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具氮化鎵與氮化鋁鎵布拉格反射鏡之紫外光波段

氮化鎵雷射之特性研究 

研究生：陳振昌                     指導教授：郭浩中   博士 

                                                 施閔雄  博士 
 

國立交通大學光電工程研究所 
 

摘要 

由於氮化鎵材料具有直接寬能隙引起大家的關注並且廣泛的製作成各種應用光電

元件像發光二極體與雷射二極體。高亮度的氮化鎵發光二極體使它應用在交通號誌、

液晶顯示器背光源和固態照明的可行性。此外，藍光雷射二極體是其中廣受應用在

高密度的數位儲存工具的光源。本論文旨在研究具二十五對的氮化鎵與氮化鋁鎵布

拉格反射鏡之紫外光波段微型圓盤以及四方晶格之光子晶體氮化鎵雷射。此布拉格

反射鏡具 85%的高反射率。接著我們研究不經深蝕刻或下部蝕刻的製程製做出大小

為 4.7μm 的氮化鎵微型圓盤紫外波段光雷射。經過光性量測系統的量測，得到具低

截止功率密度為 0.03kW/cm2 的雷射。藉由有限差分時域分析模擬我們去研究迴音壁

模態的共振模態。關於在四方晶格的光子晶體雷射，我們觀察到一強雷射訊號從氮

化鎵光子晶體結構而且此訊號是落在布拉格反射鏡結構的高反射波段區內。藉由三

維平面波展開法以及有限差分時域分析模擬，我們去研究此光子晶體的邊帶模態。

接著我們在 n-型的氮化鎵層製做出大面積的氮化鎵準光子晶體奈米柱結構，藉由奈

米壓印微影技術之後在準光子晶體奈米柱結構頂部以再磊晶成長出氮化銦鎵與氮化

鎵結構之成對金字塔狀的量子井。經過光性量測系統的量測，我們觀察到具低截止

功率的紫外光波段訊號且同時具有從量子井產生綠光。我們用有限元素分析法去分

析準光子晶體的雷射模態。接著我們展現了在室溫下從一金屬鍍膜之氮化鎵奈米共

振腔觀察到雷射訊號。我們觀察到了單一模態的紫外波段雷射訊號，其波長約略三

百七十奈米在截止功率 0.042kW/cm2. 
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我們也藉由有限元素分析法模擬的方式來分析此鍍金屬的奈米共振腔的雷射模態與

能帶，我們相信此雷射模態是由波導的模態和表面電漿的模態所混合而成的。 
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Abstract 
 

Wide and direct bandgap of GaN-based materials have been attracted much attention 

for applications such as light emitting diodes (LED) and laser diodes (LD). The high 

brightness GaN-based light emitting diodes (LEDs) have made it possible to apply in 

traffic signals, backlight in liquid crystal displays, and solid state lighting. Besides, the 

blue LD can serve as the light source of high density data storage in high definition 

digital versatile disk(HD-DVD) which is one of the popular data storage tools. In this 

thesis, we are focus on the design and fabrication of the optical pumped ultraviolet 

GaN-based microdisk and square lattice of photonic crystal lasers with 25 pair 

AlN/AlGaN distributed Bragg reflectors. The distributed Bragg reflector provides a high 

reflectivity of 85%. We demonstrated a 4.7 μm GaN-based microdisk laser in ultraviolet 

range without undercut or deeply-etching procedures. Under optical pumping conditions, 

the lasing action was observed with a low threshold power density of 0.03 kW/cm2. We 

also characterized the whispering gallery mode(WGM) profiles of the microdisk with 

finite-different time-domain simulation. About square lattice of photonic crystal lasers, a 

strong lasing emission was observed from GaN photonic crystals within high reflectivity 

region of DBR. The photonic crystal bandedge mode was also characterized with 

three-dimensional plane-wave expansion (PWE) and finite-difference time-domain 

(FDTD) simulation. And large-area GaN-based photonic quasicrystal (PQC) nanopillars 

structure was fabricated on an n-GaN layer by using nanoimprint lithography technology.       
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The regrown InGaN/GaN multiple quantum wells (MQWs) form nano-pyramid 

structure on the top of PQC nanopillars. Under optical pump condition, a lasing action 

was observed at ultra-violet wavelength with an ultralow threshold power, and the green 

color emission from InGaN/GaN MQWs was also achieved simultaneously. We 

characterized the lasing mode with finite-element method (FEM) simulation. Then a 

metal-coated GaN nanostripe laser was operated at room temperature. The ultraviolet 

lasing mode was observed at a wavelength of approximately 370 nm with a low threshold 

power density of 0.042 kW/cm2. The lasing mode and band diagram of the metal-coated 

nanostripe were also characterized using FEM simulation. We believed that this lasing 

mode was a combination of waveguide mode and surface plasmon mode.  
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Chapter 1 

Introduction 

1-1 Wide band-gap of nitride-based materials 
Recently, nitride-based materials has been attracting much attention because of their 

large direct wide band-gap characteristics and can be widely used in various 

optoelectronic devices[1-4]. According to the large band off-set characteristic of these 

kinds of III-V wide band-gap materials, which can be utilized in hetero-structure and can 

provide better carrier confinement to increase the efficiency of the whole structure. Their 

wide-range band-gap also provides possibility of full-color emission because they cover 

red, green, and blue emission regions.  

Today, blue LEDs are widely used in many applications such as illumination, exterior 

automotive lighting, full color display, traffic signals, back light of liquid crystal display 

and etc. The blue LD can serve as the light source of high density data storage (about 

25GB/disk, 5 times larger than now) in high definition digital versatile disk (HD-DVD) 

which is the main stream of next generation data storage. 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. Figure 1.1 shows the applications of the light sources of the 

GaN-based materials.   

Moreover, nitride-based materials still have lots of advantages such as operation in 

higher temperature and the higher peak drift velocity for electron. Especially in GaN, the 

material shows greater characteristic with high bond energy (~2.3eV), high saturation 

velocity (~2.7*104 cm/s), high breakdown field (~2*106 V/cm) and strong excitonic 

energy (>50meV) [5]. Because of these advantages, the GaN-based device plays an 

important role of the high efficiency electro-optic applications and products. However, 

the problems in GaN, AlN, and its alloy materials are including large defect densities, 

piezoelectric field effect and spontaneous polarization.  
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(a) Flat panel display          (b) Illuminations 

     

               

(c) Pointer              (d) Optical storage 

        

 

Figure 1.1 The applications of GaN-based light sources. 
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It reveals the most important thing is growing defect-frees material to fabricate high 

quality and high power devices. Nowadays, the GaN-based materials with its superior 

properties make it a good candidate for the optoelectronic applications in next generation. 

1-2 Nitride-based semiconductor lasers 
The research of blue light emitting devices began from the development of gallium 

nitride light emitting diodes in the early 1970s[6-8]Two decades later, with several efforts 

devoted to the growth of nitride materials, doping concentration, efficiency of quantum 

wells, and so on, Nakamura et al.[9]developed the first prototype high-brightness (>100 

times greater than previous alternatives, about 1 candela) GaN blue light emitting diodes 

in 1993. Then, in 1995, they also developed the first successful GaN electron-injection 

laser[2]. This makes nitride laser diodes begin to step on the road toward the commercial 

applications of high-information-density storage, laser printer, compact projector, and etc. 

In these years, the performance of nitride laser diodes has been improved to emit power 

as high as 100mW at room temperature with a low threshold only 3 kA/cm2[10], and the 

devices have been already successfully commercialized to be applied to digital versatile 

disc (DVD). This next-generation DVD would enlarge the storage capacity from 4.7 

giga-bytes which current DVD owns to 27 giga-bytes. 

High reflectivity nitride-based distributed Bragg reflectors (DBR) are important for the 

development of GaN-based optical devices such as resonantcavity light-emitting diodes 

(RCLEDs)[11] and vertical-cavity surface-emitting lasers (VCSEL)[12,13]. In particular, 

a small optical mode volume can emit a single longitudinal mode with a symmetrically 

circular beam and a small beam divergence that are superior to the edge emitting lasers 

and desirable for many practical applications in high density optical storage, and laser 

printing. 

To extend the applications of GaN-based lasers/LEDs into UV region, there are many 

studies related to the UV GaN-based DBR[14–19]. Bluelight microdisk lasers have also 

been reported in GaN-based suspended membranes formed by photoelectrochemical 

etching.[4,20] Figure 1.2 (a) shows the scanning electron microscope(SEM) image of the 

GaN-based 1.2μm microdisk lasers. And the Figure 1.2 (b) shows the lasing spectrum of 

the microdisk lasers[4].  
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Figure 1.2 (a) Scanning electron microscope image of the 1.2-mm 

microdisk(side view of disk). (b) A 1.2μm disk (the inset showing a 

high-Q mode, taken above threshold.

(a)

(b)

(a)

(b)
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  The blue LD can serve as the light source for high density storage system because of 

its short wavelength. However, due to the applications, the high extraction efficiency of 

the light source needs to be improved and promoted. In general, there are several methods 

to increase the light extraction efficiency of GaN-based device such as surface roughness 

[21,22], and photonic crystal structures[23,24]. The latter method, the photonic crystal 

structure has a periodic structure with translational symmetry. The periodic structure can 

exhibit the photonic band gap (PBG) to inhibit the propagation of guided modes[25] and 

utilize photonic crystal structure to couple guided modes to radiative modes[26-28]. 

E-beam lithography[29] and laser interference lithography[30] have been used to 

fabricate the photonic crystal structure. However, NIL is suitable for the mass production 

of LED devices owing to its good resolution and higher throughput with low fabrication 

cost. 
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1-3 Nitride-based materials of the photonic crystal lasers 
During the last decade, there has been considerable interest in photonic band gap 

materials or photonic crystals due to their ability to control the properties of light 

emission and propagation. Many studies have contributed to realize the PC cavities in 

GaAs-based material by e-beam lithography technique. Since GaN and related nitrides 

have been the most promising laser diode material in the blue-violet-ultraviolet region, 

the optical properties of photonic crystal in GaN material is what people want to 

investigate, recently. As we know, photonic crystal is a dielectric structure arranged in 

periodic geometry. Like a crystalline solid in electronic band structure. So photonic 

crystal can exhibit one or more photonic band gaps (PBGs), with frequency in band gap 

unable to propagate in the crystal. Photonic crystal with photonic band gaps for photons 

have many advantages in controlling the light emission, wave propagate along specific 

direction and can be utilized in many optoelectronic devices[31]. For instance, photonic 

crystal passive waveguide used as low loss channel for light propagation and resonator to 

keep the whole cavity with high Q characteristic, which can be a promising device in 

conjunction with Si based and III-V materials communication system. Semiconductor 

with these unique properties can not only be used as a versatile building block to 

construct photonic circuitry but also an active medium to control light emission[32]. Two 

kinds of semiconductor photonic lasers have been demonstrated. One is 2D photonic 

crystal nano-cavity lasers, and the other is 2D photonic crystal band-edge lasers.  

1-3-1 2-D photonic crystal nano-cavity lasers  
In 1994, P. R. Berman et al. first presented the mechanism that photonic crystal could 

be a reflective mirror to form a cavity and achieve the laser operation[33]. Then, in 1999, 

O. Painter practically demonstrated an optically pumped InGaAs-based 2-D PC 

nano-cavity laser emitting at 1.55 micrometers[34]. The optical cavity he demonstrated 

was consisted of a half-wavelength-thick waveguide for vertical confinement and a 2-D 

PC mirror for lateral localization. A defect was introduced as a nano-cavity because the 

mode volume was 2.5 cubic half-wavelength widths, approximately 0.03 micrometers, in 

the 2-D PC to trap photons inside. In 2004, H. G. Park et al. realized the electrically 

driven single-cell 2-D PC laser with a dominated wavelength at 1519.7nm[35]. They used 

a sub-micrometer-sized semiconductor post located at the center of the single-cell 
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photonic crystal resonator to connect bottom electrode and achieved lasing action by 

current injection. The result is the first current injection report in the world. However, the 

nitride-based photonic crystal nano-cavity laser never be observed in recently few 

decades. Figure 1.3 (a) shows the SEM image of the nano-cavity laser and (b) is the 

typical L-I curve of the monopole-mode laser. Threshold current is 260 μA, and output 

power indicates the peak value measured at the spectrometer. (Inset) The spectrum is 

taken at 700 μA. 

Fortunately, in 2005, nitride-based photonic crystal nano-cavity membrane emitted at 

488nm with quality factor Q of about 800 was reported by Y. S. Choi et al.[36]. They 

used photo-enhanced chemical etching to form a GaN-based membrane with a total 

thickness of nearly 140 nm and patterned a photonic crystal nano-cavity on it. Some 

resonance modes from the nano-cavity with photonic crystal lattice constant of about 180 

nm could be observed in the photoluminescence (PL) emission. 
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Figure 1.3 (a) Cross-sectional SEM image of the nano-cavity laser. (b) 

The L-I curve and the lasing spectrum (inset). 

 

(a)

(b)

(a)

(b)
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1-3-2 2-D photonic crystal band-edge lasers 
The second one is the photonic crystal band edge laser. According to the DFB theory, 

light at the photonic band-edge has zero group velocity and forms a standing wave due to 

2D DFB effect. Specific band-edges induce not only in-plane coupling via DFB, but also 

diffraction normal to the PC plane, causing surface emission phenomena. In 1999, Noda 

et al. reported the electrically driven 2-D PC band-edge laser under pulsed operation [11]. 

The PC was a triangular-lattice structure composed of InP and air holes, which is 

integrated with an InGaAsP/InP multiple-quantum-well active layer by a wafer fusion 

technique. They demonstrated the single-mode, large-area and surface-emitting lasing 

action, and analyzed the lasing mechanism based on the satisfying of Bragg condition. 

Then, they further reported the room-temperature (RT) 2D PC band-edge laser under 

continuous wave (CW) operation in 2004[12]. In 2008, Noda’s group had demonstrated 

the GaN PCSELs room temperature operation by current injection; they also measured 

the angle-resolved diagram around Γ band-edge mode [13]. Figure 1.4 (a) Schematic 

structure of the surface-emitting band-edge laser and the SEM image and (b) is the laser 

spectrum.  
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Figure 1.4 (a) Schematic structure of the surface-emitting laser with 2D 

triangular-lattice structure embedded by the wafer fusion technique. 

The inset shows the SEM photograph of the triangular-lattice structure. 

The lattice constant was 0.462 mm. (b) The lasing spectrum of the 

device under pulsed condition. Emission normal to the substrate surface 

was detected. 

 

(b)

(a)

(b)

(a)
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1-4 Objective of the thesis 
In this thesis, we mainly focus on the study the semiconductor lasers of nitride-based 

materials including the ultraviolet GaN-based microdisk lasers and 2-D squsre lattice of 

photonic crystal lasers with AlN/AlGaN distributed Bragg reflectors(DBR). And 

GaN-based photonic quasicrystal (PQC) nanopillars structure was fabricated on an 

n-GaN layer by using nanoimprint lithography technology. The regrown InGaN/GaN 

multiple quantum wells (MQWs) form nano-pyramid structure on the top of PQC 

nanopillars. Then the study of a metal-coated GaN nanostripe laser operated at room 

temperature was investigated. About the microdisk lasers and the square lattice of 

photonic crystal lasers, the study consists of the design, fabrication, and characteristics of 

the laser. And the detail fabrications of the devices mentioned above were demonstrated. 

We discussed and analyzed the performance of ultraviolet GaN-based lasers such as 

threshold characteristics, laser spectrum, and polarization. Furthermore, unique lasing 

phenomenon, such as specific mode behavior and quality factor in the structure, are also 

investigated. The detail calculation and simulation are also investigated. For example, in 

order to understand optical modes of the ultraviolet GaN-based photonic crystal lasers. 

Plane-wave expansion (PWE) method was used to performed simulations to calculate the 

band diagram. We also used the finite-difference time-domain(FDTD) simulation to 

calculate the mode profiles. Moreover, many simulation results are based on FDTD 

because FDTD method could simulate the real structure more precise. Besides, the lasing 

modes of the GaN-based photonic quasicrystal (PQC) nanopillars structure and the 

metal-coated nanostripe were characterized using finite-element method(FEM) 

simulation. Experimental results show excellent agreement with simulations. 
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Chapter 2 

Fabrication and Characteristics of GaN-based Microdisk 

Lasers with Ultraviolet Distributed Bragg Reflectors 
2-1 Operation principle of semiconductor lasers  
Carrier density rate equation 

For the double heterostructure(DH),  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, 

                             gen rec
dN G R
dt

= −                        (2.1) 

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

Rrec is the ratio of recombining electrons per unit volume in the active region. Since 
q
Iiη

 

are electrons per second being injected into the active region, 
qV

IG i
gen

η
= , where V is the 

volume of the active region. The recombination process is complicated and several 

mechanisms must be considered. Such as, spontaneous recombination rate, Rsp ~ BN2, 

nonradiative recombination rate, Rnr, carrier leakage rate, Rl, (Rnr + Rl = AN+CN3), and 

stimulated recombination rate, Rst. Thus we can write Rrec = Rsp + Rnr + Rl +Rst. Besides, 

N/τ ≡ Rsp + Rnr + Rl, where τ is the carrier lifetime. Therefore, the carrier density rate 

equation could be expressed as 

                             i
st

IdN N R
dt qV

η
τ

= − −                      (2.2) 

 

Photon density rate equation 

Now, we describe a rate equation for the photon density (Np), which includes the 

photon generation and loss terms. The photon generation process includes spontaneous 

recombination (Rsp) and stimulated recombination (Rst), and the main photon generation 

term of laser above threshold is Rst. Every time an electron-hole pair is stimulated to 

recombine, another photon is generated. Since, the cavity volume occupied by photons, 
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Vp, is usually larger than the active region volume occupied by electrons, V, the photon 

density generation rate will be [V/Vp]Rst not just Rst. This electron-photon overlap factor, 

V/Vp, is generally referred to as the confinement factor (Γ). Sometimes it is convenient to 

introduce an effective thickness (deff), width (weff), and length (Leff) that contains the 

photons. That is, Vp=deffweffLeff. Then, if the active region has dimensions, d, w, and La, 

the confinement factor can be expressed as, Γ=ΓxΓyΓz, where Γx = d/deff, Γy = w/weff, Γz = 

La/Leff. 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 (τp). Hence, the photon density rate equation takes the form 

                         p p
st sp sp

p

dN N
R R

dt
β

τ
= Γ + Γ −                   (2.3) 

where βsp is the spontaneous emission factor. As to Rst, it represents the 

photon-stimulated net electron-hole recombination which generates photons. This is a 

gain process for photons. It is given by  

                       p p
st g p

gen

dN N
R v N

dt t
Δ⎛ ⎞

= = =⎜ ⎟ Δ⎝ ⎠
g                  (2.4) 

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

Now, we rewrite the carrier and photon density rate equations 

                          i
g p

IdN N v N
dt qV

η
τ

= − − g                      (2.5) 

                      p p
g p sp sp

p

dN N
v N R

dt
β

τ
= Γ + Γ −g                   (2.6) 

 

Threshold gain 

In order for a mode of laser to reach threshold, the gain in the active section must be 

increased to the point when all the propagation and mirror losses are compensated. Most 

laser cavities can be divided into two general sections: an active section of length La and 

a passive section of length Lp. For a laser, at the threshold, the gain is equal whole loss in 

the cavity, which includes cavity absorption and mirror loss. For convenience the mirror 

loss term is sometimes abbreviated as, αm ≡ (1/2L) ln(1/R1R2). Noting that the cavity life 
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time (photon decay rate) is given by the optical loss in the cavity, 1/τp = 1/τi  + 1/τm = 

vg(αi +αm). Thus, the threshold gain in the steady state can be expressed with following 

equation 

                  
1 2

1 1 1ln
2i m i

g pv L R R
α α α

τ
⎛ ⎞

Γ = + = = + ⎜ ⎟
⎝ ⎠

thg              (2.7) 

where αi is the average internal loss which is defined by (αiaLa + αipLp)/L (i.e.,αiaLa and 

αipLp are loss of active region and passive section, respectively), and R1 and R2 is the 

reflectivity of top and bottom mirror of the laser cavity, respectively. 
 

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. (2.5) and Eq. (2.6). Consider the 

below threshold (almost threshold) steady-state (dN/dt = 0) carrier rate equation, the Eq. 

(2.5) is given by i th thI N
qV
η

τ
= . While the driving current is above the threshold, the carrier 

rate equation will be 

                           
( )th

i g p
I IdN v N

dt qV
η −

= − g                    (2.8) 

From Eq. (2.8), the steady-state photon density above threshold where g = gth can be 

calculated as  

                             
( )i th

p
g th

I IN
qv V
η −

=
g

                        (2.9) 

The optical energy stored in the cavity, Eos, is constructed by multiplying the photon 

density, Np, by the energy per photon, hν, and the cavity volume, Vp. That is Eos = NphνVp. 

Then, we multiple this by the energy loss rate through the mirrors, vgαm = 1/τm, to get the 

optical power output from the mirrors, P0 = vgαmNphνVp. By using Eq. (2.7) and Eq. (2.9), 

and Γ=V/Vp, we can write the output power as the following equation 

                        ( )m
O i th

i m

hP I I
q

α νη
α α
⎛ ⎞

= −⎜ ⎟+⎝ ⎠
                 (2.1 0) 

Now, by defining 
mi

mi
d αα

αη
η

+
= , Eq.(2.10) can be simplified as  
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                        ( )        (I>I )O d th th
hP I I
q
νη= −                (2.11) 

 Thus, the ηd can be expressed as  

                              (I>I )O
d th

dPq
h dI

η
ν

⎡ ⎤= ⎢ ⎥⎣ ⎦
                 (2.12) 

In fact, ηd is the differential quantum efficiency. Besides, dPo/dI is defined as the slope 

efficiency, Sd, Figure 2. 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 increases linearly with the injection current while the spontaneous 

emission is clamped at its threshold value. 

 

Figure 2.1 An illustration of output power vs. current for a diode laser. 
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Coupling Efficiency of Spontaneous Emission into a Lasing Mode[1] 

In a conventional semiconductor laser, only a very small part of the spontaneous 

emission is coupled into a single-lasing mode. That is because the radiation pattern of 

spontaneous emission is isotropic, a substantial part of the spontaneous emission is not 

coupled to the guided modes in an active waveguide with a small acceptance angle. 

Furthermore, the spontaneous emission spectral linewidth is broader than the linewidth of 

the longitudinal mode; therefore, a substantial part of the spontaneous emission is not 

coupled to a lasing mode. That is, the coupling efficiency of spontaneous emission (β) 

usually is considerably small for typical laser diodes. 

Suppose an active volume V of semiconductor laser, which is much larger than the 

cubic of optical length, is enclosed by “perfect reflector”. The number of modes per unit 

frequency interval is given by 2 3/2 38 /v V cπ ε . If we assume the active dipoles are 

distributed uniformly in the volume V and are randomly oriented, the coupling efficiency 

of spontaneous emission into each mode is identical. The total spontaneous emission rate 

is given by 

 

     

22 3/22 3/2
2

3 2 2 2 3
0

828
4 ( )

cc
sp c

v V g NNv VR N g dv
c v v c

π επ εγ
π

Γ
≡ = =

− +Γ∫
    

(2.13) 

Here 2g  is the electric dipole coupling constant and a Lorentzian line shape is 

assumed, Γ2  is the spontaneous emission linewidth in rad/s (FWHM), γ  is the 

spontaneous decay rate, and cN  is total minority-carrier number. If the lasing frequency 

is coincident with gain center 0v v= , the spontaneous emission rate into one lasing mode 

cvE  is  

                             

22 c
cv

g N
E =

Γ                          
(2.14) 

From Eq. (2.13) and Eq. (2.14), the coupling efficiency β  of spontaneous emission 

into the lasing mode (spontaneous emission coefficient) is calculated as[2]  

              

3 4 4

2 3/2 2 3/2 3/20.025
4 4

cv

sp

E c
R v V V V

λ λβ
π ε π λε ε λ

≡ = = ≈
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(2.15) 
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Here πλλ c/2Γ=Δ is the spontaneous emission linewidth in meters (FWHM). If we use 

the numerical parameters of a typical GaN semiconductor laser, assuming nm400=λ , 
1/2 2.5ε = , nm20=Δλ , and )(1000 mV μ= 3, the spontaneous emission coefficient β  

is on the order of 510− . This means that only one photon of 105 spontaneously emitted 

photons could couple into a lasing mode. 

Besides equation Eq. (2.15), β  also could be written as[3] 

                             
_2

3

/ (1 )

3
4 / ( / )

p p

p

c

F F

QF
V n

β

π λ

= +

=

                    

(2.16) 

where pF  is the Purcell factor, Q is the cavity quality factor, λ  is the wavelength of 

laser mode, cV  is the effective optical volume of the laser mode, and 
_
n  is the refractive 

index. 

The calculation of the spontaneous emission coupling efficiency[1] 

As discussed already, the coupling efficiency of spontaneous emission into a lasing 

mode can be increased to a value close to 1 for a microcavity semiconductor laser from 

10-5 for a conventional semiconductor laser. The characteristics of such a microcavity 

semiconductor laser would be very different from a conventional semiconductor laser. 

The quantum Langevin equation for the (total) electron number operator cN
∧

 is 

written as[4]  

             

1 ( ) ,cv vc p spc
sp sp

d N P Nc E E n
dt

β β
τ τ

∧ ∧ ∧ ∧ ∧ ∧ ∧ ∧⎡ ⎤−
= − + − − + Γ + Γ + Γ⎢ ⎥

⎢ ⎥⎣ ⎦         
(2.17) 

where P is the pump rate, /c spNβ τ
∧

< >  is the spontaneous emission rate into a lasing 

mode, (1 ) /c spNβ τ
∧

− < >  is the spontaneous emission rate into all other modes except 

the lasing mode, cvE
∧

< > and vcE
∧

< > are the stimulated emission and absorption rates per 

photon, ( )cv vcE E
∧ ∧

< > − < > is a population inversion parameter, n
∧

 is the (total) photon 

number operator, p

∧

Γ , sp

∧

Γ , and 
∧

Γ are the noise operators associated with the pump 
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process, the spontaneous emission process and stimulated emission or absorption process.  

The quantum Langevin equations for (total) photon number operator 
∧

n  is written as 

                   
( )cv vc ec

sp

d n E E n N F F
dt Q

ω β
τ

∧ ∧ ∧ ∧ ∧ ∧ ∧⎡ ⎤
= − − − + + +⎢ ⎥

⎣ ⎦             
(2.18) 

where Q
ω  is the photon decay rate, F

∧

, and eF
∧

 are the noise operators associated 

with the stimulated emission processes, and the photon decay process.  

Let us consider the steady-state (average) solutions of Eq. (2.17) and Eq. (2.18). 

Using the linear solutions, 0c ccN N N
∧ ∧

= + Δ  and 0n n n
∧ ∧

= + Δ , in Eq. (2.17) and (2.18), 

we obtain 

                            

0
0 0c

sp sp sp

NP n
n
β

τ τ
− − =

                   
(2.19) 
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β βω
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(2.20) 

At pump rates above the threshold, the photon decay rate / Qω  is equal to the net 

gain cv vcE E
∧ ∧

− (i.e., the stimulated emission gain stimulated absorption loss). nsp is 

photon density. Thus, 

                               

0,c th

sp sp

N
Q n

βω
τ

=
                        

(2.21) 

where 0,c thN  is the threshold (total) electron number, which is approached by real 

electron number 0cN  only when the pump rate is well above the threshold.  

At the threshold pump rate, all the pump electrons recombine via spontaneous 

emission 0,( / )th c th spP N τ= . The stimulated emission rate cvE  by one photon is equal to 

the spontaneous emission so that 

                                 cv thE Pβ=                          (2.22) 

From Eq. (2.21), the threshold pump rate can be calculated as  

                            

0, ( / ) spc th
th

sp

Q nN
P

ω
τ β

= =
                   

(2.23) 
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This is an important result suggests that the threshold pump rate can be decreased by 

increasing β . 

It is obvious from this equation that the real electron number 0cN  never reaches the 

threshold value 0,c thN  as long as the spontaneous emission coefficient β  is nonzero. 

From Eq. (2.20), the average electron number 0cN  is given by 
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(2.24) 

where / thr P P=  is the normalized pump rate and 0, /c th sp spN n Qωτ β= . 

From Eq. (2.20), the average photon number 0n  is  
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/
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c sp

c sp sp

N
n
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β τ

ω β τ
=

−                   
(2.25) 

Using Eq.(2.24) in Eq. (2.25), the average photon number 0n  is  
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The threshold condition Eq. (2.23) holds when the photon number 0n  is much smaller 

than one at the transparency point. Figure 2. shows the internal photon number 0n  

versus the pump rate P  as a function of the spontaneous emission coefficient β , 

assuming that 1spn = and thPβ  is the same for each curve with different β  value. It is 

clear the jump of photon number at near threshold is smaller and smaller as the value of 

β  is larger. As the β =1, the increase of photon number with the increasing of pump 

rate becomes linear. 

 

 

Figure 2.2 The internal photon number no versus the pump rate P as a 

function of the spontaneous emission coefficient β. 
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2-2 Distributed Bragg Reflectors  
The research of blue light emitting devices began from the development of gallium 

nitride light emitting diodes in the early 1970s[5-7]. Two decades later, with several 

efforts devoted to the growth of nitride materials, doping concentration, efficiency of 

quantum wells, and so on, Nakamura et al. developed the first prototype high-brightness 

(>100 times greater than previous alternatives, about 1 candela) GaN blue light emitting 

diodes in 1993. Then, in 1995, they also developed the first successful GaN 

electron-injection laser. This makes nitride laser diodes begin to step on the road toward 

the commercial applications of high-information-density storage, laser printer, compact 

projector, and etc. In these years, the performance of nitride laser diodes has been 

improved to emit power as high as 100mW at room temperature with a low threshold 

only 3 kA/cm2, and the devices have been already successfully commercialized to be 

applied to digital versatile disc (DVD). This next-generation DVD would enlarge the 

storage capacity from 4.7 giga-bytes which current DVD owns to 27 giga-bytes. 

2-2-1 Penetration depth[5] 
Distributed Bragg reflectors (DBRs) served as high reflecting mirror in numerous 

optoelectronic and photonic devices such as VCSEL. It is a periodic structure formed by 

stacking several pairs of two 1/4-lamda-thick layers with different refractive index. 

Consider a distributed Bragg reflector consisting of m pairs of two dielectric, lossless 

materials with high- and low- refractive index nH and nL, as shown in Figure 2.. The 

thickness of the two layers is assumed to be a quarter wave, that is, L1 =λB/4nH and L2 

=λB/4nL, where the λB is the Bragg wavelength.  
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Figure 2.3 A schematic diagram of DBRs. 
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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 λB. The reflectivity of a DBR with m 

quarter wave pairs at the Bragg wavelength is given by[8]  

                           

2

2

1 ( )

1 ( )

s L

o H

s L

o H

p

p

n n
n nR n n
n n

⎛ ⎞−⎜ ⎟
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                      (2.27) 

where the no and ns are the refractive index of incident medium and substrate. The 

high-reflectivity or stop band of a DBR depends on the difference in refractive index of 

the two constituent materials, ∆n (nH - nL). The spectral width of the stop band is given by 

                            
2 B

stopband
eff

n
n
λλ
π

Δ
Δ =                       (2.28) 

where neff 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  

                            11 12( )
H L

effn
n n

−= +                     (2.29) 

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 tanh(2 )
2

H L H L

H L H L

eff
n n n nm m
n n n n
+ −

≈
− +

                (2.30) 

For very thick DBRs (m→∞) the tanh function approaches unity and one obtains 

                             
1
2

H L

H L

eff
n nm
n n
+

≈
−

                       (2.31) 

Also, the penetration depth is given by 

                          1 2 tanh(2 )
4

pen
L LL mr

r
+

=                     (2.32) 

where r = (n1-n2)/ (n1+n2) is the amplitude reflection coefficient. 
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For a large number of pairs (m→∞), the penetration depth is given by  

                       
1 2 1 2

4 4
H L

H L

pen
L L L L n nL

r n n
+ + +

≈ =
−

                 (2.33) 

Comparison of Eq. (2.31) and Eq. (2.33) yields that 

                          1 2
1 ( )
2

pen effL m L L= +                      (2.34) 

The factor of (1/2) in Eq. (2.34) is due to the fact that meff 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. 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. 

2-3 Ultraviolet AlN/AlGaN DBR 
In general, ultraviolet nitride-based DBRs consist of AlInN/AlGaN or AlGaN/AlGaN 

material system[9]. Especially, for devices containing pure GaN as an active medium, the 

ultraviolet DBRs cannot employ GaN as the layer materials because of the strong 

increase of optical absorption below 360 nm. In this section, we report the growth on 2 

inch c-sapphire substrates of high-reflectivity AlN/AlGaN DBRs designed for the 

ultraviolet spectral region. The structures are grown by MOCVD and consist of 

AlN/Al0.2Ga0.8N system to increase the difference of refractive index in the DBR 

structures. The measured peak reflectivity value is 85% for 25-pairs AlN/AlGaN DBRs. 

Furthermore, the experimental reflectivity spectra are modeled by transfer matrix theory 

in order to compare the experimental and theoretical results. 
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2-3-1 Design and growth of ultraviolet AlN/AlGaN DBR 
The AlN/AlGaN DBRs were grown in a low-pressure high-speed rotating-disk 

MOCVD system. Two-inch diameter (0001)-oriented sapphire substrates were used for 

the growth of DBR samples. During the growth, TMGa and TMAl were used as group III 

source materials and NH3 as the group V source material. After thermal cleaning of the 

substrate in hydrogen ambient for 5 min at 1100 °C, a 30-nm-thick GaN nucleation layer 

was grown at 500 °C. The growth temperature was raised up to 900 °C for the growth of 

3.4μm GaN buffer layer. Then, the AlN/AlGaN DBRs were grown under the fixed 

chamber pressure of 1.33×104 Pa. The DBR consists of 25-pairs AlN/Al0.2Ga0.8N 

quarter-wavelength layers. By employing in situ optical reflectivity system, the growth 

rate of the AlN and AlGaN layer can be estimated to be about 0.7 and 2.2 Å/s, 

respectively. The thicknesses of the total DBR structures were investigated by SEM as 

shown in Figure 2.4 (a) The schematic structure of the grown DBR and (b) the 

magnification cross-section SEM image of the 25-pair DBR with the top gain material 

layer. The reflectivity spectrum of the AlN/AlGaN DBRs was measured by the n & k 

ultraviolet-visible spectrometer with normal incidence at RT [10-12]. 

The model used in the n&k 1280 to analyze the raw data is based on the 

Forouhi-Bloomer Model for n and k. These equations are derived from the quantum 

theory of the absorption of light and are consistent with the Kramers-Kronig dispersion 

relationship for n and k. This model is quit general and applies to thin layers of 

semiconductors, dielectrics, dyes, polymers, as well as metal films. Other tools rely on 

models such as the harmonic oscillator, Cauchy, Sellmeier, and Tauce quations for n and 

k. These equations are valid over a very limited range of wavelengths and are difficult to 

apply to films comprising ”high tech”devices. The Cauchy, Sellmeier, and Tauc models 

do not satisfy the Kramers-Kronig relationship for n and k. Figure 2.5 shows the set up of 

the n&k analyzer.  

The n&k analyzer can determines those important paprmeters such as thickness, 

spectra of optical constants (n and k), reflectance (R), interface roughness, and Energy 

band gap. 
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Figure 2.4 (a) A SEM image of UV DBR from cross-section view. The 

total thickness of 25-pairs AlN/AlGaN DBR is about 2μm. (b) The SEM 

image of the epitaxial gain layer with DBR structure from cross-section 

view. 
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Figure 2.5 (a) Standard full view of the n&k analyzer. (b) Close-up of 

the sample holder with the moveable contact points.  

(a)(a)

(b)(b)
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From Figure 2.4, the AlN/AlGaN interfaces are well defined and flat. According to the 

SEM images, the total thickness of 25-pair AlN/Al0.2Ga0.8N DBRs were measured to be 

about 2μm. Therefore, the average bilayer thickness of 87 nm DBR was estimated based 

on the SEM measurements. Since the bilayer thickness is about 80~90 nm, the 

cross-sectional SEM images can provide sufficient resolution for the estimation of bilayer 

thicknesse[13-16]. Furthermore, by a combination of double crystal x-ray diffraction 

(XRD), growth rate calibrations, and SEM measurements, we can estimate the layer 

thicknesses of AlN and AlGaN, respectively. The thickness of AlN and AlGaN layers are 

45 nm and 42 nm decided by the formula 
AlN

AlN n
d

4
λ

=  and 
AlGaN

AlGaN n
d

4
λ

= .  Here 

AlNn  and AlGaNn  are the refractive indices of AlN (2.033) and AlGaN (2.197). Moreover, 

the GaN nucleation layer and GaN buffer layer can be clearly observed in Figure 2.4 (a). 



 
 

33

2-4 Transfer Matrix Method[17] 
For multilayer waveguides, it is essential to analyze modal characteristics including 

propagation constant, dispersion relation, field distribution, and propagation loss. In this 

dissertation, the transfer matrix method is used to perform the analysis of the ARROW 

structures. Here we briefly introduce this analyzing method and will present our design of 

ARROW structure about the material and optimal thickness of each layer such as DBR 

structure. 

The transfer matrix method is a systematic matrix method for solving the propagation 

of plane electromagnetic waves through a multilayer structure. Since a planar waveguide 

is composed of a stack of thin films, suitable mathematical formulas can be developed 

from this systematic matrix method and then are applied to planar waveguides. 

Maxwell’s equations for the electric field E and the magnetic field H can be expressed as 

E μ E 0 ， H μ H 0，                                  (2.35) 

in homogeneous, isotropic, and lossless dielectric media. Here μ and є are the magnetic 

permeability and the dielectric permittivity, respectively. Consider a plane wave 

propagating along the z-direction with propagation constant β. For the transverse electric 

(TE) mode, which consists of the field components Ey, Hx, and Hz, Eq. (2.35) becomes 

，                                                      (2.36) 

，                                                     (2.37) 

，                                              (2.38) 

where the angular frequency ω = 2πc/λ0, c is the light velocity in free space, and λ0 is the 

wavelength in free space. Two field variables U and V are defined as 

U = Ey ,    V = ωμHz.                                                (2.39) 
We substitute them into Eqs. (2.36)–(2.38) and obtain the relations 

，                                                         (2.40) 

U，                                                (2.41) 

Differentiating Eqs. (2.40) and (2.41) with respect to x, we obtain 
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，                                                (2.42) 

2V

x2
β2 k2n2 V，                                                  (2.43) 

 U and V describe the transverse field distribution in the layer of constant refractive 

index n. The general solutions of the Eqs. (2.42) and (2.43) in the layer are 

，                                               (2.44) 

，                                       (2.45) 

where 

，                                                    (2.46) 

The constants A and B can be replaced by the input values U(0) = U0 and V (0) = V0 at 

the input plane x = 0 of the layer, i.e. 

U0 = A + B, V0 = κ(A − B),                                             (2.47) 

 
Figure 2.6 Sktch of a multilayer planar waveguide. 
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we can get 

 ,                                                   (2.48) 

 ,                                                   (2.49) 

We define a matrix M to connect the relation between the output quantities U, V and the 

input U0, V0   

U
V M U

V  ,                                                     (2.50) 

M is the characteristic matrix of the layer, which has the form 

M cosκx j κ⁄ sinκx
jκsinκx cosκx                                           (2.51) 

Consider a multilayer planar waveguide of n layers, as sketched in Figure 2.6. Label the 

layers starting from the substrate. The thickness and the refractive index of each layer are 

di and ni, respectively. The characteristic matrix at the ith layer is 

M cosκ d j κ⁄ sinκ d
jκsinκ d cosκ d  ,                                      (2.52) 

where 

，                                                  (2.53) 

The corresponding field variable of each layer is related by 

U
V M U

V  .                                                   (2.54)  

The field variables of the cover and the substrate layers, Uc, Vc and Us, Vs, respectively, 

are related by 

I U
V M U

V  ,                                                    (2.55) 

where M is the characteristic matrix of the multilayer planar waveguide and is given by 

m m
m m ∏   ・ ・ ・ .                         (2.56) 
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The modes guided in the multilayer slab waveguide have no input components, i.e., As = 

0, Bc = 0. The field variables in the cover and substrate layer are given by 

Uc = Ac, Vc = κcAc, 

Us = Bs, Vs = −κsBs.                                                 (2.57) 

Inserting Eq. (2.57) into Eq. (2.55) yields the dispersion relation 

κs m11  κcm12   m21  κcm22   0.                               (2.58) 

By solving this dispersion relation, we can obtain the value of the propagation constant 

for each mode. 

For the transverse magnetic (TM) mode, which consists of the field components Ex, Ez, 

and Hy, Eq. (2.35) can be written as 

 ,                                                        (2.59) 

 ,                                                       (2.60) 

 ,                                              (2.61)                 

Similarly, we define two field variables U and V as 

U = Hy, V = ωμEz.                                                   (2.62) 

Following the same steps as that for the TE mode, we can obtain 

,                                                 (2.63) 

,                                          (2.64) 

and the dispersion relation for the TM mode 

0.                              (2.65) 

As required parameters are given, we can obtain the propagation constant of the TM 

mode from the above dispersion relation. 
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2-4-1 Finite-Difference Time-Domain(FDTD)[18] 
The finite-difference time-domain (FDTD) method is widely utilized in the field of 

nanophotonics. By this method, Maxwell’s equations are replace by a set of finite 

difference equations and directly solved in the time domain without theoretical 

restrictions. Although it is time-consuming and needs a large memory capacity in a 

computer, fairly accurate calculation is possible because of the tremendous development 

of computing facility. 

Maxwell’s equations of the differential form in the source-free medium can be written 

in Cartesian coordinates as six scalar equations 
H

μ
E E ,                                                 (2.66) 

H
μ

E E ,                                                 (2.67) 

H
μ

E E ,                                                 (2.68) 

E H H ,                                            (2.69) 

E H H ,                                             (2.70) 

E H H .                                                (2.71)       

For the FDTD method, the common algorithm to solve these equations is based on Yee’s 

mesh as shown in Figure 2.7. Eqs. (2.66) to (2.71) are discretized by replacing the time 

and space derivatives with central finite differences. E and H field components are 

computed at points on a grid with grid points spaced Δx, Δy, andΔz apart, which are 

named grid sizes. These components are then interlaced in all three spatial dimensions. In 

addition, the time domain is divided into discrete steps of Δt. The E field components can 

be computed at time t = (n + 1)Δt and H at time t = (n + 1/2)Δt, where n is an integer 

representing the computing step. Here, we represent a component at a given mesh point 

F(x, y, z, t) = F(iΔx, jΔy, kΔz, nΔt) as F , , , where (i, j, k) denote the position of the 

mesh point. 
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Figure 2.7 Sketch of the Yee cell. 

Therefore, Eqs. (2.66) to (2.71) become 
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H
       , ,

 H
       , ,

 ∆
μ∆

E
  , ,

E
  , ,

    

                                                              ∆
μ∆

E
  , ,

E
  , ,

,         (2.73) 

H
       , ,

 H
       , ,

 ∆
μ∆

E
  , ,

E
  , ,

  

                           ∆
μ∆

E
  , ,

E
  , ,

,        (2.74) 
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                                                ∆
∆
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E
     , ,

 E
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 ∆
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H
 , ,

  

                                               ∆
∆

H
  , ,

H
  , ,

,                 (2.77) 

Each E field component at time t = (n + 1)Δt is computed with the E field component at t 

= nΔt and four H field components at time t = (n+1/2). H field can be obtained in the 

similar way. These equations are iteratively solved in a leapfrog manner, alternating 

between computing E and H fields at subsequent Δt/2 intervals. 
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2-4-2 Analysis of reflectance spectra 
In Figure 2.8, experimental measurement shows that the peak reflectivity at 375 nm is 

about 85% and the stop-band width is 15nm. To compare the experimental and calculated 

reflectivity spectra, theoretical simulation based on transfer matrix theory was performed 

using above layer thicknesses. As for the parameter of refractive index, Adachi model is 

employed to calculate the refractive index values of GaN, AlN, and Al0.2Ga0.8N layers. 

The Adachi model can be expressed by [19] 

2

( ) ( ) 2 1 1 ( )
g g g

h h hn h a x b x
E E E
ν ν νν

− ⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞
⎢ ⎥= − + − − +⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦ ,            (2.78) 

where Eg is the band gap of the material, νis the frequency of the incident light, h is 

Planck’s constant, and a(x) and b(x) are composition-dependent fitting parameters. This 

equation showed good agreement with measurements on GaN, AlN, and InN for the 

transparency region [20]. In our calculation, we employed the fitting parameters for AlN 

layer from Brunner et al [21]. As for the Al0.2Ga0.8N layer, the fitting parameters are more 

reliable from Laws et al. when the aluminum composition is smaller than 0.38 [22]. 

Figure 2.8 also shows the calculated reflectivity spectrum of DBR. By comparing the 

measured and calculated results, the characteristics of simulated reflectivity spectrum of 

DBR including stop-band width and the range of the long wavelength oscillations are in 

good agreement with the measured spectrum. Nevertheless, the calculated peak 

reflectivity is about 85%, which is larger than the measured result. This difference may 

come from dislocations in the samples and the structural imperfections such as deviations 

from the designed layer thickness and interface roughness between each epitaxial layer.  
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Figure 2.8 Calculated (solid) and measured (dash) reflectivity spectra of 

ultraviolet AlN/AlGaN distributed Bragg reflector measured at room 

temperature with a stop-band width of about 15nm and the center 

wavelength is 375 nm.  
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2-5 The set up of micro-photoluminescence  

In Figure 2.9, the photoluminescence (PL) emission was excited by a 325 nm He-Cd 

laser with a spot size of about 30μm-diameter and with an incident power 40mW. By 

using the microscopy system (WITec, alpha snom), the emission was collected into a 

spectrometer/CCD (Jobin-Yvon Triax 320 Spectrometer) with a spectral resolution of 

~0.15 nm for spectral output measurement. 

                                                               

 

 

Figure 2.9 Optical pumping system. 
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2-6 Fabrication procedures of microdisk lasers 
Fabrication processes (Fabrication Technique: Appendix II) 

In this section, we demonstrated a UV GaN-based microdisk laser in AlN/AlGaN DBR 

platform without chemical undercut process. This type GaN laser not only simplifies the 

fabrication procedures, but also benefits electrically pumped scheme and thermal 

conduction of the compact lasers. To achieve a good vertical confinement, an 

AlN/AlGaN UV DBR structure was designed on the bottom of the microdisk cavity. It 

can be acted as a mirror to reflect light from the bottom area and played the role as a 

lower refracted index layer to control the guided modes. Under room temperature optical 

pumping condition, the lasing action was observed and its lasing peaks were at 

wavelength 377 nm and 379 nm in the UV range. 

GaN microdisk cavities were implanted in an ultraviolet GaN-based AlN/AlGaN DBR 

structure. This AlN/AlGaN DBR structure was grown by a low pressure Metal-organic 

Chemical Vapor Deposition (MOCVD) system. A 3.4 μm thick undoped GaN was first 

grown on a C-plane (0001) sapphire substrate. Then 25-pair AlN/Al0.2Ga0.8N structure 

was grown at 900 ℃, followed by a 200 nm undoped GaN gain layer on the top of the 

epitaxial structure. The cross-section SEM image of UVDBR was shown in Figure 2.4 

The structural quality of the UVDBR layers was controlled by compensating the 

compressive and tensile stress in each λ/4 pair. The growth details were reported in our 

previous works[23-24]. The Figure 2.10 shows the fabrication processes of microdisk 

structure. A 300 nm silicon nitride layer and a 300 nm polymethylmethacrylate (PMMA) 

layer were deposited on the top of the GaN wafer as the masks during the processes. 

Microdisk patterns were defined on the PMMA layer by the electron beam lithography. 

The patterns were then transferred into the DBR layer by reactive ion etching (RIE) with 

CHF3/O2 mixture and inductive coupled plasma (ICP) etching with Cl2/Ar mixture. The 

illustration of a microdisk on the AlN/AlGaN DBR structure is shown in Figure 2.11. 
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(a) As-grown UVDBR   (b) PECVD SiNx film  (c) PMMA 

       

 

(d) E-beam lithorgraphy             (e) Pattern transfer 

                 

Figure 2.10 Fabrication flowcharts: (a) As-grown sample structure. (b) 

Deposit SiNx film by PECVD. (c) Spin on PMMA. (d) E-beam 

lithography. (e) Microdisk pattern transfer to SiNx layer. 
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Figure 2.11 Schematic structure of a GaN-based microdisk with 

AlN/AlGaN DBR. 
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Figure 2.12 (a) is a top-view SEM image of a microdisk array, and (b) is the magnified 

image of a microdisk from angle-view. The size of the fabricated microdisk is 

approximately 4.7 μm in diameter and the etch depth was about 500 nm. It is worth 

notice that the chemical undercut or deeply etching steps are unnecessary for this GaN 

microdisk cavity because of the good vertical confinement from the DBR structure, 

compare to GaN microdisk cavity without the DBR [25-27]. 
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Figure 2.12 (a) A SEM image of a GaN microdisk array with 

different diameters of 7 μm, 4.7 μm, and 3 μm. (b) A magnified 

SEM image of a 4.7 μm GaN microdisk cavity from the 

angle-view. 
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2.7 Measurement results and analysis 
The fabricated GaN-based microdisk cavities were then optically pumped by using a 

frequency-tripled Nd:YVO4 355 nm pulsed laser with a pulse width of 0.5 ns and a 

repetition rate of 1 kHz. The normal incident beam has a spot size of 50 μm which can 

cover the whole microdisk. The light emission from the device was collected by a 15X 

objective lens through a multimode fiber, and coupled into a spectrometer with the 

charge-coupled device detectors as shown in Figure 2.9.  

Figure 2.13 shows the measured PL spectrum from non-pattern area of the UV DBR 

sample. The gain peak of the undoped GaN is located around 360 nm wavelength. The 

lasing action of the GaN microdisk cavity on the DBR structure was observed during the 

characterization. Figure 2.14 shows the measured spectra from a 4.7 μm microdisk cavity 

below (red) and above (black) threshold. There are four resonant modes in the spectrum 

which are labeled with mode A, B, C and D. Two lasing modes (mode A and mode B) 

were observed at 377 nm and 379 nm wavelength. Figure 2.15 shows the light-in 

light-out (L-L) curves of mode A (black) and mode B (red). Their threshold power 

densities are 0.03 kW/cm2 and 0.043 kW/cm2, respectively. 
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Figure 2.13 The PL spectrum of undoped GaN layer. 
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Figure 2.14 The measured spectra from a microdisk laser below and 

above threshold power. The lasing wavelengths of the microdisk are 377 

nm and 379 nm. 
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Figure 2.15 The light-in light-out curve (L-L curve) from the microdisk 

laser. 
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To understand more details of the lasing mode of the GaN microdisk, the 

finite-difference time-domain method (FDTD) with the effective index was used to 

perform the simulation for this 4.7 μm microdisk cavity.  

Figure 2.16 provides the comparison between the simulation and measurement. The 

blue curve is the measured spectrum, and the red curve is the simulated spectrum form 

FDTD. The four resonant modes (mode A, B, C and D) are all match well to the high 

response modes from the simulation. Top two figures of Figure 2.17 are the calculated Hz 

mode profiles of the lasing modes (mode A and B) at 377 nm and 379 nm wavelength 

from top view. Two lasing modes, mode A and mode B were verified to be the first-order 

and third-order whispering-gallery modes from the FDTD calculated mode profiles. 

Since the higher-order whispering-gallery mode usually has a lower Q value, the mode B 

has a higher threshold power density which is observed from the L-L curves in Figure 

2.15. 

In the GaN-based microdisk cavity, the UV DBR plays an important role to select the 

lasing wavelength regime. The gain peak of the GaN without the DBR is around 360 nm 

wavelength, however the lasing and resonant modes are around 377 nm wavelength. This 

17 nm difference in wavelength is attributed to the reflection of the UV DBR mirror on 

the bottom of the microdisk cavity as shown in Figure 2.18. The region of the resonant 

modes from the cavity also agrees to the bandwidth of the reflectivity spectrum of the 

DBR in Figure 2.8. This DBR effect in the GaN expitaxial structure had been observed in 

our previous works [24]. 

The UV DBR also reduces the number of resonant modes in microdisk cavity because 

of the limit bandwidth. The reduction of mode number will decrease the energy waste in 

the non-lasing modes. Therefore a high efficient GaN microdisk laser can be expected. 

For future applications in integrated circuits, this cavity integrated with the DBR 

structure opens a possibility to tune or select wavelength regime for compact lasers. 
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Figure 2.16 Comparison of FDTD simulation (red curve) and 

measurement (blue curve). 
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Figure 2.17 (a) The calculated Hz mode profiles for mode A and (b) 

mode B from FDTD. 
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Figure 2.18 17 nm difference in wavelength due to the reflection of 

the UV DBR. 
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Chapter 3    

Characteristics of GaN-based Photonic Crystal Lasers with 

Ultraviolet Distributed Bragg Reflectors 
High-reflectivity nitride-based distributed Bragg reflectors (DBR) are important for 

The development of GaN-based optical devices such as resonant-cavity light-emitting 

diodes(RCLEDs) and vertical-cavity surface-emitting lasers (VCSEL). In particular, with 

a small optical mode volume can emit a single longitudinal mode with a symmetrically 

circular beam and a small beam divergence that are superior than the edge emitting lasers 

and desirable for many practical applications in high density optical storage, laser 

printing. The blue LD can serve as the light source for high density storage system 

because of its short wavelength. Therefore the high efficient, short wavelength 

GaN-based light sources are suitable for many applications. 

Photonic crystal (PC) surface emitting lasers utilizing a 2-D distributed feedback(DFB) 

mechanism has a considerable amount of publication during the past few years[1-9]. The 

photonic crystal lasers have such excellent advantages to attract the people’s attention 

including controlling the specific lasing modes such as longitudinal and transverse modes,   

photonic band-gap and the distribution of electric or magnetic field became much 

important. In the past few years, there were many theoretical calculations and methods 

have been developed, such as 2-D plane wave expansion method (PWEM)[10-11], finite 

difference time domain (FDTD)[12-13], transfer matrix method, and multiple scattering 

method, etc. In the discussion, we focused on the lasing behavior of photonic crystal 

band-edge modes lasers in GaN-based square lattice of 2-D photonic crystal with 

AlN/AlGaN distributed Bragg reflectors. According to Bragg diffraction mechanism and 

coupling wave theory, the characteristics of GaN-based two-dimensional (2-D) photonic 

crystal band-edge coupling operation have been investigated and analyzed. 
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3-1 Bragg diffraction theory 
First order Bragg diffraction in 2-D triangular lattice photonic crystal [12,14] 

Figure 3.1(a) shows a band diagram of PhC with triangular lattice. The points (A), (B), 

(C), (D), (E), and (F) present the different lasing modes including Γ1, K1, M1, Γ2, K2, 

and M2, respectively. Each of the different PhC band-edge lasing modes represents the 

photonic crystal nanostructure can control the light propagated in different lasing 

wavelength and band-edge region. Figure 3.1(b) shows a schematic diagram in a 

reciprocal space. The K1 and K2 are the Bragg vectors with the same magnitude, |K|=2π/a, 

where a is the lattice constant of the photonic crystal. Considered the TE modes in the 

2-D photonic crystal nanostructure, the diffracted light wave from the PhC structure must 

satisfy the Bragg’s law and energy conservation:  

... ,2 ,1 ,0              , 2,12211 ±±=++= qKqKqkk id         (3.1) 

id ωω =                          (3.2) 

where kd is a xy-plane wave vector of diffracted light wave; ki is a xy-plane wave vector 

of incident light wave; q1,2 is order of coupling; ωd is the frequency of diffracted light 

wave, and ωi is the frequency of incident light wave. Eq. (3.1) represents the 

phase-matching condition (or momentum conservation), and Eq. (3.2) represents the 

constant-frequency condition (or energy conservation). When both of equations are 

satisfied, the lasing behavior would be observed.  
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Figure 3.1 (a) The band diagram of photonic crystal with triangular 

lattice. (b) The schematic diagram of photonic crystal with triangular 

lattice in real space.  
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It is expected the lasing behavior would occur at specific points on the Brillouin-zone 

boundary, including Γ, M, and K. These photonic crystal band-edge lasing modes would 

split. At these PhC lasing band-edge modes, waves propagating in different directions 

would be coupled and increased the mode density (or density of state, DOS). It is 

particularly interesting that each of these band-edge modes exhibits a different type of 

wave coupling routes. For example, as shown in Figure 3.2(c), the coupling at point (C) 

in Figure 3.1(a) only involves two waves, propagating in the forward and backward 

directions. This coupling is similar to that of a conventional DFB laser. Both of them 

show the similar coupling mechanism but different lasing behavior according to the 

different structure.       

However, there can be six equivalent Γ-M directions in the structure; that is, the cavity 

can exist independently in each of the three different directions to form three independent 

lasers. Point (B) has a unique coupling characteristic which is different resonance 

mechanism compared with the conventional DFB lasers. The coupling waves propagating 

in three different directions are shown in Figure 3.2(b). This figure means that the cavity 

is a triangular shape. On the other hand, the point (B) can also be six Γ-K directions in 

the structure. Therefore, two different lasing cavities in different Γ-K directions coexist 

independently. At point (A) in Figure 3.2(a), the coupling waves in in-plane are including 

six directions 0°, 60°, 120°, -60°, -120°, and 180. The coupled light can emit 

perpendicular from the sample surface according to satisfied first order Bragg diffraction, 

as shown in Figure 3.. Therefore, the photonic crystal devices can function as a surface 

emitting lasers. 
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Figure 3.2 Wave vector diagram at points (A), (B), (C) in Figure 3.1(a); 

ki and kd indicate the incident and diffracted light wave. 
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Figure 3.3 The wave vector diagram at point (A) in vertical direction. 
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The 2-dimension square lattice photonic crystal structure[15] 

We also can use the Bragg diffraction mentioned above to explain our device of the 2D 

square lattice photonic crystal structure. Figure 3.4(a) shows a schematic diagram of a 

laser cavity composed of a 2D square lattice photonic crystal structure whose pitch in the 

Γ-X direction corresponds to one lasing wavelength, and in Figure 3.4(a), one arrow 

corresponds to one wavelength. When the light wave propagating in one specific Γ-X 

direction (0º) is considered, the light wave is diffracted to the reverse direction (180º) by 

Bragg diffraction. The light wave is also diffracted in two other Γ-X directions (+90º and 

-90º) as shown in Figure 3.4(a) because they also satisfy the Bragg diffraction condition. 

Consequently, light waves propagating in four equivalent Γ-X directions are coupled with 

each other, and a 2D large area cavity is formed. In addition, the light wave is also 

diffracted toward the vertical direction by first-order Bragg diffraction, as shown in 

Figure 3.4(b). 

Therefore, this device works as a surface-emitting laser. As mentioned above, the 

electromagnetic field distribution of the laser is determined by the photonic crystal 

structure. Coherent single-mode lasing oscillation over a large area can therefore be 

achieved by this laser, a phenomenon that has not been realized by conventional lasers. 
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Figure 3.4 (a) Schematic of a square lattice photonic crystal. The two 

narrow arrows indicate two particular directions Γ-X and Γ-M, and the 

broad arrows indicate propagating light waves. (b) Schematic showing 

the propagating directions of the coupled waves. 

 
(a)

(b)

 
(a)

(b)
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3-2 Couple wave theory [16-18] 
Distributed feedback lasers do not utilize the conventional cavity mirrors, but provide 

feedback via backward Bragg scattering from periodic perturbations of the refractive 

index or the gain of the medium. Distributed feedback structures are compact and provide 

a high degree of spectral selection. In this section, we are focus more on the 

electromagnetic aspects of light wave propagation, particularly for our photonic 

structures. 

1-D Couple Wave Theory 

In order to use these approaches, we generally know that some of eigenmodes of a 

relatively simple waveguide configuration. The trick is to express the solution to some 

perturbed or more complex configuration in terms of these original basis set of 

eigenmodes. Then we can get general form of any dimension couple-wave equation. 

To get started, we recall the fundamental wave equation to help us understand it. In a 

homogeneous, source-free and lossless medium, any time dependent harmonic electric 

field satisfy the vector wave equation 

                              02
0

2 2 =+∇ EnkE
rr

                       (3.3) 

where the time dependence of the electric field is assumed to be ejwt , n is the refractive 

index and k0 is the free space propagation constant. And the electric field must satisfy the 

homogeneous wave equation such that: 

                   
02

2

2

=+
∂
∂ EkE
z

                    (3.4) 

Consider a multi-dielectric stack in which periodic corrugations are formed along one 

boundary as illustrated in Figure 3.5 
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                          πβ m22 0 =Λ                           (3.10) 

This is known as the Bragg condition and 0β  becomes the Bragg propagation 

constant. The integer m shown in the above equation defines the order of Bragg 

diffraction. Unless otherwise stated, first-order Bragg resonance (m =1) is assumed. Since 

a laser forms a resonant cavity, the Bragg condition must be satisfied. Arranging Eq. 

(3.10) gives 

 Λ
=≡≡
π

λ
πβ

c
wnn B

B

00
0

2                    (3.11) 

where Bλ  and Bw  are the Bragg wavelength and the Bragg frequency, respectively. 

From Eq. (3.11), it is clear that the Bragg propagation constant is related to the grating 

period. By altering the grating period, the Bragg wavelength can be shifted according to 

the specific application. 

 Using small signal analysis, the perturbations of the refractive index and gain are 

always smaller than their average values, i.e. 
                                       

0nn <<Δ , 0αα <<Δ                    (3.12) 

Substituting Eq. (3.7) and Eq. (3.8) into Eq. (3.6) using the above assumption, generates 

  )2cos(][22)( 0000000000
2 22 Ω+Δ+++= znjnkknkjnkzk βαα            

  

                )2cos(2 000 θβα +Ω+Δ+ znjk                   (3.13) 

 With k0n0 replaced by β  and 0α < β , the above equation becomes 

               )02(
0

22 ]
2

[22)( Ω+Δ
+

Δ
++≈ zjj eejnjzk βθα

λ
πββαβ

              

      
 

                    )02(]
2

[2 Ω+−−Δ
+

Δ
+ zjj eejn βθα

λ
πβ

                 
(3.14) 

For the case when θ =0 , one can simplify Eq. (3.13) to 

                        )2cos(
2

42 00
22 Ω+⎥⎦

⎤
⎢⎣
⎡ Δ

+
Δ

++≈ zjnjk βα
λ
πββαβ      (3.15) 

By controlling all the perturbed terms, one can define a parameter κ  such that 

                                 gi jjn κκα
λ
πκ +=

Δ
+

Δ
=

2
                  (3.16) 
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Here ki includes all contributions from the refractive index perturbation whilst kg 

covers all contributions from the gain perturbation. The parameterκintroduced in the 

above equation is known as the coupling coefficient. After a series of simplifications, 

Eq.(3.15) becomes 

 )2cos(42 00
22 Ω+++≈ zjk βκββαβ            (3.17) 

On substituting the above equation back into the wave equation, one ends up with 

 
0}222{ )02()02(

0
2

2

2

=++++ Ω+−Ω+ Eeej
dz

Ed zjzj ββ κβκββαβ     (3.18) 

where the cosine function shown in Eq. (3.17) has been expressed in phasor form. A trial 

solution of the scalar wave equation could be a linear superposition of two opposing 

traveling waves such that 
jkunZjkunZ ezBezAzE )()()( += −                 (3.19) 

with 
         2

00
22 )(2 αββαβ jjk un +≈+=   ( βα <<0Q )             (3.20) 

In order to satisfy the Bragg condition shown earlier in Eq. (3.11), the actual 

propagation constant, β , should be sufficiently close to the Bragg propagation constant, 

0β , to make the absolute difference between them much smaller than the Bragg 

propagation constant. In other words, 
                                 

00 βββ <<−                             (3.21) 

Such a difference between the two propagation constants is commonly known as the 

detuning factor or detuning coefficient, δ , which is defined as 

                              0ββδ −=                          (3.22) 

The trial solution can be expressed in terms of the Bragg propagation constant, i.e. 

         zjzjzjzzjz ezSezReezDeezCzE 000 )()()()()( 0 βββδβδ +=+= −−−  (3.23) 

where R(z) and S(z) are complex amplitude terms. Since the grating period Λ  in a DFB 

semiconductor laser is usually fixed and so is the Bragg propagation constant, it is more 

convenient to consider Eq. (3.23) as the trial solution of the scalar wave equation. By 

substituting Eq. (3.23) into Eq .(3.18), one ends up with the following equation 
zjeRjRRRjR 0

0
22

00 )2'2"( ββαβββ −++−−  



 
 

72

   
zjeSjSSSjS 0

0
22

00 )2'2"( ββαβββ ++−++  

0)(Re)(2 000202 =+⋅++ −Ω−−Ω zjzjjzjjzj Seeeeek βββββ  
(3.24) 

where R’ and R” are the first- and second-order derivatives of R. Similarly, S’ and S” 

represent the first- and second-order derivatives of S. With a ‘slow’ amplitude 

approximation, high-order derivatives like R’’ and S’’ become negligible when compared 

with their first-order terms. By separating the above equation into two groups, each 

having similar exponential dependence, one can get the following pair of coupled wave 

equations 

                       Ω−
− =+− jjkSeRj

dz
dR )( 0 δα                 (3.25) 

Ω
− =+ jjkSj

dz
dS Re)( 0 δα                  (3.26) 

Eq. (3.25) collects all the exp(- zj 0β ) phase terms propagating along the positive z 

direction, whilst Eq. (3.26) gathers all the exp( zj 0β ) phase terms propagating along the 

negative direction. Since βδ << , other rapidly changing phase terms such as 

exp( zj 03β± ) have been dropped. In deriving the above equations, the following 

approximation has been assumed 

δββ
β
ββ

=−≈
−

0
0

2
0

2

2
                    (3.27) 

Following the above procedures, one ends up with a similar pair of coupled wave 

equations for a non-zero relative phase difference between the refractive index and the  

gain perturbation (i.e. 0≠θ ) such that 

Ω−
− =+− j

RSjkRj
dz
dR Re)( 0 δα                 (3.28) 

 Ω
− =+ j

SRjkSj
dz
dS Re)( 0 δα                   (3.29) 

where 
                                        θκ j

giRS ejkk −+=                     (3.30) 

is the general form known as the forward coupling coefficient and 
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θκ j

giSR ejkk +=                        (3.31) 

is the backward coupling coefficient. 

It is contrary to Fabry-Perot lasers, where optical feedback is come from the laser 

facets. Optical feedback in DFB lasers is originated from along the active layer where 

corrugations are fabricated. From the above scalar equation, the couple-wave equation 

can be established in the general form, which is for one dimensional situation. Following 

we will discuss two dimensional optical coupling based on above couple- wave theory. 

For our GaN-based photonic structure, we assume that since the carriers in the InGaN 

layers are confined in the wall, they do posses a significant in-plane dipole, which can 

couple to TE mode. Therefore, we centered on TE like mode in square lattice for 2-D 

case. 
 

2-D couple-wave model 

Preliminary numerical works have been done by Sakai, Miyai, and Noda[19,20]. Here, 

we cite their papers as references to help us understand the 2-D couple-wave model. The 

2-D PC structure investigated here consists of an infinite square lattice with circular air 

holes in the x and y directions, as shown in Figure . The structure is assumed to be 

uniform in the z direction. We don’t consider the gain effects during calculation. We do 

calculate the resonant mode frequency as a function of coupling coefficient. The scalar 

wave equation for the magnetic field Hz in the TE mode can be written as [20]  
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Figure 3.7 Schematic diagram of eight propagation waves in square 

lattice PC structure. 

                                      02
2

2

2

2

=+
∂
∂

+
∂
∂ Hzk

y
Hz

x
Hz

                 (3.32) 

where 
                              [ ]∑

≠

⋅++=
0

22 )(exp)(22
G

rGjGkjk βαββ         (3.33) 

 G=( 0βm , 0βn ) is the reciprocal lattice vector, m and n are arbitrary integers, 

a
πβ 20 =  where a is the lattice constant, c

wnav=β  where avn  is the averaged 

refractive index, λ
π GnGk =)(  is the coupling constant, where nG is the Fourier 

coefficient of the periodic refractive-index modulation and λ  is the Bragg wavelength 

given by avan=λ . In the Eq. (3.33), we set 0, βαα <<G , 0nnG << . We do consider Γ 

point, in which when it is satisfy the second order Bragg diffraction, it will induce 2-D 

optical coupling and result in surface emission. The coupling constant )(Gκ  can be 

expressed as  

                        )(
2
1)()( GjGnG α

λ
πκ +=                  (3.34) 

where )(Gn  is the Fourier coefficient of periodic refractive index modulation and λ  is 

the Bragg wavelength given by avan=λ . 
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In Eq. (3.33), the periodic variation in the refractive index is included the small 

perturbation in third term through the Fourier expansion. In the Fourier expansion, the 

periodic perturbation terms generates an infinite set of diffraction orders. However, as the 

cavity mode frequency is sufficient close to the Bragg frequency, only the second order 

diffraction and below can do significant contribution, others can consider to be neglected. 

Therefore, we focus on diffraction order with 2≤+ nm  to discuss. The corresponding 

coupling coefficient constant jκ (j=1, 2, 3) are denoted as   

01 )( βκκ == GG                                   

                    02 2)( βκκ == GG                          (3.5) 

03 2)( βκκ == GG
                         

while considering infinite structure, the magnetic field can be described by 

the Bloch mode 

                [ ]∑ ⋅+=
G

G rGkjhrHz )(exp)(                    (3.36) 

Gh is the amplitude of each plane wave, k is the wave vector in the first Brillouin zone 

and when it is the Г point, it comes to zero. However, in the case of finite structure, Gh  

is not a constant but a function of vector space. For 2-D case, there are eight propagating 

waves in PC structure denoted as Rx, Sx, Ry, Sy, F1, F2, F3, F4 showed in Figure , those are 

the amplitudes of four propagating waves in the x, -x, y, -y directions and four 

propagating waves in Г-M direction, respectively. Those correspond to Gh  in Eq. (3.36).  

Here, we do consider these basic wave vectors along the Г-X directions with 

0βκ =+G and Г-M directions with 02βκ =+ G . The contribution of the higher order 

waves with 02βκ ≥+G  are considered to be negligible. We should note that the basic 

waves and higher order waves are partial waves of the Bloch mode, so they have the 

same eigenvalue β  for specific resonant cavity mode. 
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The magnetic field in this case can be rewritten as 

          yjyjxjxj eyxSyeyxRyeyxSxeyxRxHz 0000 ),(),(),(),( ββββ +++= −−              
yjxjyjxjyjxjyjxj eFeFeFeF 00

4
00

3
00

2
00

1
ββββββββ −−−+−+ ++++          (3.37) 

Put Eq. (3.37) and Eq. (3.33) into the wave Eq. (3.32), and comparing the equal 

exponential terms, we obtain eight wave equations: 

               0)()( 42130 =+−+− FFSxRx κκββ                   (3.16a) 

              0)()( 31130 =+−+− FFRxSx κκββ                   (3.37b) 

               0)()( 43130 =+−+− FFSyRy κκββ                   (3.37c) 

0)()( 21130 =+−+− FFRySy κκββ                   (3.37d) 

                         0)(
2

)2( 1
1

0 =+−− SySxF κββ                      (3.37e) 

                 0)(
2

)2( 1
2

0 =+−− SyRxF κββ                      (3.37f) 

                  0)(
2

)2( 1
3

0 =+−− RySxF κββ                     (3.37g) 

                          0)(
2

)2( 1
4

0 =+−− RyRxF κββ                     (3.37h) 

In the above equations, we assume 1/ 0 ≈ββ , since we take optical coupling at Г point 

as an example. 

These derivations illustrate the coupling among the propagating waves in square lattice 

PC structure. We take Eq. (3.37) for example. It describes the net wave superposition 

along the x-axis, including the coupling of two waves propagating at opposite directions, 

Rx and Sx, with a coupling coefficient 3κ . And the coupling of higher order waves 2F  

and 4F , with a coupling coefficient 1κ . The coupling 3κ  provides the main distributed 

feedback. From above derivations, we know that the orthogonal couplings occur via 

intermediate coupling of the basic and higher order waves. One thing we should noted 

that the coupling coefficient 2κ  does not exist in Eq. (3.37). In the numerical view 

which describes the basic waves directly couple to orthogonal directions. This physically 

can be explained in this way: ways of TE modes have their electric field parallel to the 

PC plane, so that the electric field directions of the two waves propagating in the 

perpendicular directions are orthogonal to one another, hence the overlap integral of the 
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two waves vanishes. 

By using 2-D plane wave expansion method, the band dispersion curves for TE like 

modes in Figure  can be obtained. The condition is limited at the vicinity near Bragg 

frequency.  

 

Figure 3.8 Dispersion relationship for TE like modes, calculated using 

the 2-D PWEM. 
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By solving Eq. (3.37), the cavity mode frequency can be obtained. There are three cavity 

mode frequencies denoted as Aw , Bw , Cw , and Dw  with one degenerated. 

)
22

81)((
30

2
1

30

κβ

κκβ
−

−−=
av

A
n
cw                  

                               )( 30 κβ −=
av

B
n
cw                            (3.39) 

                       )
22

41)((
30

2
1

30,

κβ

κκβ
−

−+=
av

DC
n
cw                

The frequencies Aw  and Bw  at the lower band-edges are non-degenerated, while two 

of the frequencies cw  and Dw  at higher band-edge are degenerated. In the physical 

meaning, the resonant mode symmetries are different. The resonant mode at band-edge C 

and D are symmetric, which allows this mode to couple to external field more easily. The 

characteristics of these resonant modes are essentially leaky. The resonant mode at 

band-edge A and B are anti-symmetric, resulting in less coupling to the external field. 

Therefore, the quality factor for band-edge A and B are higher than C and D. It is 

expected that the lasing behavior is occurred at either A or B. However, band B is flat 

around Г point in the Г-X direction. Light at band-edge B can couple to leaky mode with 

a wave vector slightly shifted from Г point, resulting in coupling to the external field. 

Thus, band-edge B becomes leaky. 
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3-3 Plane-Wave Expansion Method for photonic band structure[21,22] 
In order to calculate photonic band structures of PCs, we solve Maxwell’s equations by 

the numerical method, which is based on the Fourier expansion of the electromagnetic 

field and the dielectric function. This is called the plane-wave expansion method. The 

derivation of the plane-wave expansion method starts with Maxwell’s equations in the 

general form 

E r, t E r, t ,                                    (3.40) 

H r, t H r, t .                                   (3.41) 

Here,  is a periodic function as  

r       i , i  1, 2, 3,                               (3.42) 

where ai  are elementary lattice vectors of a PC. ε0 and εr are the permittivity of free 

space and the dielectric constant, respectively. Owing to the periodicity of the lattice, 

r  can be expanded in a Fourier series by introducing the reciprocal lattice vector 

,                                              (3.43) 

where g  are the elementary reciprocal lattice vectors and l  are arbitrary integers. 

r  can be expressed as 

∑                                                    (3.44) 

Because of the spatial periodicity of , Bloch’s theorem can be applied to Eqs. (3.40) and 

(3.41). Therefore, E(r) and H(r) have the forms 

, t · ,                                     (3.45) 

, t  · ,                                    (3.46) 

where e and h satisfy the following relations: 

   ,                                                   (3.47) 

   .                                                   (3.48) 

As the dielectric constant, E(r) and H(r) can be also expanded in Fourier series as 

∑G e G · ,                                              (3.49) 

∑G e G · .                                              (3.50) 
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Figure 3.9 Sketch of (a) a 2D PC of the triangular lattice and (b) a line 

defect in a 2D PC. 

 
By substituting Eqs. (3.44), (3.45), (3.46), (3.49), and (3.50) into Eqs. (3.40) and (3.41), 

the following eigenvalue equations can be derived as 

∑ κ G G′ k G′ k G′ E G′ ω
G′ E G ,                     (3.51) 

∑ κ G G′ k G k G′ H G′ ω
G′ H G .                     (3.52) 

For a given k, the eigenvalue equations can be solved numerically for obtaining the 

dispersion relation, or the photonic band structure. 

Consider a periodic array of parallel cylindrical air holes drilled in a dielectric plane, 

whose intersections with a perpendicular plane form a triangular lattice as shown in 

Figure 3.9(a). The triangular lattice is constituted by two elementary vectors a1 = 

(√3a/2, a/2) and a2 = (0, a), where a is the lattice constant. The reciprocal lattice vectors 

are g1 = 4π/√3a, 0  and g2 = 2π/√3a, 2π/a . For simplification, we assume that the 

dielectric structure is uniform in the x-direction for converting the problem to a 2D case. 

Therefore, , E(r), and H(r) are independent of the x-direction in Eqs. (3.40) and 

(3.41). With the similar approach, the eigenvalue equations are decoupled to two 

independent equations and expressed as 

∑ κG′ G G′ |k G′ | E G′ ω E G ,                       (3.53) 

∑ κG′ G G′ k G · k G′ H G′ ω H G .            (3.54) 

Eq. (3.53) can be solved for the TM polarization, including the field components of Ex, 

Hy, and Hz. On the other hand, the eigenvalue equation for the TE polarization is 
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represented in Eq. (3.54). It consists of the field components of Ey, Ez, and Hx. 

 

To determine the photonic band structure of the 2D PC lattices, the Fourier coefficient 

κ(G) of r  for the lattice should be derived. For 2D PCs with perfect periodicity, we 

can write r  in the form: 

V r ,                                             (3.55) 

with 

V r 1   for r r ,  

V r 0   for r r ,                                             (3.56) 

where r  and are the radius and dielectric constant of the air holes, respectively, and 

 is the dielectric constant of the background material. We define A as the area of the 

primitive unit cell of the 2D PC lattice, then the Fourier coefficient κ( ) is given by 

κ
A

dr
G ·

A ,  

              δG , A
dr V r e G · ,                     (3.57)      

f 1 f ,                         G 0,                            (3.58)      

f J  G
  G

,                G 0,                                  (3.59) 

where f is the filling fraction and defined as π r A⁄ . For a triangular lattice, f 

=2πr √3⁄ a . J1(x) is the Bessel function of the first order. 

As for a 2D PC with a line defect, the periodicity of the triangular lattice is disrupted by 

the defect. To calculate the band structure of the 2D PC with the line defect, a new unit 

cell is required. As shown in Figure 3.9(b), the area surrounded by the dashed line is the 

unit cell for the numerical calculation, which is also called the supercell. The supercell is 

repeated along the different spatial directions. The whole structure thus consists of array 

of the line defects separated by the perfect PCs. For avoiding the interaction between the 

line defects, the supercell should be large enough to isolate each line defect. By this 

approach, the more accurate dispersion relation associated with the guided modes can be 

obtained. 
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3-4 Fabrication of GaN-based photonic crystal structure 
Fabrication processes 

The 2-D photonic crystal square lattices were fabricated in an ultraviolet AlN/AlGaN 

Distributed Bragg Reflector (UV DBR) structure. This DBR structure was grown by a 

low pressure Metal-organic Chemical Vapor Deposition(MOCVD) system on a 

(0001)-oriented sapphire substrates. A 2 μm thick undoped GaN was first grown on a 

C-plane (0001) sapphire substrate. Then 25-pair AlN/Al0.2Ga0.8N structure was grown 

at 900 , followed by a 200 nm undoped GaN gain layer on the top o℃ f the epitaxial 

structure. The cross-section SEM image of UVDBR was shown in Figure 2.4. 

The Figure 3.10 shows the fabrication processes of the photonic crystal structure. To 

fabricate the photonic crystal lattices, a 300nm Si3N4 layer and a 300nm 

Polymethylmethacrylate(PMMA) layer were deposited as the masks during the process. 

According to the simulation of plane wave expansion (PWE), we can design and utilized 

photonic crystal structures to inhibit emission of guided modes or redirect trapped light 

into radiated modes. The photonic crystal square lattice patterns were defined on the 

PMMA layer by E-beam lithography and the patterns were transferred into Si3N4 layer in 

reactive ion etching (RIE) with CHF3/O2 mixture. The structure was then etched by 

inductively coupled plasma reactive ion etching (ICP-RIE) with Cl2/Ar mixture. The 

mask layers were removed at the end of processes. The illustration of the photonic crystal 

on the AlN/AlGaN DBR structure is shown in Figure 3.11. 
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(a) As-grown UVDBR   (b) PECVD SiNx film  (c) PMMA 

     
 

(d) E-beam lithorgraphy             (e) Pattern transfer 

                         

Figure 3.10 Fabrication flowcharts: (a) As-grown sample structure. (b) 

Deposit SiNx film by PECVD. (c) Spin on PMMA. (d) E-beam 

lithography. (e) Photonic crystal pattern transfer to SiNx layer. 
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Figure 3.11 (a) Schematic structure of the square photonic crystal 

patterns with a depth 500nm and total square area of a width about 50 

μm.
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  The mask layers were removed at the end of processes. The size of a fabricated 

photonic crystal pattern is approximately 50μmx50μm with a lattice constant a of 250nm 

and a hole radius of 0.28a. The etch depth of the holes is approximately 500nm which is 

pass through undoped GaN layer into DBR region. The top view of a SEM image of a 

fabricated photonic crystal pattern on the GaN-based structure is shown in Figure 3.12. 

 

 

Figure 3.12 The top view SEM image of the photonic crystal square 

lattices. 
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3-5 Characteristics of optical pumped photonic crystal lasers 
Optical pumped results 

Before characterizing the photonic crystal with the AlN/AlGaN DBR structure, the 

high reflectivity in UV region from the DBR layers was characterized as described 

previously in Chapter2. The UVDBR structure is designed for the UV wavelength around 

360 nm. The thickness of AlN and AlGaN layers are 45 nm and 42 nm can be expressed 

by the formula:  

AlN
AlN n

d
4
λ

=   and 
AlGaN

AlGaN n
d

4
λ

=  

where AlNn and AlGaNn  are refractive indices of AlN and AlGaN which are 2.03 and 2.19, 

respectively. The red-dotted curve in Figure 2.8 is the measured spectrum by an n&k 

ultraviolet-visible spectrometer with a normal incident light from 300 to 440 nm 

wavelength. The ultraviolet DBR has the highest reflectivity of 85% at the center 

wavelength of 375 nm, with a stop-band width of about 15nm. To demonstrate the light 

enhancement from the photonic crystal structure, the optical pumping was performed by 

using a frequency-tripled Nd:YVO4 355 nm pulsed laser with a pulse width of 500 ps and 

a repetition rate of 1 kHz. The device was pumped by an normal incident laser beam with 

a spot size of 50μm which can cover the whole PC pattern area. The light emission from 

the sample was collected by a 15X objective lens through a multi-mode fiber, and 

coupled into a spectrometer with a charge coupled device detectors as shown in Figure 

2.9. 

Figure 3.13 shows the measured spectra from the photonic crystal DBR structure 

below (red curve) and above (black curve) threshold. A strong lasing emission from the 

photonic crystal pattern was observed. The lasing peak was observed at 372 nm 

wavelength. It was worth to be noted that the output intensity is in the stop-band width of 

DBR, which could be due to that the bottom DBR can be treated as a high reflectivity 

reflector mirror, benefiting emission efficiency. The light-in light-out (L-L) curve and the 

linewidth narrowing were shown in Figure 3.14. Its threshold power density is 

approximately 0.015 kW/cm2 
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Figure 3.13 Measured reflectivity spectrum (blue-dotted curve) of the 

AlN/AlGaN DBR structure and photoluminescence spectra of 

above(black curve) and below(red curve) threshold from UV DBR 

structure at room temperature. This peak wavelength is 372nm which is 

inside stop-band of DBR.  
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Figure 3.14 The light-in light-out(L-L) curve and linewidth narrowing 

of the photonic crystal laser. 
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Figure 3.15 shows the measured polarization curve of the light emission. This UV 

emission does not have a definite polarization direction, and has a low degree of 

polarization of 11%. This result indicates the band-edge mode, which is oscillated along 

several in-plane directions. One of the advantages of photonic crystal lasers is their 

resonant wavelength can be manipulated by the geometrical parameters. Here, we 

demonstrated lasing wavelength tuning of the UV GaN-based photonic crystals by 

varying hole radius to lattice constant ratio (r/a). Figure 3.16(a) shows the emission 

spectra from GaN photonic crystals with the different of r/a values of 0.27, 0.25, 0.24, 

and 0.23. The wavelengths of lasing peaks with different r/a values were also recorded in 

Figure 3.16(b). The resonant wavelengths of spectra are 371.1nm, 373.6nm, 376.8nm, 

and 378.6nm, which are located within the stop-band width of GaN DBR. Therefore the 

tunable UV emission within the high-reflection region of GaN DBR can be expected by 

tuning of r/a value of the structure.
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Figure 3.15 Polarization curve of the light emission from the GaN-based 

photonic crystals. 
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Figure 3.16 (a)The lasing emission spectra from GaN-based photonic 

crystals with different of r/a values. (b) The lasing wavelength versus r/a 

value of photonic crystal lattices. 

0.23 0.24 0.25 0.26 0.27 0.28
370

372

374

376

378

380

 

W
av

el
en

gt
h 

(n
m

)

r/a

 r/a

360 370 380 390 400 410 420

0.0

0.2

0.4

0.6

0.8

1.0

 

 Stopband
 r/a:0.23
 r/a:0.24
 r/a:0.25
 r/a:0.27

Wavelength (nm)

In
te

ns
ity

 (a
.u

.)

(a)

(b)

0.23 0.24 0.25 0.26 0.27 0.28
370

372

374

376

378

380

 

W
av

el
en

gt
h 

(n
m

)

r/a

 r/a

360 370 380 390 400 410 420

0.0

0.2

0.4

0.6

0.8

1.0

 

 Stopband
 r/a:0.23
 r/a:0.24
 r/a:0.25
 r/a:0.27

Wavelength (nm)

In
te

ns
ity

 (a
.u

.)

(a)

(b)



 
 

92

Simulation and Analysis 

In order to understand optical modes of the GaN-based photonic crystal structure, 

plane-wave expansion (PWE) method were used to performed simulations. Figure 3.17 

shows calculated band diagram of the GaN photonic crystals from PWE method between 

normalized frequency (a/λ) 0.6 and 0.8. The gray region in Figure 3.17 indicates the high 

reflection region due to the UV GaN-based DBR at the bottom of photonic crystal lattices. 

Because the photonic band is almost flat and the group velocity approaches zero at 

photonic crystal band edge, the lasing action at the specific frequencies are expected to be 

observed in the experiment. In measured results, the strong lasing peak at 372 nm 

wavelength was observed from the photonic crystal structure with 250nm lattice constant. 

This optical mode, which is corresponded to a normalized frequency of a/λ=0.66, is 

band-edge emission at the symmetry point Γ in the band diagram. 

Figure 3.18(a) shows the calculated in-plane Hz field profile of the operated mode from 

FDTD simulation. This in-plane mode profile also confirms mode behavior of the 

bandedge mode at the Γ point. Figure 3.18(b) is the vertical Hz field profile of the 

operated mode along the x-axis. According to the vertical mode profile, the optical mode 

is clearly located in the 200nm un-doped GaN layer due to the high reflection of the UV 

DBR. The UV DBR plays an important role to select emission wavelength in the 

GaN-based photonic crystal structure. The gain peak of the GaN without the DBR is 

around 360nm wavelength, however the observed lasing modes are around 372 nm 

wavelength. There is a 14nm wavelength difference between GaN gain peak and the 

resonant mode. It is attributed to the reflection of the UV DBR mirror on the bottom of 

photonic crystal lattices. This DBR effect in the GaN expitaxial structure had been 

observed in our previous works [23, 24]. 
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Figure 3.17 The corresponding band diagram calculated by the PWE 

method. 
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Figure 3.18 The calculated Hz field by FDTD simulation from (b) top 

view and (c) cross-section view. 
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Chapter 4 

Fabrication and Characteristics of Quasi-Photonic Crystal 

Lasers with color emission of InGaN/GaN MQWs 
In this part, we demonstrated GaN-based 2-D photonic quasicrystals (PQC) structure 

with the regrowth of GaN pyramids and 10-pair semipolar {10-11} InxGa1-xN/GaN 

(3nm/12nm) MQW nanostructures. Experimental results reveal that the device contains 

lasing action and color emission at the same time. The PQC structure is fabricated by the 

nanoimprint lithography (NIL) [1]. The photonic quasicrystal structures possess 12-fold 

symmetry [1,2] and form a complete bandgap. The regrowth of GaN nanopyramids with 

semipolar {10-11} InxGa1-xN/GaN MQW is grown by selective area growth (SAG) [3,4]. 

Different wavelength emissions have been studied by changing the ratio of In 

composition of InxGa1-xN/GaN or controlling the growing rate of InxGa1-xN/GaN MQWs 

on the facets of trapezoid microsructure[3,4]. The semipolar {10-11} planes also can 

reduce the influence of the quantum confined Stark effect on the quantum efficiency of 

light emitting diodes (LED) due to the surface stability and suppression of polarization 

effects[5]. We tried to use finite-element method (FEM) to simulate the lasing mode from 

the photonic quasicrystals (PQC) structure. The detail information will be described in 

next section. 
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4-1 Finite Element Method[6] 

From the vector Helmholtz equation for the electric field, 
μ k ε ,                                         (4.1)                

where μ  and ε  are complex permittivity and permeability tensors, respectively, and 
f is a source term, the variational procedure leads to the weak form 

·Ω μ dΩ k · ε dΩΩ ·Ω μ · d

· dΩΩ ,                                                          (4.2) 

where Ω and ∂Ω denote the domain and the domain boundary, respectively, and W is 
the weighting function. The boundary integral term vanishes on boundaries that 
correspond to perfect electric conductors (PECs), perfect magnetic conductors (PMCs), 
or periodic boundaries. This term will be dropped hereafter because we shall use only 
those three boundary conditions. Whitney 1-forms or edge elements are chosen as basis 
functions to describe the vector quantity in a more convenient way. Among the elements, 
tangential continuity is automatically enforced, whereas the normal components are 
allowed to have a jump discontinuity. Using the same basis function for the electric field 
gives a matrix equation of the form Ax =b: 

·Ω μ k ε dΩ · dΩΩ ,            (4.3) 

which solves scattering problems. When the source term is set to zero, we get the matrix 

equation 

·Ω μ dΩ k Ω · ε dΩ,                    (4.4) 

which is a generalized eigenvalue equation of the form . If the boundary is a 

PEC or a PMC, which corresponds to a resonant cavity problem, the matrices are real and 

symmetric. For spatially periodic structures such as photonic crystals, the periodic 

boundary condition is imposed on each pair of periodic surfaces by use of Bloch’s 

theorem, ′ exp ·  , where ′ is the corresponding edge number of 

edge m. Thus the matrix elements that correspond to the edges on the periodic surfaces 

are complex, and this leads to a complex Hermitian matrix. The resultant matrix 

equations are solved by use of public domain linear and eigenvalue equation solvers. 

SPOOLES is used for LU factorization and solution of the linear equations, and arpack++ 
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(C++ interface to arpack) is used for the eigenvalue iteration. 

To model open unbounded structures by use of a domain method such as the FEM or 

the FDTD method requires that the mesh be truncated and a proper boundary condition 

be applied such that there is no reflected wave from the boundary. There are many 

techniques for doing so, such as the infinite elements, the analytic or numerical 

absorbing boundary condition, and the finite element–boundary integral method. 

Recently, instead of using the boundary conditions, Berenger introduced the new concept 

of perfectly matched layers (PMLs) for the FDTD method and Sacks et al.derived the 

formulation for the FEM. PMLs can be interpreted as an artificial anisotropic lossy 

medium that will absorb the incident wave regardless of its frequency, angle of incidence, 

and polarization. In this case the resultant matrices are complex nonsymmetric, and the 

full matrix should be stored and calculated. 
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4-2 Fabrication of quasi-photonic crystal with InGaN/GaN MQWs 
Fabrication processes 

The section described fabrication details of PQC structures and the regrowth procedure 

of GaN nanopyramids with semipolar{10-11} InxGa1-xN/GaN MQW. The GaN-based 

material was grown by a low pressure Metal-Organic Chemical Vapor Deposition 

(MOCVD) system. A 2 μm thick GaN layer was first grown on a 2-inch C-plane (0001) 

sapphire substrate. The  GaN contained 1 μm undoped GaN and 1μm n-type GaN and 

were grown at 1150℃ and 1160℃, respectively. The photonic quasicrystal (PQC) 

patterns were formed by nanoimprint lithography (NIL) technique. First, a 400 nm SiO2 

layer and a 200 nm polymer layer were deposited as the masks during the process. Then a 

patterned mold of PQC structure was placed onto the dried polymer film. Under a high 

pressure, the substrate was heated over the glass transition temperature (Tg) of the 

polymer. After that, the substrate and the mold were cooled down to room temperature to 

release the mold.  

After generating photonic quasicrystal (PQC) patterns on the polymer layer, the 

patterns were then transferred into SiO2 layer by reactive ion etching (RIE) with CHF3/O2 

mixture, and into GaN layer by inductively coupled plasma etching (ICP) with Cl2/Ar 

mixture. The mask layers were removed at the end of processes. Before the regrowth 

process, the sample was passivated with porous SiO2 at sidewall.  The pyramid shape 

n-type GaN structures were regrowth on the top of GaN nanopillars at 730℃ by using a 

combination of selective area growth (SAG). The 450 nm height pyramids contain 

10-pair In0.3Ga0.7N/GaN (3nm/12nm) quantum wells, which support the emission around 

500 nm wavelength. Fabrication procedure was shown in Figure 4.1. And Figure 4.2 

shows the schematic result of fabrication processes. 
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.   

Figure 4.1. Illustrations of fabrication process of the nanoimprint 

technology and the regrowth process.  
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Figure 4.2 Schematic structure of GaN-based PQC structure with the 

regrowth of semipolar{10-11} GaN pyramids and 10-pair 

In0.3Ga0.7N/GaN (3nm/12nm) MQW. 
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The total area of the photonic quasicrystal pattern is approximately 4 cm x 4 cm with a 

lattice constant (a) about 460 nm and the diameter of 350 nm and the etch depth of the 

nanopillars is approximately 1 μm as shown in Figure 4.3(a) top-view and (b) angle-view. 

And the Figure 4.3(c) shows the SEM image of the PQC structure with semipolar{10-11} 

In0.3Ga0.7N/GaN MQW cross-section view. To study optical properties of the GaN-based 

photonic quasicrystal laser, we prepared two GaN PQC samples which are called sample 

A and sample B. Sample B is GaN-based PQC structure with In0.3Ga0.7N/GaN MQW 

re-growth procedure, while sample A is the same PQC structure without regrowth step.  
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Figure 4.3 (a) The top-view and (b) The angle-view SEM images of the 

photonic quasicrystals (PQC) structure. (c) The cross-sectional SEM 

image of the PQC structure after the regrowth procedure.  
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4-3 Characteristics of quasi-photonic crystal lasers with color emission 
Optical pumped results 

The devices were optically pumped by using a frequency-tripled Nd:YVO4 355 nm 

pulsed laser with a pulse width of 0.5 ns and a repetition rate of 1kHz. The light emission 

from the device was collected by a 15X objective lens through a multimode fiber, and 

coupled into a spectrometer with the charge-coupled device detectors. Figure 4.4 shows 

the measured spectra from the PQC pattern of the sample A below (red-curve) and above 

(black-curve) threshold, and photoluminescence (blue dash-curve) of GaN. Obviously, 

the lasing action was observed at 366 nm wavelength due to the distributed feedback of 

light at a photonic band edge of the PQC structure [2]. The light-in light-out (L-L) curve 

and the linewidth narrowing of the sample A were shown in Figure 4.5. Its threshold 

power density is approximately 0.009 kW/cm2 . This ultra-low threshold, which is one of 

lowest report thresholds for GaN lasers, also indicates the strong enhancement from 

photonic quasicrystal lattices. 

In order to understand the lasing mode, we performed finite-element method (FEM) to 

calculate the transmission spectrum[7] of the PQC to confirm the band gap as shown in 

Figure 4.6. The lasing mode corresponding to the normalized frequency is a/λ

~1.25(gray point) of the bandedge. Figure 4.7 shows the calculated in-plane Hz field 

profile of the lasing mode from finite-element method (FEM) simulation. The distribution 

of Hz field is symmetric and localized extending in and between GaN nanopillars. This 

confirms the lasing mode is bandedge mode. 
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Figure 4.4 The measured spectrum of the sample A from the PQC laser 

below and above threshold. The lasing wavelength of the PQC is 366nm. 
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Figure 4.5 The light-in light-out(L-L) curve and linewidth narrowing of 

the sample A. 
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Figure 4.6 Transmission spectra as a function of normalized frequency 

a/λ of the PQC structure. 
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Figure 4.7 Top view of the calculated Hz field by FEM simulation. 
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Figure 4.8 shows the measured spectra from the PQC structure with In0.3Ga0.7N/GaN 

MQWs on the sample B below and above threshold. The sample B has the lasing mode 

around 366nm wavelength resulting from the PQC structure, and the color emission 

resulting from InxGa1-xN/GaN MQW is located at the green range. Figure 4.9 shows the 

light-in light-out (L-L) curve of GaN PQC laser from the sample B. The threshold power 

density of the sample B is about 0.024 kW/cm2. Both of the sample A and the sample B 

have the same resonant lasing mode around 366nm wavelength due to the PQC structure. 

Threshold of PQC structure on the sample B is higher than threshold of the structure on 

the sample A. This difference is mainly attributed to geometrical change of GaN 

nanopillars and absorption of top InGaN/GaN MQW. Another strong emission around 

500 nm wavelength was also observed from the PQC structure on sample B. This green 

light, which is emitted from the top InGaN/GaN MQW, is shown in Figure 4.10. When 

the pump power is over the threshold of UV lasing, the intensity of the green emission is 

clamped. It is also a sign of UV lasing in this multi-color GaN PQC structure.  In order 

to have clear spectrum for the green emission, the sample A and the sample B were also 

optically pumped by using a continuous-wave (CW) He-Cd laser at 325 nm with an 

incident power of 48mW. The measured setup is the same as the micro-PL setup 

described previously. Figure 4.10 shows the measured PL spectra under the He-Cd 325 

nm CW laser pumping. Compared the sample B (green curve) with the sample A (black 

curve), the strong emission peak was observed around 500nm wavelength resulting from 

In0.3Ga0.7N/GaN MQWs structure. The spectrum linewidth is approximately 60 nm. The 

results indicate possible applications for light-emitting diode (LED). Figure 4.11 shows 

the photography of the PQC structure of the sample B during measurement and the white 

light region is owing to the pumping light source of He-Cd 325 nm CW laser.  It is 

worth to note that the emission wavelength of the GaN PQC nanopillars structure can be 

manipulated not only by photonic crystals geometry, but also by bottom and regrowth 

InGaN/GaN materials. This hybrid platform generates the many possibilities for 

multi-color LEDs or multi-color lasers system.  
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Figure 4.8 The measured spectrum of the sample B with lasing 

phenomena and green color emission. 
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Figure 4.9 The light-in light-out(L-L) curve of the sample B. (c) PL 

spectra from PQC structure of the sample A(black) and sample B(Green) 

under the Nd:YVO4 355 nm pulse laser pumping. 
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Figure 4.10 PL spectra from PQC structure of the sample A(black) and 

sample B(Green) under the He-Cd 325 nm CW laser pumping. 
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Figure 4.11 The photography of the PQC structures on the sample B 

during the experiment. And the white light on the center is resulted 

from the pumping light source of He-Cd laser. 
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Chapter 5    

The study of metal-coated GaN nano-stripe Lasers  
In this section, we demonstrated lasing in metal-coated GaN nano-stripes at room 

temperature under optical pumping conditions. To make lasing action in this device 

possible, we employed SiO2 as an insertion layer between the metal and GaN to improve 

the quality factor, in conjunction with aluminum providing high reflectivity in the UV 

region and high thermal conductivity. This is the first time that lasing action has been 

observed in GaN-based metal-coated nano cavities around ultraviolet wavelengths region 

at room temperature. 

5-1 Fabrication of metal-coated GaN nano-stripe  
We used the undoped GaN layer grown on C-plane (0001) sapphire substrate as gain 

medium. The thickness of the undoped GaN layer is about 2μm. 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℃ for 10 minutes in a stream 

of hydrogen ambient before the growth of epitaxial layers.. Second, the 30nm thick GaN 

nucleation layer was first grown on the sapphire substrate at 530℃, and at the end the 

2μm thick undoped GaN layer was grown on it at 1040℃. 

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 Figure 

5.1. First, we deposit 300nm thick Si3N4 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 Si3N4. 

And the transfer the pattern again onto the undoped GaN layer to form the nanostripe 

structure on it.  
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Figure 5.1 Process flow chart for metal-coated GaN nanostripe. 
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Figure 5.2 shows the SEM image of nanostripe from top view and angled view after 

these processes. 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 plasma enhanced 

chemical vapor deposition (PECVD) to deposit a thin SiO2 layer[1,2] on the GaN 

nanostripe for just 20 nm. At the end, we use E-gun evaporation to deposit a 60 nm thick 

aluminum layer [3] to complete our device. The SEM image of our device after the 

deposition of dielectric layer and metal is shown in Figure 5.3 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 Figure 5.4. 
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Figure 5.2 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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Figure 5.3 Angle view of the GaN nanostripe after the deposition of SiO2 

and aluminum layers. 
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5-2 Characteristics of optical pumped nano-stripe lasers 
To explore experimentally about our device, 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. 

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 undoped GaN layer, before and after 

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

As shown in Figure 5.5, the peak wavelength of undoped GaN layer is about 362nm. 

However, the spectrum after the deposition of SiO2 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 Figure 5.6 

to prove that the lasing action is truly from our nano structure. Moreover, from Figure 5.6 

the PL spectrum of the metal-coated nanostripe above (gray) and below(blue) 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 L-L curves of this mode shows in Figure 5.7 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 threshold pump power 

density is about 0.055kW/cm2 and the quality factor estimated by the wavelength to 

linewidth around the transparency is 150. Compared to the sample without metal or SiO2 

shielding layer, the high thermal conductivity and high reflectivity of aluminum make 

measurement easier and increase the possibility of lasing at room temperature. 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 to form our metal-coated 

device is that aluminum has a higher reflectivity which could show a better optical 

confinement at UV wavelength region compared with silver[4], even aluminum is also 

quite lossy at this wavelength region. 
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Figure 5.5 PL spectrum of undoped GaN Layer with and without metal 

and dielectric shielding layers. 
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Figure 5.6 PL spectrum of metal-coated GaN nanostripe above (gray) 

and below (blue) threshold. 
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Figure 5.7 Light-in and light-out curve and the linewidth of lasing peak. 
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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 SiO2 layer, and an 

aluminum shielding layer. Figure 5.8 shows the simulated optical mode profiles for a 

GaN nanostripe cavity with or without the shielding layers. In Figure 5.8 (a), the model 

incorporating metal and SiO2 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 Figure 5.8 (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 Figure 5.8 (a) is 

367nm, and the qualify factor is about 150, which is ten times larger than the case in 

Figure 5.8 (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 (237 

W/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 nanostripe as shown in Figure 5.8 (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]. 

Moreover, we calculate the band diagram of this structure. The ridge waveguide 

structure has been split into different part first, and calculates the effective indexes of 
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each part, then combined these parts together again and calculate the true effective index 

of this structure. 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 and then calculate the band diagram. The TE 

mode band diagram is shown in Figure 5.9, as you could see, there is only one waveguide 

band in this structure. Moreover, around 370nm there is 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/SiO2/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.  



 
 

129

 
Figure 5.8 (a) The Ez mode profile of the nanostripe with shielding 

layers. (b) The Ez mode profile of the nanostripe without shielding 

layers. 
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Figure 5.9 TE Mode band diagram of nanostripe. 
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Chapter 6 

Conclusions 
In the thesis, we have demonstrated ultraviolet GaN-based microdisk lasers and the 

optical pumped GaN-based 2-D square lattice of photonic crystal lasers with AlN/AlGaN 

distributed Bragg reflectors. We also fabricated and characterized the large-area 

ultraviolet GaN-based photonic quasicrystal laser with high efficiency green color 

emission of semipolar{10-11} In0.3Ga0.7N/GaN MQW by using nanoimprint lithography 

technology and the regrowth method and the metal-coated GaN nanostripe laser was 

investigated and operated at room temperature. Therefore, we will summarize these 

works contributed from our research. 

GaN-based microdisk laser 

We demonstrated a compact GaN-based microdisk laser with the ultraviolet 

AlN/AlGaN DBR structure in the ultraviolet wavelength region. Two lasing modes were 

observed at 377 nm and 379 nm wavelength with the low threshold power densities of 

0.03 kW/cm2 and 0.043 kW/cm2. This DBR structure has strong advantages in 

simplifying fabrication procedures and tuning lasing wavelength. In the GaN-based 

microdisk cavity, the UV DBR plays an important role to select the lasing wavelength 

regime.  

The gain peak of the GaN without the DBR is around 360 nm wavelength, however the 

lasing and resonant modes are around 377 nm wavelength. This 17 nm difference in 

wavelength is attributed to the reflection of the UV DBR mirror on the bottom of the 

microdisk cavity. 

GaN-based square lattice of photonic crystal laser 

The UV light enhancement from the GaN-based photonic crystals with AlN/AlGaN 

DBR is achieved. The lasing mode was observed at 372 nm with the low threshold power 

densities of 0.015 kW/cm2. Tunable lasing emissions were demonstrated by varying the 

r/a value of photonic crystal lattices. This enhancement results from the coupling between 

emission in the top GaN gain layer and a band-edge mode at symmetry point Γ. The 

optical mode profile of this symmetric band-edge mode was also characterized with PWE 

and FDTD simulation. 
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Ultraviolet GaN-based photonic quasicrystal laser with high efficiency green color 

emission of semipolar{10-11} In0.3Ga0.7N/GaN MQW 

A 12-fold symmetric GaN PQC nanopillars structure was fabricated using nanoimprint 

lithography (NIL) technology. The UV lasing action was observed around 366 nm 

wavelength with an ultra-low threshold power density of 0.009 kW/cm2. The band 

diagram and optical mode profile of the lasing mode were also characterized with FEM 

simulation. With the regrowth procedure of the top InxGa1-xN/GaN MQWs by selective 

area growth, the UV lasing from GaN PQC and a high efficiency green color emission 

from InxGa1-xN/GaN MQW were achieved simultaneously.  

Metal-coated GaN nanostripe lasers 

This study demonstrated lasing from a metal-coated GaN nano-stripe at room 

temperature, representing the first demonstration of ultra-violet lasing from a 

metal-coated nano-cavity. Using an E-beam lithography technique, we fabricated a GaN 

nano-stripe 500 nm in width, 500 nm in height, and 50 μm in length. We then deposited a 

thin SiO2 and aluminum layer on the nano-stripe to form a metal-coated nano cavity. We 

observed lasing action at 370 nm wavelength with a low threshold power density of 0.042 

kW/cm2.  

FEM simulation results show that a metal-coated nano-stripe cavity could sustain a 

standing wave pattern, which would not occur in a nano-stripe cavity without a metal 

shielding layer. The wavelengths of the mode were quite close to those of the 

experimental results. The band diagram of this structure also supports the notion that the 

nano-stripe structure would form an optical mode. This is a clear indication that the metal 

coating used on the nano cavity played an important role in lasing results at room 

temperature. The results presented here represent a breakthrough in the integration of 

metal-coated nano cavities with GaN materials. 

It was worth to note that the UV lasing from GaN PQC and a high efficiency green 

color emission from InxGa1-xN/GaN MQW were achieved, simultaneously, with the 

regrowth procedure of the top InxGa1-xN/GaN MQWs by SAG. Those nanoimprint 

methods of the fabrication demonstrated have the high potential to be the low fabrication 

cost and the excellent technique for fabricating semipolar {10-11} InxGa1-xN/GaN LED 
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and be better integration of GaN-based photonic crystal laser and light sources. It could 

be the highly potential optoelectronic device in the future applications. 
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Appendix I 

Light Enhancement of 

 Si-Nanocrystals-Embedded SiOx Film on 

Silicon-on-Insulator Substrate 
In this study, we demonstrated the light enhancement from a 

Si-nanocrystals-embedded SiOx film on a silicon-on-insulator (SOI) substrate in visible 

light range. The light emission from the annealed SiOx film is one order stronger than 

emission from non-annealed SiOx film. Compared with the SiOx film on a Si substrate, 

two-fold enhancement in light emission from the SiOx film on SOI substrate was also 

observed. The enhancement was attributed to better vertical confinement of optical field 

in the SiOx film on SOI substrate. 

Introduction 
In recent years, silicon photonics has received a great deal of attention because of its 

compatibility with existing electronic circuits. Si-based light sources with the mainstream 

complementary metal-oxide semiconductor (CMOS) technology have been widely 

studied and developed [1,7]. Compared to III-V semiconductor emitter, silicon light 

sources have better integration ability and low fabrication cost. Therefore, Si-based 

materials could be the potential candidate for future optoelectronic integrated circuits 

[2-7]. However, bulk silicon has lower emission efficiency due to its indirect transition 

characteristics. To achieve light emission from silicon at room temperature, there are lot 

of reports for low-dimensional silicon systems, such as porous silicon [8,9], silicon 

nanocrystals[10], and superlattices[11]. 

Recently, light emission from silicon-rich SiNx [12, 13] (SRN) and SiOx films [14, 15] 

with 3–5 nm Si nanocrystals has been widely studied. The luminescence is attributed to 

confine exciton recombination in the Si-nanocrystals owing to the emission wavelength is 

related to Si-nanocrystals size [15, 16]. Several different techniques which are produced 

Si nanocrystals in SiOx were investigated, namely, ion implantation, chemical vapor 

deposition, sputtering, and laser ablation [14, 17-19]. In this report, light emission from a 
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Si-nanocrystals-embeded SiOx film on a silicon-on-insulator (SOI) substrate was 

investigated. A strong light enhancement from the SiOx film on SOI substrate was 

observed due to the improvement in vertical optical confinement. 

Fabrication process 
This SOI wafer was prepared with horizontal furnace system. A 2.3μm thick SiO2 layer 

was first grown on a Si substrate followed by the growth of a 250 nm thick poly-Si layer 

on the top of the SiO2 layer. A 360 nm thick Si-rich SiOx film was grown on the SOI 

substrate by the plasma-enhanced chemical vapor deposition (PECVD) system with 

parameters in the previous works [14, 15]. The SiOx film was annealed in a quartz 

furnace with N2 gas at 1100 °C for 90 min to precipitate Si nanocrystals. This anneal step 

is important to obtain strong emission from the Si-rich SiOx film. We also fabricated the 

SiOx film on a bare Si substrate as the reference. The illustrations of the SiOx/Si and 

SiOx/SOI structures are shown in Fig. 1(a). Fig. 1(b) shows a SEM cross-sectional image 

of the SiOx/SOI structure. 
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Figure 1 (a) Schematic structure of SiOx film on SOI and Si substrates. 

(b) The SEM image of the SiOx/SOI sample from cross-section view. 
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Results and discussion 
To characterize the light emission from the Si-nanocrystals-embeded SiOx film on SOI 

and Si substrates, the devices were optically pumped by using a CW He-Cd laser at 325 

nm with an incident power of 40mW and a pumped spot size of 30μm. Fig. 2 shows the 

photography of a SiOx/SOI structure. Fig. 3 shows the measured emission spectra from 

the different devices. The black solid curve in the Fig. 3 is the emission spectrum from a 

SiOx film without the annealing procedure. It shows a very low emission from the 

as-grown SiOx film. The blue-dashed and red-dotted curves are the emission spectra from 

the SiOx films on Si and SOI substrates, respectively. The light emission of SiOx film is 

enhanced more than ten times after annealing step. This is because the self-aggregation of 

silicon nanocrystals in the SiOx film after annealing process at 1100 °C. The optical band 

gap of this Si-rich SiOx films was also red-shifted due to increase of Si-Si bonding states, 

which was observed from the spectra (red and blue) from the annealed SiOx/Si and 

SiOx/SOI devices. The emission wavelength is strongly related to the size of 

Si-nanocrystals [20]. 

By comparing the blue and red spectra, the light emission from the SiOx/SOI structure 

is two times higher than the emission from the SiOx/Si structure under the same pumping 

conditions. The higher emission of SiOx film on SOI substrate is attributed to the better 

optical confinement due to lager index contrast of the structure. In order to understand the 

details of higher emission from the SiOx/SOI structure, we study optical field in the 

structure by using transfer matrix method. The distributions of the refractive indices of 

SiOx/Si and SiOx/SOI structures are shown with red curves in Fig. 4(a) and (b). The black 

curves in Fig. 4(a) and (b) are the electric field of fundamental modes in the vertical 

direction for the two structures. The mode distribution of SiOx/SOI structure is more 

concentrated around the SiOx gain layer. The effective indices of the fundamental modes 

are 3.88 and 3.82 for SiOx/Si and SiOx/SOI structures. According to the calculated results, 

we also estimated the fraction of electric field in the SiOx layer. The estimated fraction 

values of the SiOx/SOI and SiOx/Si structures are 1.3% and 0.02%, respectively. As a 

consequence of calculation, the optical field in the SiOx/SOI structure would be more 

confined than field in SiOx/Si structure. In experiment, this improvement in optical 

confinement gave a two-fold enhancement in emission spectrum intensity. The total 
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optical power from a light emitter can be estimated by integrating spectrum over all 

wavelengths (i.e. ∫= λλ dPP )( ). The optical power from the SiOx/SOI device is 1.7 

time higher than the power from the SiOx/Si device. 

In Fig. 3, the emission spectrum from the SiOx film on SOI substrate shows the small 

oscillation behavior, which was not observed in the spectrum from SiOx/Si structure. This 

oscillation is attributed to Fabry-Perot resonance of the pumping signal in the SiO2 layer. 

The similar interference fringes were also observed in the LEDs structures having the flat 

surface [21-22]. Those different light emission resonant modes can be analyzed by the 

following equation:  

       (1)   

Where λ is wavelength of the emission light, n and d are the index and thickness of the 

SiO2 layer, which are 1.7 and 2.3μm, respectively. Δλ is the free spectral range of the 

Fabry-Perot oscillation. The estimated free spectral range Δλ is about 50nm, which 

agrees to the measured results. This oscillation could be reduced by increasing the 

thickness of the Si layer to reduce emission penetrating into SiO2 layer or introducing 

surface texture at the Si-SiO2 interface. 

 
nd2

2λλ =Δ
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Figure 2 The photography of the SiOx/Si/SiO2 device during the 

experiment. 
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Figure 3 The emission spectra of SiOx film on SOI and Si 

substrate within the visible range after annealing procedure. The 

Fabry-Perot interference fringes were observed in the spectrum of 

SiOx/SOI structure. 
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Figure 4. The distribution of the material refractive indices (red) 

and the fundamental mode along the vertical direction of (a) 

SiOx/SOI and (b) SiOx/Si structures. 
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Conclusions 
In summary, we had demonstrated the visible light enhancement from the PECVD 

grown Si-nanocrystals-embeded SiOx film on SOI and Si substrates. The emission is 

enhanced by ten times with the annealing process, and two times with better optical 

confinement in SOI structure. We employed the transfer matrix method to verify that the 

optical confinement of SiOx/SOI structure is much better than SiOx/Si structure. It leads 

to stronger emission from SiOx/SOI structure. The oscillation in emission spectrum of 

SiOx/SOI structure is also verified to be Fabry-Perot oscillation in the SiOx layer. 

Because of the strong light enhancement from the Si-rich SiOx/SOI device, the material 

has a high potential to be Si-based light sources in the future applications. 
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Appendix II 

Fabrication Technique – Electron-Beam Lithography 
The EBL is a technique using electron beam to generate patterns on a surface with a 

resolution limited by De Broglie relationship (λ < 0.1 nm for 10-50 KeV electrons), 

which is far smaller than the light diffraction limitation. Therefore, it can beat the 

diffraction limit of light to create a pattern which only has a few nanometers line-width 

without any mask. The first EBL machine, based on SEM system, was developed in the 

1960s. The EBL system usually consists of an electron gun for generating electron beam, 

a beam blanker for controlling the electron beam, electron lenses for focusing the electron 

beam, a stage and a computer control system as shown in Figure 2.10. Figure 2.11, Figure 

2.12, and Figure 2.13 show the photography of the PECVD, the ICP-RIE (Oxford 

Plasmalab System 100), and the ICP-RIE (SAMCO RIE-101PH) of two etching steps, 

respectively. And the detail recipe of each fabrication process is shown in the following 

description.  

E-beam Lithography System (JEOL JSM-6500) 
Spin coating use PMMA (A5) 

First step: 1000 rpm for 10sec. 

Second step: 3500 rpm for 25sec. 

Hard bake: hot plate 180℃, 90sec. 

Exposure: 

Beam voltage: 25KeV 

Dosage: 1.4~1.7 (point does) 

Development: MIBK: IPA(1:3) 70sec. 

Fixing: IPA 40sec. 

PECVD (SAMCO PD220) 

Si3N4 film deposition: 

SiH4/Ar: 20sccm 

NH3:10sccm 

N2:490sccm 

Temperature: 300℃ 
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RF Power: 35W 

Pressure: 100Pa 

Time: 31 min for 300nm thick Si3N4 

SiO2 film deposition: 

SiH4/Ar: 25sccm 

N2O:500sccm 

N2:250sccm 

Temperature: 250℃ 

RF Power: 35W 

Pressure: 120Pa 

Time: 1 min for 20nm thick SiO2 

ICP-RIE (Oxford Plasmalab System 100) 

Si3N4 film etching: 

Ar/O2: 5sccm 

CHF3: 50sccm 

RF Power: 150W 

Pressure: 7.5x10-9Torr 

Temperature: 20℃ 

Time: 3min. 35sec. to etch 300nm thick Si3N4 film 

ICP-RIE (SAMCO RIE-101PH) 

GaN film etching: 

Cl2: 25sccm 

Ar: 10sccm 

ICP Power: 200W 

Bias Power: 200W 

Pressure: 0.33Pa 

Time: 55sec. to etch 500nm thick GaN film 
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Figure 1 (a) The typical schematic diagram of EBL system(JEOL 

JSM6500). (b)  Schematic electron gun of EBL system. 

(a)

(b)

(a)

(b)
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Figure 2 PECVD systems. 
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Figure 3 ICP-RIE (Oxford Plasmalab System 100) 
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Figure 4 ICP-RIE (SAMCO RIE-101PH) 

 


