lithography optics was formed by using loop of
tungsten wire heated white hot by passing a current. Tungsten was chosen for it did
not melt or evaporate at high temperature. Unfortunately, this source had a large
energy spread caused by the very high operating temperature (2700K) and it was not
very bright. Recently, lanthanum hexaboride has become the cathode because it has a
very low work function and a high brightness. The electrons beam current for thermal
emission source is dependent on operating temperature. Higher temperature can

deliver greater electrons beam current (high bright) but the tradeoff is an
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exponentially decreasing lifetime due to thermal evaporation of the cathode material.

Field emission source usually consist of a tungsten needle with a sharper point
and the radius less than 1um. This tip has sufficient electric field to pull electrons out
of the metal. Although cold field emission source has been widely used in electron
microscopes but it has some problem for EBL due to their instability with regard to
short term noise as well as long term drift.

Although the field emission sources have some disadvantages for EBL, but now
a technology is available to EBL is the thermal field emission source. It combines a
field emission source with sharp tungsten and the heating of the thermal source.
Because the tip operates at 1800K, it is less sensitive to gases in the environment and

can achieve stable operation for months at a time.

Electron Lenses

The electrostatic forces or magnetic forces can focus the electrons beam.
Although the electron lenses is similar to optical lenses in principle but there are some
differences. Besides in some special cases, electron lenses just can be made to
converge, not diverge. In addition, the,quality-of electron lenses in term of aberrations
is poor compares with optical lenses. The field.sizé.and convergence angle that can be
used is limited by the poor quality of electron lenses. The two types of aberrations
critical to EBL are spherical aberrations-and chromatic aberrations. The spherical
aberrations mean the out zones of the' lensfocus more strongly than the inner zones.
The chromatic aberrations means €lectrons of slightly different energies get focused at
different image planes. Both types of aberrations can be limited by reducing the
convergence angle of the system, so the electron beam is confined to the center of the

lenses.

Beam Blanker

The beam blanker can bank or turn the beam on or off. It usually consists of a
pair of plates set up as a simple electrostatic deflector. One or both plates are linked to
a blanking amplifier with a fast response time. A voltage is applied across the plates to
turn the beam off. This is necessary when the electrons beam must move from one

part of the sample to another.

Stage & Computer Control System

The stage can control the sample smoothly motion at high magnifications. It is
important for EBL because the sample must move from one location to another
seamlessly. The computer control system can control the stage moving to the position

which is you want and can control the beam blanker to turn on or off. Also, the
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compute control system can design any pattern by using GDS software.

3.2 Wafer Preparation

MOCVD grown structure and its reflectivity spectrum

The nitride heterostructure of GaN-based MCLED was grown by metal-organic
chemical vapor deposition (MOCVD) system (EMCORE D-75) on the polished
optical-grade c-face (0001) 2” diameter sapphire substrate, as shown in Fig. 3.2.
Trimethylindium (TMIn), Trimethylgallium (TMGa), Trimethylaluminum (TMALI),
and ammonia (NH3) were used as the In, Ga, Al, and N sources, respectively. Initially,
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. The 30nm thick GaN
nucleation layer was first grown on the sapphire substrate at 530°C, then 2um thick
undoped GaN buffer layer was grown on it at 1040°C. After that, a 35 pairs of
quarter-wave GaN/AIN structure was grown at 1040°C under the fixed chamber
pressure of 100Torr and used as the high reflectivity bottom DBR. Finally, the 5A
active pn-junction region was grown atop the GaN/AIN DBR, composed typically of
ten Ing>GapgN quantum wells: (Lw=2.5 nm) with GaN barriers (Lg=7.5 nm), and
surrounded by 560nm thick Si-doped n=type‘GaN and 200nm thick Mg-doped p-type
GaN layers. The reflectivity spectrum-of the half structure with 35 pairs of GaN/AIN
DBR structure was measured by the n&k ultraviolet-visible spectrometer with normal
incident at room temperature, as shown in Fig. 3.3. The reflectivity spectrum centered

at 430nm and stopband width of about 28nm.

3.3 Process Procedure

Initial clean (1.C.)

During process of GaN-based nano-cavity laser, four basic skills will be
frequently used. First is the initial clean (I.C.), second is plasma enhanced chemical
vapour deposition (PECVD) technique, third is EBL technique and fourth is
inductively coupled plasma - reactive ion etching (ICP-RIE) technique. The purpose
of the I.C. is to remove the small particle, and organism on the sample surface. The
steps of I.C. are described as below.

1. Degreasing by ultrasonic baths in acetone (ACE) Smin.
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2. Dipping by ultrasonic baths in isopropyl alcohol (IPA) 5min for organism
removed.

3. Rising in de-ionized water (D.I. water) Smin for surface clean.

4. Blowing with N, gas for surface drying.

5. Baking by hot plate 120°C, Smin, for wafer drying.

PECVD (SAMCO PD220)

The purpose of PECVD technique is to form a SiN film for hard mask as shown in
Fig. 3.4. The details of PECVD technique are described as below.
1. Initial clean
2. SiN film deposition :
SiHI4/Ar : 20scecm
NHj; : 10scem
N, : 490sccm
Temperate : 300°C

RF power : 35W
Pressure :100Pa
Time : 20min for depositing SiN-200nm

EBL
The purpose of the EBL is to define the pattern on the photoresist (PMMA) (soft
mask) is shown in Fig. 3.5. In the process of EBL, a special positive photoresist
PMMA (A3) was used. These EBL techniques are described as below.
1. Spin coating by photoresist : PMMA (A3).
a. first step : 1000 rpm for 10sec.
b. second step : 5000 rpm for 90sec.
2. Hard bake : hot plate 120°C, 1hr.
3. Exposure :
Beam voltage : 10KeV
Writefield size : 50um
Dot dose : 0.08pAs
4. Development : dipping in IPA : MIBK(3 : 1) 50sec.
5. Fixing : rising in IPA 30sec.
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6. Blowing with N, gas for drying.
7. Hard bake : hot plate 120°C, 4min.

ICP-RIE (Oxford Plasmalab system 100)

The soft mask was transfered to SiN film to form the hard mask by using
ICP-RIE as shown in Fig. 3.6. These ICP-RIE techniques are described as below.
1. SiN film etching:
A1/O,: 5scem
CHF;: 50sccm
Forward power: 150W
Pressure: 7.5%10” Torr

Temperature: 20°C
Time: 100 second for etching SiN film 200nm

2. Initial clean for remove soft mask

ICP-RIE (SAMCO RIE-101PH)
The purpse of the ICP-RIE techique 1s-to form-the PC layer on GaN. The hard

mask was transferred to GaN by using TCP-RIE techique. Figure 3.7 are shown the
SEM image of top view of 2D.SE PC DFB laser, respectively. These ICP-RIE
techniques are described as below.
1. P-GaN etching:
Ar : 30sccm
Cl,: 45sccm
ICP power : 400W
Bias power : 40W
Pressure : 0.66Pa
Time:120sec. for etching P-GaN 400nm
2. Dipping BOE 40sec. for remove hard mask

3. Polishing sapphire for optical pumping

3.4 Process flowchart

Figure 3.8 show the schematic diagram of nitride structure grown by MOCVD.
The nano-cavity laser was fabricated by few process steps. In the beginning, the hard
mask SiN 200nm was deposited by PECVD as shown in Fig. 3.9. Then PMMA layer
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(150nm) was spun by spinner and exposed using E-beam writer to form soft mask as
shown in Fig. 3.10. The pattern on soft mask was transferred to SiN film to form the
hard mask by using ICP-RIE (Oxford Plasmalab system 100), and then the PMMA
layer was removed by dipping ACE as shown in Fig. 3.11. The pattern on hard mask
was transferred to GaN by using ICP-RIE (SAMCO RIE-101PH) to form the PC layer
as shown in Fig. 3.12. Finally, the sample dips in BOE to remove the hard mask as
shown in Fig. 3.13.

To completed describe the process flowchart, each process condition is entirely
list in the table 3.2.
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Chapter 4

Optical pumping GaN-based 2D SEPC DFB Laser

4.1 Design of GaN-based 2D SEPC DFB Laser

In this section, we introduce the method to design the GaN-based 2D SEPC DFB
laser. For PC laser, the band diagram of PC is important because the normalized
frequency, which is determined by the lasing wavelength and the lattice constant of
PC, could be obtained from the band diagram. Therefore, we can obtain the lattice
constant if the lasing wavelength is determined and this lasing wavelength must
correspond to emission wavelength of the active layer. In additional, the Bragg
condition is satisfied at Brillouin-zone boundary, I', K and M point. At these points,
light waves can have opportunity to diffract normally to the surface which was
described in section 2.2. Therefore, we can design a GaN-based 2D SEPC DFB laser
operating at the designate lasing wavelength with the optimized lattice constant at
Brillouin-zone boundary, I' ~ K and M point, which can be defined in the photonic
band diagram.

In this research, we choose the lasing.wavelength from micro-photoluminescence
emission peak (~425nm) first. ‘Here, we: fix the r/a=0.28 for the calculation of the
band diagram and the band diagram of PC obtained by using plan-wave expansion
(PWE). In order to cover the most poiitsrsatistfying Bragg condition, the optimized
normalized frequency range was ‘chosen from 0.45 to 0.7 which corresponds to the
lattice constant range is from 190nm to 300nm for this lasing wavelength. The detail

of calculation will be described below.

4.1.1 Micro-Photoluminescence (p-PL)

The p-PL emission of the as-grown structure must be measured because the
lasing wavelength must correspond to emission wavelength of the active layer.

The p-PL emission is excited by a 325nm He-Cd laser with a spot size of about
3um diameter. This measurement setup is similar to optical pumping system expects
excitation (laser) source as shown in Fig. 4.1. By using the microscopy system, the
emission light can be collected into a spectrometer/CCD with a spectral resolution of
about 0.1nm for spectral output measurement. The Fig. 4.2 shows the u-PL emission
of the as-grown structure. The pu-PL emission range is from 395nm to 440nm and the

peak wavelength is 425nm.

4.1.2 Calculation of Confinement Factor and Effective Refractive Index
We calculate the band diagram of the lasing modes by using the method of the 2D
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plan-wave expansion (PWE). But the 2D PWE assumes an infinite length in the 3D
structure. In fact, our device is 3D structure, and the depths of nano-holds are not
infinite. This means we should do some modification to parameters describing our
structure and then bring them into the method of 2D PWE to match real condition.
Therefore, we further consider some parameters such as confinement factor (I'y) and
effective refractive index (nesr). We can use the I'y and nefr to calculate the dielectric
constant for nano-hole (g,) and the background (&) for 2D PWE calculation [29]

The T'y means the ratio of light confined within the 2D PC structure to light
confined within the entire device. The n.; means the refractive index of the entire
device which concludes PC. These two parameters can be obtained by solving the
distribution of the electric field in the direction normal to the device surface using the
software of Lastip. The result is shown in Fig. 4.3. From the result, we can estimate

the I'; and nefr values that are 0.613 and 2.2, respectively.

4.1.3 Calculation of dielectric constant (&, and &)
We obtain the parameter I'y and nesrin section 4.1.2. Then, we determine &, and

€p using two conditions: [29]

i = A8 S e, *1
AS:Sb—Sa :rg(gmat_gair) (42)
Where, the f1is a filling factor.-In:our device, the f'is equal to
2w’
f="= 4.3
\/gaz ( )

The £, and &g, are dielectric constant of GaN (=2.52) and air (=12), respectively.
Then, the value of ¢, (2.408) and &, (5.63) is obtained.

4.1.4 Simulation of Band Diagram

In section 4.1.2-3, we have obtained the ¢, and g,. Then, we use the result to
calculate the band diagram of the 2D triangular-lattice structure with r/a=0.28 using
RSoft. Figure 4.4 shows the calculated band diagram of the 2D triangular-lattice
structure for transverse-electric (TE) mode. It can be expected that the lasing occurs at
special points such as Brillouin-zone boundary because the Bragg condition is
satisfied and the mode density is high at these points. At these lasing points, wave can
propagate in different directions and couple each other. For example, at I'; point, the
wave can propagate in six different directions and couple in all six different directions
to form a cavity. Then the light will emit in the direction perpendicular to the PC

surface (down and up) because the Bragg condition is also satisfied in these
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directions.
Therefore, to cover the most points satisfying Bragg condition, we choose the
normalized frequency range from 0.45 to 0.7 which corresponds to the lattice constant

range from 190nm to 300nm for a fixed lasing wavelength.

4.2 Optical Pumping Experiment

The optical pumping of the sample was performed using a frequency-tripled
Nd:YVO4355nm pulsed laser with a pulse width of ~ 0.5ns at a repetition rate of
1kHz. The pumping laser beam with a spot size of 50um was incident normal to the
2D SEPC DFB laser sample surface. By using the microscopy system, the light
emission from the 2D SEPC DFB laser sample was collected by 15X objective lens
through the fiber with 600um core into a spectrometer/CCD (Jobin-Yvon Triax 320
Spectrometer) with a spectral resolution of ~ 0.1nm for spectral output measurement.
The light emission from the 2D SEPC DFB laser sample was also collected by 20X
objective lens into a CCD simultaneously for capturing the emission images. Figure

4.5 shows the measurement setup of optical pumping system.

4.3 Characteristics of GaN-based.2D SEPC DFB Laser with DBR
In this section, we present the characteristics of optical pumping GaN-based 2D
SEPC DFB laser such as excitation enefgy — emission intensity curve, emission

images of laser, threshold carrier density (Ni); degree of polarization.

4.3.1 Stimulated emission (lasing)

The simulated emission of GaN-based 2D SEPC DFB laser was demonstrated and
measured using the optical pumping system mentioned above. The lasing
characteristics in different devices (different lattice constant a=190-300nm) with
different lasing wavelength were measured, and we conclude the related normalized
frequency of these laser as shown in Fig.4.6. Taking one of them (a=290nm) as
example, the laser emission intensity from the 2D SEPC DFB laser as a function of
the exciting energy is shown in Fig. 4.7. The clear threshold characteristic was
observed at the threshold pumping energy density (Eg) of about 3.5mJ/cm”. Then the
laser output increases linearly with the excitation energy density beyond the threshold.
Figure 4.8 shows the lasing spectrum with large wavelength range at 1.17Ey. The
wavelength range of spontaneous emission is from 370nm to 440nm and the lasing
wavelength locates 424.33nm which corresponds to the peak wavelength of p-PL
emission and the FWHM of the laser is 0.1 1nm. The similar lasing characteristics also
can be observed as we measure other devices.

Figure 4.9 shows the excitation energy density dependent emission spectrum. The
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red and green line show the spontaneous emission spectrum at 0.33 and 0.66Ey,,
respectively and the blue, dark yellow and magenta line show the stimulated emission
spectrum at 1, 1.17 and 1.33Ey, respectively. It evidently expresses the behavior from

spontaneous emission to stimulated emission.

4.3.2 Emission images of GaN-based 2D SEPC DFB laser

The stimulated emission image of GaN-based 2D SEPC DFB laser is very
different to conventional VCSEL structure. Typical lasing area of conventional GaN
VCSELSs reported show just a bright spot or few bright spots with a diameter of just
few micrometers in the area of pumping source [38]. In our case, the lasing area of
GaN-based 2D SEPC DFB laser is very large which is almost whole area of PC and it
emits only one lasing mode in this lasing area.

Figure 4.10(a) shows the spontaneous emission image at 0.92Ey, with 50pum spot
size of pumping source. Figure 4.10(b) shows the image of stimulated emission at
1.47Eq. The lasing area brightly appears as the excitation energy increased above the
threshold excitation energy, as shown in Fig. 4.10(b). The lasing area is almost whole
area of PC. Theoretically, the stimulated/emission in such device should happen at
whole PC region, but in Fig. 4.10(b), the.lasing aréa is not full of the area with PC. It
may be due to the disorder of PC or unsuniform pumping beam or inhomogeneous
gain material. In addition, all ¢ollected emission light normal to the sample surface
shows just one lasing mode in the whole lasifig area. So, it is clear, the single mode
GaN-based 2D SEPC DFB laser with large lasing area was demonstrated.

4.3.3 Polarization

The degree of polarization (DOP) expresses the polarized property of the laser
emission. It is defined as DOP = (Inax-Imin)/( ImaxtImin). Figure 4.11 shows the
measurement setup for DOP. The laser emission from the PC surface is collected by
objective lens. Then, the light is through the polarizer into the spectrometer/CCD.
Figure 4.12 shows the intensity of laser emission as a function of the angle of the
polarizer. The contrast of laser emission intensity between two orthogonal
polarizations was measured. The result showed the laser beam has a degree of
polarization of about 53%. In ref. [35], the electric-field vectors in triangular lattice
PC was calculated and calculation results suggest that this kind of the laser has

weightless polarization property of the laser emission and it agrees with our result.
4.3.4 Divergence Angle

The divergence angle expresses the laser beam divergent extent. Figure 4.13

shows the measurement setup for divergence angle. The laser emits from the PC
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surface and then into the fiber. The fiber is mounted on a stage which can rotate from
-90° (parallel with device) to 90° (parallel with device). We measure the divergence
angle every 10° from -90° to 90°. Figure 4.14 shows the intensity of laser emission as
a function of the angle of the fiber position. The result shows the FWHM of laser
divergence angle is smaller than 10° which is limited by measurement setup. This

indicates that the laser emission is normal to the PC surface.

4.4 Comparison between Experiment and Simulation Results

Figure 4.6 shows normalized frequency as a function of the lasing wavelength.
We find that the normalized frequency has some groups that are marked by pink area.
We are able to classify the normalized frequency into few groups. The reason why the
normalized frequency of our laser was classified into few groups and what causes this
kind of phenomenon can be explained by the band diagram and Bragg diffraction.

In section 4.1, the band diagram of PC was calculated as shown in Fig. 4.4. To
compare the results of experiment and simulation, we put Fig.4.4 and Fig 4.6 on the
same place with same scale as shown is Fig.4.15. It can be seen that different groups
of the normalized frequency occur at diffetent points of Brillouin-zone boundary such
as I' ~ M ~ K points. All points of normalized frequency can exactly correspond to
points of Brillouin-zone boundary. In the other word, the stimulated emission only

occurs at I or M or K point because the Bragg condition only satisfy at these points.
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Chapter S

Conclusion

The fabrication and characteristics of GaN-based 2D surface-emitting photonic
crystal distributed-feedback (SEPC DFB) laser were investigated in this thesis. We
also simulated the band diagram of the PC structure to realize the lasing mechanism
by using plane-wave expansion method. The laser action of photonic crystal devices
was achieved under the optical pumping at room temperature. The lasing
characteristics in the devices with different lattice constants (a=190-300nm) emitting
different lasing wavelengths were measured and realized using the format of
normalized frequency as a function of the lasing wavelengths. All these devices show
a similar threshold pumping energy densities to be about 3.5mJ/cm”. The GaN-based
2D SEPC DFB laser emits violet wavelength (from 395nm to 425nm) with a
linewidth of about 1.1A. The degree of polarization and divergence angle of the laser
emission is measured to be about 53%,and'smaller than 10° . The emission images of
the laser indicate that the stimulatéd emission.oceurs over a large area, and the lasing
spectrum shows the laser is a’single mode laser. Finally, we compare experiment
results with simulation results. We  find that normalized frequency of each laser
emission from photonic crystal devicésTcanexactly correspond to the points of
Brillouin-zone boundary, I' ~ M ~ K points. That is'because the Bragg conditions only
satisfy at these points. This also further confirms the laser action in our devices comes
from the band edge of photonic crystal band we designed. All the experiment results
provide a strong evidence that SEPC DFB laser could have highly potential in the

application of large area and single-mode vertical emitting lasers.
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source type source size brightness vacuum

(A/cm’/sr) requirement

(Torr)
tungsten
g, ) 25 um ~10° 10°°
thermionic
thermal (Schottk
( Y 20nm ~10° 10?
field emitter
cold
5 nm ~10° 10

field emitter

Table 3.1 Properties of the electron sources

Step

Process

Conditions

Soft mask

1) L.C.

(2) Deposition of 200nm SiN by PECVD.

(3) Spinning of 150nm-PMMA by spinner

(4) Definition of pattern of nano-cavity laser by EBL.
(5) Development.

(6) Hard bake

Hard mask

1) L.C.

(2) Dry etching by ICP-RIE (Oxford Plasmalab system 100)
to form the hard mask.

(3) Remove PMMA by ACE.

(4) Hard bake.

Nano-cavity

laser

1) I.C.

(2) Dry etching by ICP-RIE (SAMCO RIE-101PH) to
transfer the hard mask to GaN.

(3) Remove hard mask by BOE.

(4) Hard back.

Table 3.2 Process flowchart
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—Total internal reflection (TIR)
Distributed Bragg reflection (DBR)

Defect region M2 wavequide (n=3.4)—
— Active region (4 QWs) Etched Air Holes (n = 1)
InP Substrate (n = 3.2) Undercut Region (n=1)

Figure 1.1 Schematic diagram of topical 2D PC
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Figure 1.2 Spectrum of the laser. The spontaneous emission is shown in the
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Figure 1.4 Schematic diagram of electrically driven single-cell photonic crystal
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Figure 1.6 Schematic diagram of PC membrane nano-cavity
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Figure 1.7 Resonance modes of nano cav1t1es and r /a =0.262+0.004, 0.254+0.004,
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and 0.246+0.004 from top to bettom < 886
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Figure 1.8 Schematic structure of we surface-emitting laser with 2D
triangular-lattice structure. The inset shows the SEM photograph of the
triangular-lattice structure.

30



RT PULSE
- (1kHz/500ns)

b
=

OUTPUT POWER (mW)
=

0 1 2 3 4 5 ,
CURRENT DENSITY (kA/cm®)

Figure 1.9 L-I characteristic of 'the 2D, PC.lasér at RT under pulsed condition
(repetition period: 1ms, pulse width: 500 ns).

(1kHz/500ns) |
I=1.56ly,

28A

EL INTENSITY(a.u.)

107 128 120 13
WAVELENGTH( 1 m)

Figure 1.10 Lasing spectrum under pulsed condition and the injection current
was J=1.56 Ju.
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Figure 1.11 Schematic diagram of the device structure.
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Figure 1.12 Lasing spectrum of the device under RT-CW condition.
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Figure 2.1 Schematic draw of the light reflected from the top and bottom of the
thin film.
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Figure 2.3 Structure of 2D triangular lattice in real space
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Figure 2.4 Structure of Z'nganﬁilaif” lattice in reciprocal space.
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Figure 2.5 Triangular reciprocal lattice diagram of in-plane direction at I' point.
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Figure 2.7 Triangular reciprocal lattice diagram of in-plane direction at M point.

36



ZN
NS

|

Figure 2.8 Triangular reciprocal lattice diagram of in-plane direction at K point.
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Figure 2.9 Electronic transitions between the conduction and valence bands
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Figure 2.11 Illustration of output power versus current for a diode laser
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Figure 3.2 Schematic diagram of half-structure by MOCVD
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Figure 3.4 CCD image of GaN-based material with SiN film 200nm
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Figure 3.6 SEM image of hard mask pattern
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Figure 3.7 Top view.SEM image 6f2D SE PC DFB laser.
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Figure 3.8 SEM image of Cross-section of 2D SE PC DFB laser
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Figure 3.9 Schematic diagt
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Figure 3.10 1st step of process: deposing SiN film
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Figure 3. ) _ soft mask
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Figure 3.12 3rd step of process: hard mask
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Figure 3.14 5th step of process: removing hard mask
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Figure 4.2 PL spectrum of as-grown structure
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Pulse duration : 500 ps
Pulse frequency : 1000 Hz
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Figure 4.5 Measurement setup of optical pumping system
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Figure 4.6 Normalized frequency as a function of the lasing wavelength
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Figure 4.8 Spectrum of stimulated emission at room temperature
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Figure 4.9 Excitation energy intensity VS. emission spectrum
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Figure 4.12 Intensity of laser emission as a function of the angle of the polarizer
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Fig.4.15 Experiment (left) and simulation results (right)
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