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氮化鎵面射型雷射與極激子在多模氮化鎵微共振腔內色散的

光學特性研究 
 

研究生: 劉玫君                           指導教授: 郭浩中 教授 

                                               盧廷昌 教授 

國立交通大學光電工程研究所 

摘要 

   由於,以氮化鎵所混合而成的半導體基材具有從0.7到6.2電子伏特的寬廣能隙和

其直接能隙的特性，使其發光波長範圍能從紅外光到紫外光並且發光效率也比較

高。因其以上特性，使得氮化鎵基材發光元件可廣泛應用，故其成為世界上各研發

團體的重要研究課題之ㄧ。在此研究論文中，我們製作氮化鎵面射型雷射

(VCSEL)，並研究分析其主要的特性。 

   於此，我們提出含有上下兩高反射鏡介電質之氮化鎵面射型雷射結構。並利用雷

射剝離技術並沉積成長介電質反射鏡，製作出一含有氮化鎵與氮化銦鎵(GaN/InGaN)

多量子井(MQW)的面射型結構。在室溫下以一雷射(波長為355 nm)為激發光源，

在光激發操作下，研究其發光特性。此氮化鎵面射型雷射的Q係數(quality factor)為

1000，雷射波長為 412 nm，雷射頻譜之半高寬為 0.26 nm。從實驗中，我們可以得

到雷射頻譜之極化率為 79.4 %和其發散角為5度。此氮化鎵面射型雷射於室溫下之

臨界條件為 784 nJ且其特徵溫度為 130 K。 

   我們利用 Hakki-Paoli 方法和量測不同溫度下的頻譜，並計算求得此面射型雷射

的增益特性。在 80 K臨界條件時，光增益為 2.2×103 cm-1。在不同操作溫度下，我
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們發現溫度越低，光增益隨著注入的載子數目增加而變大的速率越快。線寬增加係

數 (linewidth enhancement factor) 在室溫下為 4.3，其值隨著操作溫度下降而

降低，直至溫度為 80 K時，其也降至0.6了。利用微螢光激發 (micro-PL)方式量測

發現在雷射發光孔徑中有螢光強度不均勻的現象，並對其發光強度不同的位置各自

量測並計算其增益的特性。發現，螢光強度較強的位置得到的增益值比在較弱位置

的大，並由其增益的頻譜圖觀察到，波長從 400 nm到 420 nm的增益斜率比較大，

而波長從 420 nm到 445 nm的增益斜率趨於平緩。 

   另外，在實驗過程中觀察到一個特別的現象，從波長 470 nm到 370 nm的範圍

中，發現其模態間距 (mode spacing) 有漸漸變小的趨勢。故我們利用材料本身的

折射率色散和極激子 (polariton) 的色散去對其共振模態作曲線的吻合程度，發現

極激子的色散曲線比較吻合。 
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Emitting Lasers and Cavity Polariton Dispersion in Multimode 

GaN Microcavity 
 

Student: Mei-Chun Liu             Advisor: Prof. Hao-Chung Kuo 

                                         Prof. Tien-Chang Lu 

  Institute of Electro-Optical Engineering, National Chiao Tung University 

Abstract 

   Due to the inherent advantages of GaN-based compound materials, such as wide band 

gap varying from 0.7 to 6.2eV、direct band gap characteristics…, etc. Which all make 

them possible to emit emission wavelength ranging from red to ultra-violet with higher 

illumination. Therefore, GaN-based semiconductors have recently attracted much interest 

owing to their applications in optoelectronics devices. In this study, the fabrication of 

GaN-based vertical cavity surface emitting lasers (VCSELs) is analyzed and 

characterized.  

   We proposed a GaN-based VCSEL structure which consists of InGaN/GaN MQWs 

and two dielectric DBRs with high reflectivity. We investigated the laser emission 

characteristics of the GaN-based VCSEL under optically pumping operation at room 

temperature. The quality factor of VCSEL is 1000, indicating a good interfacial layer 

quality of the structure. The laser emits emission wavelength at 412 nm with a linewidth 

of 0.26 nm. The measurement results reveal the linewidth reduction, degree of 

polarization of 79.4%, and the divergent angle of 5°. The laser has a threshold pumping 

energy of 784 nJ at room temperature and the characteristic temperature is 130K.  

   Meanwhile, we used Hakki-Paoli method and the measured photoluminescence 
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spectrum to estimate the temperature dependent optical gain and linewidth enhancement 

factor of the VCSELs. At 80 K, the optical gain of 2.2×103 cm-1 was estimated at the 

threshold condition with a carrier density of 6.8×1019 cm-3 by pulse laser. We found that 

the gain increases more rapidly as a function of the injected carrier density at lower 

temperature by two difference pumping sources. The α-factor at 300 K was estimated to 

be 4.3 and decreased to as low as 0.6 at 80 K. Micro-PL intensity mapping indicated that 

there exists nonuniform PL emission intensity over the VCSEL aperture. The gain values 

of the highest PL intensity are larger than the ones of lower PL intensity. We obtained the 

sharp slope of gain spectrum from 400 nm to 420 nm, while the slope of the gain 

spectrum ranging from 420 nm to 445 nm is smooth. 

   The frequency spacing between adjacent PL peaks decreases by almost a factor of 

five from 470 nm to 370 nm. We use the intrinsic material index dispersion and polariton 

dispersion to fit the experimental data, it shows that the latter fitting curve is much better 

than the former one.  
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Chapter 1 

Introduction and Motivation 

1.1 GaN-based materials and motivation 

   Group III-nitride wide-band-gap semiconductors have recently attracted considerable 

interest owing to their applications in optoelectronics devices, such as blue-light-emitting 

diodes (LEDs) and laser diodes (LDs). GaN based-compound in optical devices that are 

active in the blue/green and ultraviolet (UV) wavelength regions make it a compelling 

material system for electronic devices capable of operating at high temperature, high 

power levels, and in harsh environments. In 1993, the first prototype high brightness 

GaN-based blue LEDs were developed by Nakamura’s group, also they developed the 

first GaN-based violet LD with an emission wavelength of around 400nm in 1996. From 

that time, research groups in the laboratories and companies have spent more time on the 

development of GaN-based devices and many commercial products with various 

applications were produced. Today, bright blue LEDs based on III-nitrides paved the way 

for full-color display as well as for the mixing of the three primary colors to obtain white 

light for illumination by semiconductor LEDs. Short-wavelength LDs based on 

III-nitrides are essential for high-density optical storage applications because the 

diffraction-limited optical storage density increases quadratically as the probe laser 

wavelength is reduced. GaN-based shot-wavelength devices, such as blue LEDs and LDs, 

are required for a number of applications including solid-state lighting, full-color 

electroluminescent displays, laser printers, read-write laser sources for high-density 

information storage on magnetic and optical media, and sources for short-distance optical 

communications. The solid-state lighting is the most high-profile and desired application 
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of the GaN-based materials due to the high luminescence efficiency, reliability and 

durability of the semiconductor light-emitting devices. 

   As demonstrated by III-nitride bright blue LEDs and LDs, all III-nitride-based 

devices must take advantage of heterojunctions and QWs. InGaN and AlGaN are direct 

band gap semiconductor alloys with energy band gap varying from 0.7 to 3.4 eV (InGaN) 

and 3.4 to 6.2 eV (AlGaN), with a predominant wurtzite structure for both alloys at all 

composition, as shown in Figure 1.1. Thus, red- to ultraviolet-emitting devices are 

possible to be fabricated by using AlGaInN. It is well known that localized exciton 

recombination is the dominant optical process in many semiconductor alloys at low 

temperature, including CdSSe, GaAsP, and CdMnTe alloys. The unique properties of 

III-nitrides make them have many particularly problems in growth, characterization, and 

device fabrications. Substrate is an important issue for III-V ntride material growth. 

Comparing to the GaAs material system, GaN-based substrate generally have a large 

lattice mismatch. Due to the lack of GaN substrates, III-nitride epilayers are most 

commonly grown on SiC or sapphire substrates, which contain a high dislocation density 

of the order of 108~1010/cm2. Nevertheless, SiC is more proper than sapphire for the 

substrate for GaN since it has small lattice mismatch. However, the cost of a SiC 

substrate is very expensive. Therefore, sapphire becomes a suitable and alternative 

substrate for GaN growth. The first progress used AlN [1.1, 1.2] or GaN [1.3, 1.4] 

nucleation layers to get high-quality GaN films including of high mobility and strong 

photoluminescence (PL) intensity. For the LEDs and LDs p/n layers are used to inject 

holes and electrons into the active layers, therefore, both p-type and n-type conductivity 

control are required to fabricate those devices. N-type GaN was easy to form but it was 
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impossible to obtain p-type GaN films for a long period [1.5, 1.6]. Nevertheless, Amano 

et al [1.7] in 1989 and Nakamura et al [1.8, 1.9] in 1992 obtained the low-resistivity 

p-type GaN films. Optical properties of III-nitride quantum wells (QWs) are more 

complicated in comparison with other better understood III-V QWs due to the lack of 

GaN substrates and the large energy band gap offset and lattice mismatch between the 

well and the barrier materials. The main progress was the growth of InGaN film which is 

the most important compound semiconductor among III–V nitride compounds because 

InGaN active layers emit light by the recombination of the injected electrons and holes in 

the InGaN. An InGaN multiquantum-well (MQW) structure and confirmed an enhanced 

strong PL intensity from the quantized energy levels of the InGaN well layer with a 

thickness of 25 Å for the first time [1.10]. A small amount of indium added to the GaN 

could result a strong band-to-band emission from green to ultraviolet (UV) by changing 

the In content of InGaN. While the GaN without indium cannot emit a strong 

band-to-band emission at room-temperature. Therefore, indium content is very important 

which reason is considered to be related to deep localized energy states [1.11-1.15].  

Many efforts were done on improving the internal quantum efficiency (IEQ) and light 

extraction efficiency (LEE) of GaN-based LEDs. Therefore, how to reduce the 

dislocation or defect and improve the light extraction efficiency is an important issue. For 

example, textured or roughtened surfaces [1.16], substrate shaping [1.17], thin-film LED 

[1.18], flip-chip LED [1.19] and photonic crystal on LED [1.20], ect. 

1.2 GaN-based laser diodes 

At present, the main focus of III-V nitride research is to develop a commercially 

viable current-injection laser diode which operates by continuous-wave (CW) at room 
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temperature. Recent developments have yielded on optically pumped stimulated emission 

from GaN films [1.21, 1.22], InGaN films [1.23-1.26], AlGaN/InGaN double 

heterostructures [1.27] and GaN/AlGaN double heterostructures [1.28, 1.29]. The RT 

violet edge-emitting laser (EEL) with InGaN MQW GaN/AlGaN-based heterostructures 

under pulsed operation were achieved [1.30]. After that, many groups have reported 

pulsed operation of EELs [1.31-1.38] and high-power LDs fabricated using epitaxially 

laterally overgrown GaN (ELOG) [1.39] and GaN substrates [1.40]. Also, owing to 

ensuing continual advances in GaN technology, optically [1.23, 1.41-1.47] and 

electrically [1.48, 1.49] pumped GaN-based Vertical-cavity surface-emitting lasers 

(VCSELs) have been reported at low and room temperature. 

   VCSELs are different from EELs in device structure, it is another type of 

semiconductor lasers. The optical cavity length of VCSELs and EELs are of about 1 μm 

and 300 μm respectively. Therefore, VCSEL structures can emit a single longitudinal 

mode with a symmetrically circular beam due to a smaller optical mode volume 

compared to the EELs. Recently, the realization of GaN-based blue-violet-light VCSELs 

has attracted much attention because of their many advantages over EELs, including a 

circular beam, a small beam divergent angle, light emission in the vertical direction, and 

two-dimensional arrays at the wafer level, as shown in Figure 1.2. In particular, the use of 

two-dimensional arrays of the blue VCSEL could reduce the read-out time in high density 

optical storage and increase the scan speed in high-resolution laser printing technique. 

Several groups have reported optically pumped GaN-based VCSELs using different kinds 

of vertical resonant cavity structure [1.50-1.59]. VCSELs in many respects outperform 

EELs diodes. These devices have already become the dominating transmitter source for 
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commercial high-speed optical interconnects operating in the 800 to 1000nm wavelength 

regime, and the emergence of 1.3 and 1.55 μm long-wavelength VCSELs on the market 

is eagerly awaited. Additionally, the strong field in the VCSEL microcavity can facilitate 

the investigation of the cavity quantum electrodynamics effect such as single photon and 

polariton emission, controlled spontaneous emission, and low threshold or thresholdless 

lasing [1.60-1.62]. 

1.3 GaN-based laser microcavities 

   A typical microcavity (MC) consists of a few half wavelength lengths cavity and a 

pair of high-reflectivity distributed Bragg mirrors (DBRs) are necessary for reducing 

lasing threshold. The planar semiconductor MCs in the strong coupling regime [1.63] 

have attracted a good deal of attention owing to their potential to enhance and control the 

interaction between photons and excitons, which leads to cavity polaritons. Beyond the 

standard VCSELs mentioned above, another type of laser, polariton laser is very 

attractive owing to its nearly thresholdless operation through Bose-Einstein condensation 

using cavity polaritons whose genesis lies in the interaction between photons and 

excitons. Polariton lasers have attracted much attention because of their many advantages 

over conventional lasers, including the reason that light is emitted by a macroscopic 

population of exciton-polaritons accumulated in the lowest energy state of their spectrum 

due to stimulated scattering. Note that no population inversion is needed in a polariton 

laser. Polariton lasers, MC structures, operative in the strong coupling regime can 

produce ultra-coherent light. Emission of photons by a polariton laser is a tunneling effect: 

light passes through a mirror from inside the cavity (where it is incorporated in an 

exciton-polariton condensate) to outside the cavity (where it becomes conventional light 
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composed of free photons). Thus, polariton lasers have no threahold linked to the 

population inversion. Amplification of light in polariton lasers is governed by the ratio 

between the lifetime of exciton polaritons and their relaxation time towards the 

condensate. This relaxation has a stimulated character in polariton lasers, which is why it 

can be quite rapid. 

   Polariton lasing at high temperatures requires other material systems in which 

excitons actually survive at that temperature. The semiconductor-based MCs such as GaN 

came to attract increasing attention to room temperature polariton devices, such as 

polariton lasers, polariton LEDs, and polariton parametric amplifiers owing to the large 

exciton binding energies and oscillator strengths. Recently, room temperature polariton 

lasing has been observed in a bulk-GaN MC [1.64], and multi quantum well (MQW) MC 

[1.65]. Since the study of polariton induced nonlinear phenomena is in its early stage, 

electrically injected polariton lasers are awaiting further development. However, the 

optically pumped experiments, which have been successful, form the stepping stone for 

electrical injection. 

1.4 An overview of the thesis 

   Chapter 2 outlines the GaN-based VCSEL. We fabricating a GaN-based VCSEL and 

overview the three main types of propertied GaN-based VCSELs. The reasons for using 

VCSEL structure with two dielectric mirrors in the thesis are presented. We presents the 

structure and designing issues of the GaN-based VCSELs with two dielectric mirrors. 

The spectral reflectivity of the SiO2/TiO2 and SiO2/Ta2O5 DBRs are calculated by 

transfer matrix method. The standing optical field in the resonant cavity were also 

simulated in order to design the epitaxial structure for obtaining a optimal optical gain. 
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The fabrication steps of the two dielectric DBRs VCSELs are also demonstrated. Basic 

theory of the laser lift-off technique used in our work is reviewed and introduced. We 

have introduced a theory of the semiconductor microcavity and discussed the interaction 

between excitons and photons in the strong coupling regime. We also explore the Bose 

Einstein condensation characteristics. for polariton at the same time. 

   Chapter 3 shows the performance of the optically pumped GaN-based VCSELs. The 

threshold condition, cavity Q factor, characteristic temperature, polarization of the laser 

emission, divergent angle, gain and linewidth enhancement factor are characterized and 

discussed. The inhomogeneous indium composition in the InGaN/GaN MQWs are 

observed. 

   Chapter 4 present the frequency spacing between adjacent PL peaks decreases by 

almost a factor of five from 470 nm to 370 nm. We use the intrinsic material index 

dispersion and polariton dispersion to fit the experimental data, it shows that the latter 

fitting curve is much better than the former one. It is shown a very strong polariton 

dispersion in a multimode GaN surface emitting microcavity at room temperarure. 

   In the final chapter, chapter 5, an overview of this hesis and directions of future 

works are given and proposed. 
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InN 

 

Figure 1.1 Lattice constant as s function of band gap energy of III-V nitride compounds. 

 

 

          

             (a)                                   (b) 

Figure 1.2 (a) Schematic structure of EEL. (b) Schematic structure of VCSEL. 
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Chapter 2 

Fundamental of GaN-based vertical cavity surface emitting 

lasers and semiconductor microcavities 

2.1 Vertical cavity surface emitting lasers 

2.1.1 Fundamental of VCSELs 

   As depicted in Figure 2.1, the typical structure of most VCSELs consist of two 

parallel reflectors which are distributed Bragg reflectors (DBRs), and a cavity including a 

multiple quantum wells (MQWs) served as active layer. Besides, diode lasers like the 

other types of lasers, diode laser contain three ingredients, including Gain medium, 

pumping source, and resonant cavity. The gain medium consists of a material which 

normally absorbs incident radiation over some wavelength range of interest. But, if it is 

pumped by inputting either electrical or optical energy, the electrons within the material 

can be excited to the higher, nonequilibrium energy level, so that the incident radiation 

can be amplified rather than absorbed by stimulating the de-excitation of these electrons 

along with the generation of additional radiation. If the resulting gain is sufficient to 

overcome the losses of some resonant optical mode of the cavity, this mode is said to 

have reached threshold, and relatively coherent light will be emitted. Pumping source 

provides the energy that can excite the electrons within gain medium at lower energy 

level to higher energy level. It could be either optical or electrical energy. The resonant 

cavity provides the necessary positive feedback for the radiation being amplified, so that 

a lasing oscillation can be established and sustained above threshold pumping level. 

Therefore, the reflectivity necessary to reach the lasing threshold should normally be 
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higher than 99.9%. Corresponding to the ingredients of a laser, the active layer is the gain 

medium that amplify the optical radiation in the cavity; the top DBR, bottom DBRs and 

cavity form a resonant cavity where the radiation can interact with active region and have 

positive feedback. 

An optical cavity or optical resonator is an arrangement of mirrors that forms a 

standing wave cavity resonator for light waves. Light confined in the cavity reflect 

multiple times producing standing waves for certain resonance frequencies. The standing 

wave patterns produced are called modes; longitudinal modes differ only in frequency 

while transverse modes differ for different frequencies and have different intensity 

patterns across the cross section of the beam. Recently, the Fabry-Perot cavity are 

employed in nearly all laser cavity. It is by using the interference of light reflected many 

times between two coplanar lightly-silvered mirrors. It is a high resolution instrument 

that has been used today in precision measurement and wavelength comparisons in 

spectroscopy. Also, the Fabry-Perot cavities can be used to ensure precise tuning of laser 

frequency. The thickness of the cavity and the position of the MQWs inside the MCs are 

two key features of the VCSEL devices. Thickness of a cavity decides the resonant 

wavelength that will lase above threshold condition according to 
n

NL
2
λ

= , where L is 

cavity length, N is an integral, λ is resonant wavelength and n is the refractive index of 

the cavity. Usually the resonant wavelength of the cavity is chosen to be equal to the 

Bragg wavelength, such that the resonant wavelength can encounter the maximum 

reflectivity of the DBR. Typically, the cavity length of VCSELs is on the order of few 

half operating wavelengths. In such a short cavity device, the electromagnetic waves 

http://en.wikipedia.org/wiki/Mirror
http://en.wikipedia.org/wiki/Standing_wave
http://en.wikipedia.org/wiki/Cavity_resonator
http://en.wikipedia.org/wiki/Light_wave
http://en.wikipedia.org/wiki/Standing_wave
http://en.wikipedia.org/wiki/Resonance
http://en.wikipedia.org/wiki/Longitudinal_mode
http://en.wikipedia.org/wiki/Transverse_mode
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would form standing wave patterns with nodes (electromagnetic wave intensity minima) 

and anti-nodes (electromagnetic wave intensity maxima) within the GaN microcavity. 

The location of the InGaN/GaN MQWs with respect to the anti-modes can significantly 

affect the coupling of laser mode with the cavity field. As the MQWs are well aligned 

with the cavity field, the more electromagnetic wave interact with the MQWs result in 

more photon generated in the cavity, that is optical gain of resonant mode is increased. 

The proper alignment of the MQWs region with the anti-nodes of the cavity standing 

wave field patterns will enhance the coupling and reduce laser threshold condition. As a 

result, the precise layer thickness control in the VCSEL fabrication is important. 

Therefore, optical cavities are designed to have a large Q factor; a beam will reflect a 

very large number of times with little attenuation and the frequency linewidth of the 

beam is very small indeed compared to the frequency of the laser. 

2.1.2 Distributed Bragg reflector 

   In the GaN-based VCSEL structure, a micro cavity with a few λ in the optical 

thickness and a pair of high reflectivity (above 99%) distributed Bragg reflectors (DBRs) 

are necessary for reducing the lasing threshold. Recently, several groups have reported 

optically pumped GaN-based VCSELs mainly using three different kinds of vertical 

resonant cavity structure forms: (1) monolithically grown vertical resonant cavity 

consisting of epitaxially grown III-nitride top and bottom DBRs (epitaxial DBR VCSEL), 

(2) vertical resonant cavity consisting of dielectric top and bottom DBR (dielectric DBR 

VCSEL). (3) vertical resonant cavity consists of an epitaxially grown III-nitride top DBR 

and a dielectric DBR (hybrid DBR VCSEL).  

   In order to obtain high reflectivity DBRs to reduce the threshold condition of the 

http://en.wikipedia.org/wiki/Q_factor
http://en.wikipedia.org/wiki/Attenuation
http://en.wikipedia.org/wiki/Line_width
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VCSELs, dielectric DBRs was used in the GaN-based VCSEL in this study. Distributed 

Bragg reflector (DBR) consists of an alternating sequence of high and low refractive 

index layers with quarter-wavelength thickness, as Figure 2.2 [2.1]. Therefore, it’s 

necessary to know the theory of quarter-wave layer before discussing the DBRs. Now, 

consider the simple case of a transparent plate of dielectric material having a thickness d 

and refractive index n
f
, as shown in Figure 2.3. Suppose that the film is nonabsorbing and 

that the amplitude-reflection coefficients at the interfaces are so low that only the first 

two reflected beams (both having undergone only one reflection) need be considered. The 

reflected rays are parallel on leaving the film and will interference at image plane. The 

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

                 )()]()[( 1 ADnBCABnP f −+=                         (2.1) 

And since             ( ) ( )
t

dBCAB
θcos

==                              (2.2) 

( ) ( ) iACAD θsin=                                 (2.3) 

Using Snell’s Law      tfi nn θθ sinsin1 =                                (2.4) 

Then                ( ) ( ) t
f

n
n

ACAD θsin
1

=                               (2.5) 

also                  ( ) tdAD θtan2=                                  (2.6) 

The eq. (2.1) becomes     tft
t

f dn
dn

P θθ
θ

cos2)sin1(
cos
2 2 =−=                (2.7) 

The corresponding phase difference (δ) associated with the optical path length 

difference is then just the product of the free-space propagation number and P, that is, K0P. 

If the film is immersed in a single medium, the index of refraction can simply be written 
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as n1=n2=n. It is noted that no matter nf  
is greater or smaller than n, there will be a 

relative phase shift π radians. 

Therefore,              
4

)12(
cos 0λθ

+
=

m
d t             (m=0,1,2,3,…)    (2.8) 

π
λ

θπ
δ ±

−
=

0

2222 )sin(4 iff nnn
                         (2.9) 

The interference maximum of reflected light is established when δ=2mπ, in other words, 

an even multiple of π. In that case, eq. (2.8) can be rearranged; and the interference 

minimum of reflected light when δ = (2m±1) π, in other words, an odd multiple of π. In 

that case eq. (2.9) also can be rearranged. 

⎪
⎪
⎩

⎪
⎪
⎨

⎧

==

=
+

=

][min,...)3,2,1,0(,
4
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4

)12(
cos

0
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n

m
d

imumm
n

m
d

f
t

f
t

λ
θ

λ
θ

        (2.10) 

Therefore, for an normal incident light into thin film, the interference maximum of 

reflected light is established when d = λ0/4n
f 
(at m=0). Based on the theory, a periodic 

structure of alternately high and low index quarter-wave layer is useful to be a good 

reflecting mirror. This periodic structure is also called Distributed Bragg Reflectors 

(DBRs). Therefore, the concept of DBR is that many small reflections at the interface 

between two layers can add up to a large net reflection. At the Bragg frequency the 

reflections from each discontinuity add up exactly in phase. Spectral-dependent of the 

reflectivity can be calculated by the transfer-matrix method [2.2]. Considering a layer if 

dielectric material b which is clad between two layers a and c. A transverse 

electromagnetic wave at normal incidence propagates throught the layer in z direction. 
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Taking the electric and magnetic (E and H) fields into consideration by Maxwell’s 

equation, a transmission matrix relating these fields can be written as 

⎟
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In the equation, nb is the refractive index of layer b and ηo the impedance of free space, 

j is the unit imaginary number, kb is the phase propagation constant in layer b, 
λ
π

b
b n

k 2
= , 

where λ is the wavelength in free space. Here, the absorption was not considered in this 

discussion. For a multilayer, a matrix Mi is formed for each layer i of thickness di in the 

stack. By considering the effect of all layers with summation length of each layers L, a 

matrix M relates to input and output fields ca be obtained, 
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   The reflection coefficient r of the stack is: 

2221120110

2221120110

mYmmYmY
mYmmYmY

r
s

s

+++
−−+

=                      (2.13) 

where the Y is wave admittance and o and s refer to the incident and substrate 

respectively. If we have a layer of index n l between layer o and s of lower under, then the 

reflection from interface has a phase of π radians relative to the incident wave, because of 

the positive index step. If the thickness of the layer is a quarter wavelength the two 

reflection add in phase at the front interface due to the π round trip phase delay for the 
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second reflection. For a stack with many alternate 1/4 wave (or (n/2+1/4) wave, n integral) 

layers of low and high index, all interfacial reflections will add in phase. 

   For a Bragg reflector made from quarter wavelength layers of indices n1 and n2,as 

shown in Figure 2.4, the maximum reflectivity R at resonant wavelength, also denoted as 

Bragg wavelength ( Bλ ), of a stack with m non-absorbing pairs can be expressed by: 
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The no and ns in the equation are the refractive indices of incident medium and substrate, 

respectively and m is pair numbers of the DBR. Layer thicknesses L1,2 have to be chosen 

as L1,2= Bλ  /(4n1,2). The maximum reflectivity of a DBR therefore increases as the 

increasing difference in refractive indices and pair number of DBR. A broad spectral 

plateau of high reflectivity, denoted as a stop-band, appear around the Bragg wavelength, 

the width of which can be estimate as [2.3] 
eff

B
sb n

n
π
λ

λ
Δ

≈Δ
2 . A wide stop-band provides a 

larger tolerance between the designed Bλ  and the main wavelength of the cooperated 

MQWs, this is another important reason for us to use dielectric DBRs as mirrors in our 

VCSEL structure. When two such high-reflectance DBRs are attached to a layer with an 

optical thickness integer times of 2/cλ  )( λλ ≈c , a cavity resonance is formed at cλ , 

leading to a sharp increase of the transmission T at cλ : 
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where φ  is the cavity round-trip phase shift of a photon at cλ .  
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If ,)( 21 RRR =≈ 1)
2

1( 2 ≤≤
− TR  depending on φ . One characteristic parameter of the 

cavity quality is the cavity quality factor Q defines as: 
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=                        (2.16) 

Where cλΔ  is the width of the resonance. An ideal cavity has Q =∞  . If the cavity 

length is 2/λ , Q is the average number of round trips a photon travels inside the cavity 

before it escapes. Figure 2.5 shows an example of the reflection spectrum of a cavity.  

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

index of the two constituent materials, n △ (≣n1-n2). We can calculate 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  
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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  
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For very thick DBRs (m→∞) the tanh function approaches unity and one obtains  
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≈                              (2.19) 

Also, the penetration depth is given by 
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)2tanh(
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where r = (n1-n2)/ (n1+n2) is the amplitude reflection coefficient. 

For a large number of pairs (m→∞), the penetration depth is given by 
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Comparison of eqs. (2.17) and (2.19)   

)(
2
1

21 LLmL effpen +=                           (2.22) 

The factor of (1/2) in Eq. (2.20) is due to the fact that 
 effm applies to effective number of 

periods seen by the electric field whereas  applies to the optical power. The optical 

power is equal to the square of the electric field and hence it penetrates half as far into the 

mirror. The effective length of a cavity consisting of two DBRs is thus given by the sum 

of the thickness of the center region plus the two penetration depths into the DBRs. So 

effective cavity length is extended in a semiconductor microcavity as  

penL

DBRceff LLL +=

2.2 Fundamental of semiconductor microcavities 

 2.2.1 polariton dispersion curve in the strong coupling regime 

   A typical structure of a semiconductor microcavity consisting of a λ/2 cavity layer 

sandwiched between two DBRs. The planar semiconductor MCs in the strong coupling 

regime have attracted a good deal of attention and controlled the interaction between 

photons and excitons, which leads to cavity polaritons, as shown in Figure 2.6. When the 

exciton state is strongly coupled to the cavity-photon mode, quasi-particle called cavity 

polaritons are produced with an anti-crossing dispersion relation, as shown in Figure 2.7. 
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Thus, the elementary excitations of the system are no longer exciton or photon, but a new 

type of quasi-particle called the polaritons. Polaritons, predicted theoretically by Hopfield 

[2.4] and Agranovich [2.5] in the end of 1950s, have been extensively studied in bulk 

semiconductor materials [2.6, 2.7], thin films [2.8, 2.9], quantum wells [2.10, 2.11], and 

quantum wires and dots [2.12, 2.13]. They can be interpreted as virtual exciton–photon 

pairs that propagate in the crystal because of a chain of processes of virtual absorption 

and emission of photons by excitons. The polariton states are true eigenstates of the 

system, so that once the polaritons are present there are no more pure excitons or photons. 

The exciton-photon interaction are often described by linear dielectric dispersion model 

[2.14] or coupled oscillator model [2.15]. The dielectric dispersion is used to described 

transmissive or reflective spectral experiments. The coupled oscillator model on the other 

hand is more suitable for describing active PL experiment. In linear regime, the coupled 

oscillator rate equations for the interaction between a cavity mode a and exciton J are 

                           igJaia
dt
da

a +−−= ωγ                      (2.23) 

                           igaJiJ
dt
dJ

J +Ω−−= γ                      (2.24) 

where ω and Ω are photon and exciton frequencies, a and J are the respective decay rates, 

and g is the interaction constant. The formal solutions of polariton frequencies are 

2/4))()((2/)(2/)( 22
, gii aJaJex +−−−Ω±+−+Ω=± γγωγγωω , where ± 

corresponds to the upper and lower branch polariton. We start from the Hamiltonian with 

the spacial dependence explicitly spelled out, 
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                                                                   (2.25) 

where ukn(x) is cavity mode function, kn is the corresponding wave number, and J(x) is 

exciton field operator. We will discuss the spacial dependence of J(x) and exciton 

Hamiltonian in more detail shortly. The interaction of photon and exciton with reservoir 

are neglected for simplicity. These interactions introduce decay to photon and exciton 

and will be discuss later. g is the exciton-photon interaction constant. Excitons are treated 

as bosons under low excitation limit [2.16-18]. In the above exciton-photon interaction 

Hamiltonian Hint, the overlap integral projects exciton field on cavity modes ukn. It can be 

shown that, using tight-binding model for exciton wave function, the exciton field in 

interaction with radiation behaves exactly as a quantized polarization field [2.17]. Similar 

result could also be obtained from using weak-binding model [2.17]. In our microcavity, 

excitons in GaN expand the whole cavity defined by two DBR mirrors. Applying the 

same cavity boundary condition to quantize exciton field, the exciton field is then written 

in terms of the same cavity mode functions as 

                         )()( xuJxJ
nn k

n
k∑=                         (2.26) 

where  is the exciton amplitude operator of mode function u
nkJ kn and satisfies the 

commutation relation . The use of cavity mode functions as a basis 

for exciton field to describe the exciton-photon interaction can be understood from 

another point of view. To be in the strong interaction regime, one would like to have a 

maximum overlap integral between the exciton field and cavity mode. This occurs for 

'' ],[
nnnn kkkk JJ δ=+
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those excitons with the same cavity mode functions. Therefore, as far as cavity polariton 

is concerned, it is natural to express exciton field in terms of cavity mode functions. 

   From cavity boundary condition, the cavity mode function ukn satisfies orthogonal 

relation . Using this expression, the exciton Hamiltonian is rewritten 

as , where Ω

nm
x

kk mn
uu δ=∫ *

∑ +Ω
n

kkn nn
JJh

n is the transition frequency of exciton mode n. Strictly 

speaking, the exciton transition frequency is wave vector dependent and expression Ωn 

should be used. Here, we will treat it as a constant and drop index n from now on since 

the change of Ωn is small within the range of cavity modes of interest. The Hamiltonian is 

thus simplified to 

         )(
nnnnnnnn kk

n n
kk

n
kkkkn aJJagiJJaaH ++++∑ ∑∑ −+Ω+= hhhω         (2.27) 

The formal operator rate equations are readily obtained as 

                         
nn

n
kkn

k igJai
dt

da
+−= ω                      (2.28) 

                         
nn

n
kk

k igaJi
dt

dJ
+Ω−=                      (2.29) 

One can see that each cavity mode is only coupled to the corresponding exciton mode. 

There are multiple independent cavity polaritons. The root cause of no cross coupling lies 

in the fact that mode functions ukn are orthogonal and both photon and exciton fields are 

based on the same mode functions. The polariton frequencies for mode ukn are 

                   2/4)(2/)( 22
, gnnpol +−Ω±+Ω=± ωωω           (2.30) 

Where  is for upper/lower branch polariton. ±



 

 27

   In particular, the strength of exciton–light coupling is greatly enhanced in 

microcavities, which results in the so-called strong-coupling regime manifested by 

anti-crossing of the exciton–polariton modes, observed for the first time by 

ClaudeWeisbuch et al. [2.19] in 1992. These eigenmodes appeared to be split at the 

anti-crossing point that defines the strong-coupling regime. Splitting between modes at 

this point is widely referred to as vacuum-field Rabi splitting or simply Rabi splitting. In 

the opposite case of the weak-coupling regime, there is no splitting between polariton 

eigenmodes at the crossing point. The weak-coupling regime is realised, in particular, in 

VCSELs and vertical cavity light emitting diodes (VCLEDs). For a system of two 

oscillators there are two possibilities: either they continue to oscillate with the same 

frequency, or the system starts with two new eigenfrequencies split by a value 

proportional to the coupling strength between the two oscillators, as shown in Figure 2.7. 

The first regime is called the weak-coupling regime, and the second is called the 

strong-coupling regime. If there is no attenuation (appearance of non-zero imaginary 

parts of the eigenfrequencies) in the system, it is always in the strong-coupling regime. 

Also, magnetic field can increase the exciton oscillator strength and make it into the 

strong coupling regime. Note that in semiconductor MCs, strong coupling is usually 

invisible at room temperarure due to the exciton broadening altered by varying the 

temperature. Polariton dispersion curves is strongly dependent on the detuning between 

the bare cavity mode ωc(k)and the bare exciton mode ωex(k) at zero in-plane wave-vector 

k=0. The detuning δ is given by ωc(0)- ωex(0). Figure 2.8 shows three typical dispersion 

curves of cavity polaritons for positive, zero and negative detunings. One can see that at 

small k the dispersion of exciton–polaritons in the cavity is essentially parabolic, and can 
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be characterised by some effective mass, while this mass varies dramatically as a function 

of detuning. The possibility of tuning the polariton effective mass over a wide range is an 

important peculiarity of microcavities. Recently, the observed Rabi splittings have 

reached 50 meV and 56 meV for 3λ/2 and 3λ cavity respectively [2.20, 2.21]. 

 2.2.2 Bose Einstein condensation 

   Bose Einstein condensation (BEC) [2.22] has been a source of imagination and 

innovation of physicists ever since its first proposal by Einstein in 1925. The theory 

mainly focus on describing the characteristics of eigenstates distribution for Bosons, and 

the most appealing property is that bosons can coexist on the same energy level. In 

addition, the lower the energy level, the more the particle occupancym, it is far from 

fermion obeyed “Pauli exclusion principle“. A BEC is a state of matter of a dilute gas of 

weakly interacting bosons confined in an external potential and cooled to temperatures 

very near to absolute zero . Under such conditions, a large fraction of the bosons collapse 

into the lowest quantum state of the external potential, and all wave functions overlap 

with each other, then quantum effects become apparent in a macroscopic scale. The first 

application of BEC to a physical system was by London in 1938 [2.23], right after the 

discovery of superfluid in liquid helium [2.24]. Though we can observe BEC by the 

characteristics of superfluid, we can not reach the same phenomena at room temperature 

It has attracted much attention owing to the polariton splitting phenomena of a planar 

GaAs microcavity discovered by C. Weisbush et al. and M, Nishioka et al. in 1992. In 

recent years, much attention has been given to the behavior of these cavity polaritons 

which is the so-called bosonic particles in the strong coupling regime. One area of 

interest relates to the BEC of cavity polaritons. These polaritons will condense to their 

http://en.wikipedia.org/wiki/State_of_matter
http://en.wikipedia.org/wiki/Boson
http://en.wikipedia.org/wiki/Potential
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Absolute_zero
http://en.wikipedia.org/wiki/Quantum_state
http://en.wikipedia.org/wiki/Wave_functions
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final state with a gain as a result of certain scattering processes, and then coherent light 

will be emitted from the polaritons in that state. The BEC of the polaritons is expected to 

yield new scientific fields, such as the coherent manipulation of bosons in a solid state, 

and be applied to a new generation of devices, such as polariton lasers [2.25], polariton 

LED [2.26], and polariton amplification [2.27] without threshold or population 

inversion . 
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Figure 2.1 Basic geometry of a vertical cavity surface emitting laser. 

 

 

 

Figure 2.2 A typical microcavity structure. The central cavity layer having a thickness 

equal to an integer number of half-wave-lengths of light at the exciton resonance 

frequency is sandwiched between two Bragg mirrors. A quantum well (several quantum 

wells) should be embedded in the antinodes of the cavity mode electric field in order to 

provide the strongest coupling to light.  
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Figure 2.3 Schematic draw of the light reflected from the top and bottom of the thin film. 

 

 

 

 

Figure 2.4 Schematic of distributed Bragg reflector incorporating m pairs of two 

mediums with indices n1 and n2. 

 



 

 32

750 800 850 900 950
0

20

40

60

80

100

 

 

 

R
ef

le
ct

iv
ity

 (%
)

Wavelength (nm)

Cavity Mode 

Δλ

Figure 2.5 Reflectance of an 2/λ  empty microcavity. 
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Figure 2.6 Polaritons are produced by interaction between excitons and photons. 
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Figure 2.7 When the exciton state is strongly coupled to the cavity-photon mode, 

quasi-particle called cavity polaritons are produced with an anti-crossing dispersion 

relation.
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Figure 2.8 Polariton dispersion for different detuning between exciton and photon modes: 

(a) δ= positive, (b) δ= zero, (c) δ= negative. Dashed lines show the energies of uncoupled 

exciton and photon modes. 
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Chapter 3 

Characteristics of the two dielectric DBR GaN-VCSELs 

3.1 Structure design 

3.1.1 GaN-based VCSELs with two mirrors 

In this study we propose a VCSEL structure consisting two dielectric DBRs and a 

GaN-based resonant cavity. An epitaxially grown, thick (~4 μm) GaN-based cavity 

incorporated with InGaN MQWs was separated from the sapphire substrate by using laser 

lift-off and then embedded the cavity between two dielectric DBRs. By using different 

dielectric materials with large difference in refractive index (for example, the difference 

in SiO2 and TiO2 is ~1.58 at 430 nm), a DBR with a high reflectivity and wide stop band 

could be achieved with less DBR pairs. 

   SiO2/TiO2 and SiO2/Ta2O5 DBRs were used in our GaN-based VCSELs. The 

difference of refractive index between SiO2 and TiO2 is larger than that between SiO2 and 

Ta2O5, therefore SiO2/TiO2 DBR can achieve a high reflectivity with less pair than 

SiO2/Ta2O5 DBR. Since the absorption coefficient of Ta2O5 for the pumping laser 

(Nd:YVO4 laser with laser wavelength of 355 nm) is smaller than SiO2, SiO2/Ta2O5 DBR 

was used in order to reduce the absorption of pumping laser as the pumping laser passes 

through the DBR. The thickness of p-GaN is chose to be 1.5λ in order to maximize the 

overlap between anti-node and MQWs. The structure for simulation is based on the 

fabricated dielectric DBRs VCSLEs. Figure 3.1 shows the simulated standing wave 

(square of electric field) patterns calculated by transfer matrix inside the cavity of the 

VCSEL structure [3.1]. The numerical simulated indicates that the ten pairs MQWs cover 

whole half λ optical field, therefore the resonant modes in the cavity can be amplified 
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efficiently. The thick n-type GaN layer in the structure can prevent the damage on the 

InGaN/GaN MQWs since the dislocation or defect might migrate into the MQWs during 

the laser lift-off process [3.2]. From the numerical simulation of the VCSEL structures 

with different p- and n-GaN thickness, we also found that the overlap between optical 

field and MQWs strongly depends on the thickness of p-GaN layer, but not on the 

thickness of the n-type GaN. In addition, since the MQW region with 1/2λ optical 

thickness can compensate the possible misalignment between the anti-nodes of the 

standing wave pattern and the active region position, the effect of the thickness variation 

of n-GaN that can not be controlled preciously during laser lift-off can be minimized. 

 3.1.2 Laser lift-off technique 

   In 1999, Song et al. demonstrated a dielectric DBR VCSEL structure consisting of 

InGaN MQWs and 10-pair HfO2/SiO2 top and bottom DBR using laser left-off (LLO) 

technology [3.3]. The reflectivity of top and bottom DBRs were 99.5% and 99.9%, 

respectively. Now, we also use the same technique to fabricate our sample. Then, the 

bonding energy of GaN is high as 8.92 eV/molecule, results in the higher melting 

temperatures and good thermal stability of the GaN compounds compared to other 

compound semiconductors. The activation energy for GaN decomposition is 3.25 

eV/atom. As to the observation of Ga droplets during decomposition in vacuum 

indicating that GaN decomposes into solid gallium and gaseous nitrogen was reported by 

Groh et al [3.4]. Sun et al. [3.5] found the thermal decomposition of MOCVD grown 

GaN on r-plane sapphire occur at a temperature of 1000 oC in a hydrogen ambient. Their 

report indicated decomposition of the GaN→2Ga(l)+N2(g) will occur at a critical 

temperature of ~1000 oC at atmospheric pressure [3.4, 3.6]. In this study, a KrF excimer 
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laser with a wavelength of 248 nm (5 eV) was used to decompose the GaN grown on 

c-plane sapphire. The laser illuminated on the surface between GaN and sapphire and 

decomposed the GaN into Ga and N2, hence, the grown GaN-based LED or micro-cavity 

structure were transferred from the sapphire substrate to host substrate. 

 3.1.3 Sample structure  

   The GaN/InGaN microcavity devices was fabricated by a standard epitaxial growth, 

followed by dielectric coating, laser lift off, and another dielectric coating to finally form 

a surface emitting microcavity. The device was grown on a (0001)-oriented sapphire 

substrate by metalorganic chemical vapor deposition (MOCVD). The layer structures are: 

a 30nm nucleation layer, a 4 μm GaN bulk layer, MQWs consisting of 10 periods of 5 nm 

GaN barriers and 3 nm In0.1Ga0.9N wells, and a 200 nm GaN cap layer. The 

photoluminescence (PL) emission peak of the fabricated MQW was at 420 nm. Then, a 6 

pairs of SiO2/TiO2 dielectric DBR was deposited on the top surface. In order to measure 

the spectral reflectivity of the deposited DBR, a glass substrate served as a monitor 

sample was deposited in the same deposition run. The reflectance spectrum of the 

SiO2/TiO2 DBR is obtained by measuring the monitor sample and the PL spectrum of the 

as-grown sample as shown by Figure 3.2. Next, a silica substrate was expoxied onto the 

BDR surface, which is nearly transparent to the wavelengths of the pumping laser and 

our VCSEL. In order to enhance the adhesion between the epitaxial layers and the silica 

substrate, an array of disk-like patterns with a diameter of 60 μm was formed by standard 

photolithography and the SiO2/TiO2 DBR mesas were formed using a buffer oxide etcher. 

A pulsed excimer laser was then focused through sapphire substrate onto sapphire GaN 

interface to remove sapphire substrate by thermal ablation. After the LLO process, the 
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sample was dipped in HCl solution to remove residual Ga droplets on the exposed GaN 

buffer layers. In the next step, the sample was lapped and polished using diamond 

powders to smooth the GaN surface since the LLO process left a roughened surface. 

However, to prevent the possible degradation of the quality of MQWs during lapping, the 

4.2 μm GaN bulk layer was preserved, followed by a eight pairs of SiO2/ Ta2O5  DBR 

dielectric coating on the polished GaN surface. The final finished Fabry-Perot cavity 

formed by these two DBR mirrors has a vavity length of 4 μm. Figure 3.3 shows the 

complete sample structure and Figure 3.4 shows the fabrication process of the GaN-based 

dielectric DBRs VCSEL. Figure 3.5 (a) shows the microscopic image of a fabricated 2x2 

VCSEL array and the circular areas are the locations of VCSELs with DBRs, also serving 

the emission apertures. Figure 3.5 (b)、 (c) shows a photograph of the fabricated VCSEL 

on a silica host substrate and a Si substrate, respectively. In this chapter, we observed the 

characteristics of VCSEL bonded on the Si substrate. 

3.2 Measurement setup 

   The fabricated two dielectric GaN-based VCSELs were optically pumped by a Nd: 

yttrium aluminum garnet (YAG) laser (PowerChip NanoLaser CDRH model, JDS 

Uniphase) whose lasing wavelength is 355 nm with a repetition rate of 1 k Hz and a pulse 

width of 0.5 ns, and the other source is 325 nm HeCd continuous wavelength (CW) laser. 

The system have two optical pumping sources, two optical incident paths, two methods 

for collecting photoluminescence and two ways to collect surface images of the sample as 

shown in Figure 3.6, then the setup mentioned before represents the   so-called 

angle-resolved μ-PL (AR μ-PL) system. As shown in Figure 3.6, the incidence path of Nd: 

YVO4 pulse laser whose laser beam was focused with a spot of x-axis about 50 μm and 
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y-axis about 130 μm in an elliptical shape by a convex lens with 10 cm focus. It is 

obliquely incident on the VCSEL sample from the SiO / Ta O2 2 5 DBR in order to reduce 

the absorption of the pumping laser by the DBR. The light emission from the VCSEL 

sample was collected by a 15X objective lens and then straightly transmitted to a 

spectrometer (Jobin-Yvon IHR320 Spectrometer) with a spectral resolution of 0.07 nm or 

collected by a fiber with a 600 μm core. Also, the incidence path of HeCd CW laser 

whose laser beam was focused with a spot size of about 1 μm in diameter by an objective 

lens (x15) and is vertically incident on the VCSEL sample from the SiO / Ta2 2O5 DBR. 

The light emission from the sample was gathered by a 15X objective lens and straightly 

collected by spectrometer, too. The samples are optically pumped by laser beam with an 

incident angle of 0° or 60° for measuring the divergent angle. The VCSEL sample was 

put in a cryostat chamber for measuring the temperature dependent characteristics. In 

addition, a charge-coupled device (CCD) camera was used to locate the aperture and 

observe the emission patterns of the VCSEL.  

3.3 Threshold condition and spectrum evolution 

   Figure 3.7 indicates that pumping energy is below the threshold, meanwhile, the 

spontaneous emission spectrum have multiple cavity modes. The cavity length of the 

VCSEL can be estimated by 

,
)L

d
dn-2(n

2

λ
λ

λλ =Δ                                                   (3.1) 

λ
λd

dn-nwhere λ is the wavelength of cavity mode, L is cavity length and  is refractive 

index of the cavity with taking wavelength dispersion into consideration. The cavity 
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modes spacing show by the PL emission is about 7 nm corresponding to a cavity length 

of 4.2 μm, which is nearly equal to the thickness of the epitaxial cavity. The linewidth of 

each individual cavity mode is 0.4 nm. The cavity quality factor (Q factor), which is a 

measure of the shapness or selectivity of a resonant cavity, therefore cab be estimated 

from the ratio of wavelength to linewidth (λ/Δλ) is about 1000. Considering the optical 

absorption of the GaN layer, the estimated effective cavity reflectivity based on this Q 

factor is about 98%, which is close to the cavity reflectivity achieved by the two 

dielectric DBRs. This result indicates that the laser cavity structure was nearly intact after 

laser lift-off process. Figure 3.8 shows the evolution of the VCSEL emission spectrum 

under different pumping levels at room temperature. As the pumping energy increased, a 

lasing mode was obtained from one of the cavity modes that can be observed below 

threshold condition. Figure 3.9 shows laser emission intensity obtained from the emission 

spectra as a function of pumping energy at room temperature. As pumping energy 

increased above the threshold, a dominant laser emission line appeared at 412 nm with a 

narrow linewidth of about 0.26 nm. The lasing wavelength is located at one of the cavity 

modes near the peak emission wavelength of the InGaN MQWs. The pumping laser beam 

was focused with a spot size of about 80 μm, while the measurement setup will be 

introduced in Chapter 4. The threshold condition was obtained at a pumping energy of 

Eth=784 nJ corresponding to an energy density of 15.6 mJ/cm2 and the inset represents 

one of the lasing conditions, whose pumping power is 0.89mW. Output laser intensity 

from the sample increased linearly with pumping energy beyond the threshold. The 

estimated carrier density at the threshold is on the order of 1020 cm-3 assuming that the 

pumping light with an emission wavelength of 355 nm has experienced a 60% 
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transmission through the SiO2/Ta O2 5 DBR layers and undergone a 98% absorption in the 

thick GaN layer. Figure 3.10 shows the far-field pattern (FFP) of the laser emission. The 

laser emission has a full-width at half maximum 

(FWHM) of the FFP is about 5◦ in both horizontal and vertical directions. We measured 

the laser emission polarization contrast between two orthogonal directions by placing a 

polarizer in front of the entrance of the spectrum analyzer. The laser emission intensity 

varied as a function of polarizer rotation angle as shown in Figure 3.11. We used the 

curve with a function of sinθ to fit the angle dependent laser intensity. The difference 

between the two angles of minimum intensities is 180o indicating the emission laser a 

linear polarization. The degree of polarization of the VCSEL emission is about 79.4% 

according to the definition of 
minmax

minmax

II
II

P
+
−

= , where Imax and Imin is the intensity 

maximum and minimum of the laser emission, respectively.  

3.4 Temperature characteristic  

   The temperature dependence of the lasing threshold of the VCSEL is shown in Figure 

3.12. The threshold pumping energy increased gradually with increasing temperature. 

From the activation dependence of Eth and the dependence of the threshold condition on 

the temperature can be expressed as E (T) = Eth 0 exp(T/T ), where E0 0 is a constant and T0 

is the characteristic temperature. We obtained a characteristic temperature of about 130 K 

for this dielectric type VCSEL for the temperature range of 70 to 300 K by linearly fitting 

the experimental result. This T  value is higher than the reported T0 0 of 82 K or 120 k [3.7] 

for the GaN-based edge-emitting laser diode. High T0 value could be attributed to a better 

gain-alignment of the MQWs with the cavity mode and a lower threshold carrier density 

due to the higher quality factor provided by both dielectric DBRs. 
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3.5 The gain characteristics for different temperature 

 3.5.1 Temperature dependent gain characteristics by a Nd: yttrium aluminum 

garent (YAG) laser 

   Figure 3.13 shows the photoluminescence spectra of the GaN-based VCSEL under 

different pumping power levels at 80 K. Above the threshold condition, only one lasing 

mode at about 407 nm dominates. The Hakki-Paoli method is one of the most common 

method to extract net optical gain from amplified spontaneous emission (ASE) spectra.  

Therefore, the optical gain can be therefore estimated using the Hakki-Paoli [5.14 pig] 

method to analyze these multiple cavity modes from the photoluminescence spectra 

below the threshold condition. To derive the net optical gain, we first consider a 

semiconductor laser in a Fabry-Perot cavity. The reflectivities of the two mirrors are R1 

and R2, respectively. Now, a field P1 incident on mirror 1 and the amplitude of the 

reflected wave is R 1/2F1 1. This first reflection travels towards morror 2 with a propagation 

constant k-j (α /2), where αi i is the internal loss per unit length. When a wave bounces 

back and forth in a Fabry-Perot cavity, its amplitude after one round trip of distance 2L 

has to remain at least the same to obtain gain. When the multiple reflections interfere 

constructively and destructive, the total incident field in a single mode are 

⎪
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                         (3.1) 

The maximum and minimum intensities with spectral measurements of Fabry-Perot 

modes in the cavity are I+ and I-, respectively. Therefore, αi can be obtained from Eq. (3.1) 

and the structure is a VCSEL, which can be expressed as 
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( ) ( ) ( )
                                                                    (3.2) 

whereλ is the wavelength at which the cavity modes are being measured. Confinement 

factor of the laser structure is estimated as Γ = 0.7% by calculating the spatial overlap 

between the optical field and MQWs layers in the VCSEL cavity, da is the thickness of 

ten quantum wells, I+ and I- are the maximum and minimum PL intensities for each 

cavity mode obtained from the measured PL spectra, R1 and R2 are DBRs reflectivities 

which are 99% and 98%, respectively, αi is the average internal loss of the cavity, which 

is dominated by the absorption of thick GaN layer and was set to be 42 cm-1 at room 

temperature [3.8] and L is the cavity length. Under different pumping levels, the I+ and I- 

would vary and the individual gain for each cavity modes can be obtained from the eq. 

(3.2). The gain spectra of the VCSEL under different pumping power levels at 80 K are 

shown in Figure 3.14. Each data point was calculated from the corresponding cavity 

mode in Figure 3.13. The gain curves show an increasing trend as the pumping intensity 

increases and the gain bandwidth keeps broadening. In addition, the mode peaks blue 

shift due to the increase of the optical gain. At 80k, the peak gain of 2.2×103 cm-1 was 

obtained at threshold condition with a carrier density of 6.8×1019 cm-3. The gain spectra 

under different temperature (at 150K, 220K and 300K) were also obtained with the same 

measurement and calculation method, respectively. The pumping carrier density 

dependence of the peak gain of the lasing mode (at about 407 nm) is plotted in Figure 

3.15 for different measurement temperature. Here the carrier density in QWs was 

estimated from the power density of the pumping laser assuming that the pumping light 
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with the emission wavelength of 355 nm has experienced a 60% transmission through the 

SiO /Ta O2 2 5 DBR layers and undergone a 98% absorption in the thick GaN layer with a 

absorption coefficient of 104 cm-1 [3.9]. At 80k, the threshold carrier density was 

estimated to be about 6.8×1019 cm-3. The figure shows that the carrier density required to 

reach a given gain increases with increasing temperature and we can observe the gain 

increase more rapidly as a function of the injected carrier density at lower temperature. It 

could be resulted from several reasons: (1) The ratio of radiative to nonradiative 

recombination is lower at high temperature than that at low temperature. (2) The carrier 

overflow becomes pronounced at higher temperatures resulting in less radiative 

recombination in the MQWs and consequently a lower gain [3.10]. (3) The main cause is 

the broadening of Fermi occupation probability function which spreads carriers over a 

larger energy range for a given overall carrier density. The result is a lower spectral 

concentration of inverted carriers, which leads to a broadening of the gain spectrum. 

   Semiconductor lasers exhibit a strong variation of refractive index and optical gain 

when injected carrier concentration changes. The parameter describing this dependency is 

called linewidth enhancement factor (α-factor) [3.11]. It is an important parameter of 

semiconductor lasers, such as laser linewidth and chirp. We can estimate the linewidth 

enhancement factor from the ASE spectra below the threshold condition [3.12]. The 

α-factor is the ratio of the change of the refractive index (n) with carrier density (N) 

respect to the change in optical gain with carrier density and can be expressed by   

                              
dg
d

L
λ

λ
πα
Δ

=
2                            (3.3) 

where Δλ is the cavity mode spacing, L is the cavity length, dλ is the wavelength shift 

when the carrier density is varied by dN, and dg is the change in optical gain with carrier 
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density (N). Hence, the α-factor can be obtained from the emission spectra under different 

pumping power levels below the threshold from Eq. (3.3). The estimated α-factors under 

different temperature are shown in Figure 3.16. At the lasing mode, the α-factors 

decrease as the ever-declining temperature. The α values increase as the increasing 

temperature owing to the increment of carrier density in the QWs. For the lasing mode, 

the α-factors varied from 4.3 to 0.6 as the temperature varied from 300K to 80K. In 

comparison to the InGaN/GaN edge emitting laser structure that the α value varies 

between 2.5 and 10 [3.13], the linewidth enhancement factor in the GaN-based VCSEL 

structure is smaller. 

 3.5.2 Temperature dependent gain characteristics by a CW laser 

   The wells of MQWs for our sample are In0.1Ga0.9N. We utilize the micro-PL intensity 

mapping of the VCSEL with a scanning optical microscopy to measure the 

inhomogeneous photoluminescence caused by spatial inhomogeneity of In composition, 

as shown in Figure 3.17 (a). It shows the intensity mapping of the entire aperture of the 

VCSEL. With a fine scan inside the square area in Figure 3.17(a), Figure 3.17(b) shows 

the non-uniform PL emission intensity across the aperture has patches of bright areas 

with about 2~4 μm in size. The bright areas are higher intensity than the dark areas. 

Figure 3.18 shows the PL spectra of bright (marked as A) and dark (marked as B) areas. 

Nevertheless, spatial inhomogeneity in cavity loss due to potential micrometer-scale 

imperfection of the DBRs could also cause different threshold gains in spatial distribution. 

On the other hand, the different micro-PL intensities across the VCSEL aperture imply a 

non-uniform material gain distribution existed in InGaN/GaN MQW layers. 

   Figure 3.19 shows the photoluminescence spectra of the GaN-based VCSEL by CW 
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laser under different pumping power levels at 80K: (a) the bright areas (A), (b) the dark 

areas (B). Use Hakki-Paoli method to obtain the gain spectrum. Figure 3.20 shows the 

gain spectra of the VCSEL under different pumping power levels at 80 K: (a) the bright 

areas (A), (b) the dark areas (B). Each data point was calculated from the corresponding 

cavity mode in Figure 3.19. We can discover that the gain values of the highest PL 

intensity are larger than the relatively one of the lower intensity. We found that there 

exists sharp slopes of gain spectra ranging from 400 nm to 420 nm, while the slopes of 

the gain spectra ranging from 420 nm to 445 nm are smooth. The possible reason might 

be the large difference absorption at near band gap (400 nm ~ 420 nm). Nevertheless, the 

difference absorption from the band gap between 420 nm and 445 nm is small.. Here the 

carrier density in QWs was also estimated from the power density of the pumping laser. 

The figure also shows that the carrier density required to reach a given gain increases 

with increasing temperature and we can observe the gain increase more rapidly as a 

function of the injected carrier density at lower temperature, as shown in Figure 3.21. The 

reasons just like them were mentioned before. We can find that the gain value estimated 

by pulse laser is larger than the one by CW laser because of the larger carrier density in 

MQWs.  

 

 

 

 

 

 



 

 49

 

Figure 3.1 The simulated standing wave patterns inside the cavity for the dielectric DBRs 

VCSEL structure. 

 

Figure 3.2 Measure spectral reflectivity of 6 pairs of SiO2/TiO2 DBR and 8 pairs of 

SiO2/Ta2O5 DBR. The PL spectrum of the as grown cavity consists of 10 pairs of 5 nm 

GaN barriers and 3 nm In0.1Ga0.9N wells. 
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igure 3.3 The layer structure used for calculation of standing wave patterns. The 
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structure was constructed according to the fabricated dielectric DBRs VCSELs. 
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                                     (b) 

            

(c)                                     (

               

(f) 

Figure 3.4 Fabrication of the GaN-based dielectric DBRs VCSEL. 
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(a) 

SiO2/Ta2O5 R  DB

        

         (b)                                 (c) 

Figure 3.5 (a) The left picture is scopic image of a fabricated 2x2 VCSEL 

array DBRs, also serving the 

emis

aperture 4um n-GaN 

 the micro

. The circular areas are the locations of VCSELs with 

sion apertures. (b)、(c) A photograph of the fabricated VCSEL on a silica host 

substrate and a Si substrate, respectively. 
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igure 3.6 Schematic disgram of measurement setup for the characteristics of the 

iple 

 
 
F
GaN-based two dielectric DBRs VCSEL. 

 
Figure 3.7 Spontaneous emission spectrum below threshold condition shows mult
cavity modes. 
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Figure 3.9 Laser emission intensity obtained from the emission spectra as a function of 

 
Figure 3.8 Spectral evolution of the VCSEL emission different pumping levels. 

pumping energy at room temperature. The inset represents one of the lasing conditions, 

whose pumping power is 0.89mW. 
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Figure 3.10 Far field pattern of the VCSEL. 
 

 
 

Figure 3.11 The angle d pendent laser intensity 
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igure 3.12 Temperature dependence of the lasing threshold of the VCSEL. 
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igure 3.13 Photoluminescence spectra of the GaN-based VCSEL under different 

                 

 spectra of the VCSEL under different pumping power levels at 80 K. 
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Figure 3.14 Gain
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igure 3.15 Pumping carrier density dependence of the peak gain of the lasing mode for 

Figure 3.16 The α-factor value for different temperature 
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Figure 3.17 (a) Micro-PL intensity mapping image of the VCSEL aperture. (b) Fine 
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igure 3.18 PL spectra of highest PL intensity point (A) and the lower PL intensity point 
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Figure 3.20 Gain spectra of the VCSEL unde

the bright areas (A), (b) the dark areas (B). 

-100000

-80000

-60000

-40000

-20000

0

 

 

G
ai

n(
cm

-1
)

Wavelength(nm)

 15mW
 13mW
 11mW
 9mW
 7mW
 5mW
 3mW

400 410 420 430 440 450 460
-100000

-80000

-60000

-40000

-20000

0
 

 

G
ai

n(
cm

-1
)

Wavelength(nm)

 15mW
 13mW
 11mW
 9mW
 7mW
 5mW
 3mW



 

 63

                        (a) 
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Figu nce of the peak gain of the lasing mode for 
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re 3.21 Pumping carrier density depende

different temperature (a) the bright areas (A), (b) the dark areas (B). 
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Characteristics of ctor microcavity 

4.1 Sampl

ture in chapter 3 except for the 

ispersion in multimode GaN microcavity 

ith 

a zo

Chapter 4 

 semicondu

e structure and measurement setup 

   The sample structure is as same as the above struc

latter is bonded on silica, as shown in Figure 2.6 (b). Figure 4.1 shows the measurement 

setup. The fabricated microcavity was pumped by a CW HeCd laser through the 

SiO2/Ta2O5 DBR mirror at room temperature. The laser was focused by a 15X objective 

with spot size about 1 μm. The PL emission was focus by the same objective and coupled 

into a fiber (100 μm in diameter) using an imaging optic and led to a spectrometer 

(Jobin-Yvon Triax 320) with a spectral resolution of 0.1 nm. In addition, a 

charge-coupled device (CCD) camera was used to locate the aperture and observe the 

emission patterns of the VCSEL. 

4.2 Strong cavity polariton d

The PL spectra at different pump power levels are shown in Figure 4.2(a) along w

om in Figure 4.2 (b) around the GaN wavelength region. The GaN and InGaN QW 

transitions, 365 nm and 420 nm, were both excited. Multimode peaks can be identified 

from 370 nm all the way to 470 nm. Multiple Lorentzian profiles are used to fit the 

spectral peaks from 360 nm to 390 nm to identify their exact locations. Two typical 

fitting results are shown in Figure 4.2 (c) and (d) for high and low pump power levels. 

The sums of the fitted Lorentzian profiles are also displayed and both show fairly good 

fits. For those peaks can be clearly identified, the fitted peak position do not have 

noticeable changes within the range of different pump power levels. The mode spacing 
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x dispersion cause the mode spacing to 

decreases by almost a factor of five from 470 nm to 370 nm. It could be attributed to one 

of the two reasons: (1) the material index dispersion, (2) the polariton dispersion. 

Because the top and bottom DBR are not a pair of perfect reflective mirrors, we must 

consider the induced phase shift in the cavity, as shown in Figure 4.3. We can find the 

variance of the phase for different wavelength as the blue curve depicted in Figure 4.3, 

while the red curve is the reflectivity of DBR.  

   Firstly, we discuss that if the material inde

decrease gradually from 470 nm to 370 nm. A theoretical index dispersion equation 

derived from semiconductor near band edge absorption and Kramers-Krong relation 

[4.1,4.2] 

.        2/12/12 )/1()/1(2()/()()( ggg EEEAxCn ωωωω hhhh −−+−+= −     (4.1) 

where ωh  is photon  is the photon energy. Eg is the direct band gap of AlxGa1-xN, C

energy independent for a fixed Al content, A(x) have a relationship with photon energy 

and oscillator strength of the optical transition. Our sample is GaN-based, so the Al 

content is zero [4.3]. The blue curve is the refractive index of a similar GaN sample 

without DBR cavity measured by an ellipsometer, then we use the red curve out of eq. 

(4.1) to fit the blue curve, which show a fairly good agreement to our fit, as shown in 

Figure 4.4. The measured index dispersion along with the effective index dispersion 

)( mPLn λ  derived from the resonant peaks of PL spectrum are shown with blue square 

n Figure 4.5. The effective index )( mPLn λ  is obtained by the resonant condition legends i

)(2

)1(

mPL

m

n

m
L

λ

λ
π
φ

−+
=                           (4.2)                           
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smλwhere L is the cavity length, m is the mode number, and  are the observed PL peaks. 

Since we know the cavity length is L = 4.2 μm, φ  is the phase degree, and mode 

number start from m = 43 from the above curve fitting, we can obtain )( mPLn λ . C, A, 

and energy band gap Eg are fitting parameters. Figure 4.5 shows the fitting of index 

dispersion disagree with the )( mPLn λ  value.  

   Secondly, we discuss the effect of polariton dispersion. In the strong interaction 

regime, exciton and photon form two coupled cavity polariton states. The two polariton 

states, upper and lower branch, have an unique anti-crossing dispersion characteristic. 

The observed resonant frequencies versus cavity axial mode wave numbers are shown 

with red square legends in Figure 4.6. The observed peaks are fitted by the lower branch 

cavity polariton dispersion equation, 2/4)(2/)( 22
, gnnnpol +−Ω−+Ω= ωωω , 

where Ω is the exciton frequency, nω  is the photon frequency of nth cavity mode, which 

is concerning about the DBR phase shift, and it could be expressed as 

nL
cmn 2

))(1(
π
λφω −+=  , npol ,ω  is the corresponding polariton frequency, and g is the 

exciton photon interaction constant. The blue line is the fitted curve and it shows an 

excellent fit with the fitting parameters, Ωh  = 3.50 eV,  = 0.29 eV, and n = 2.4. 

The exciton energy  = 3.5 eV from fitting is reasonably close to the 3.45 eV value 

cited in literatures. The exciton and photon energies versus wave number k obtained from 

the curve fitting are shown with two straight lines where the black triangle legends are 

the cavity photon modes coupled to excitons to form cavity polaritons. The interaction 

constant of  = 290 meV is the highest value reported so far to the best of our 

knowledge. It is an order of magnitude larger than the recently reported state of the art 

gh

Ωh

gh
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values obtained from Rabi splitting measurement in III-nitride based devices, where Rabi 

splittings  of 50meV and 56meV were reported for 3λ/2 and 3λ cavity 

respectively [4.4,4.5]. The PL resonant peaks on the other hand are well described by the 

polariton dispersion equation as shown in Figure 4.6. This confirms that the observed PL 

peak dispersion can not be solely attributed to material dispersion and the full 

consideration of the interaction between exciton and cavity photons is required to explain 

the observed PL spectrum. There are some subtleties in PL spectra worth of attention. 

First, the upper polariton modes were not observed. We remark that it is probably 

because the energy levels of upper polariton are many times of thermal energy higher and 

are thermalized by a Boltzmann distribution factor with respect to those of the lower 

polaritons [4.6]. 

gRS h2=Ω
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Figure 4.1 Schematic diagram of measurement setup. 
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                                    (d) 
Figure 4.2 The PL spectra of optically pumped GaN/InGaN surface emitting microcavity. 

(a) PL spectra at various pump power levels. The GaN and InGaN/GaN QW transitions are 

both excited. The resonant spacing decreases by almost a factor of five from 470 nm to 370 nm. 

(b) A zoom in spectrum around GaN transition wavelength region. (c) (d) Typical multiple 

Lorentzian profile fitting along with the sums of the fitted profiles superimposed on PL spectra. 
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Figure 4.3 Phase shift and reflectance of DBR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 The index of refraction measured by ellipsometer (blue curve) is fitted by a 

theoretical index dispersion equation (red curve). 
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Figure 4.5 The effective index from PL resonant peaks (blue square legend) are fitted by 

a theoretical index dispersion equation (red curve). 
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Figure 4.6 The red square legends are the observed multimode energy positions plotted 

versus equally spaced wave numbers. The blue line is the fitted curve based on cavity 

polariton dispersion equation. The two straight lines are the exciton and photon energies 

obtained from fitting parameters. The black triangle legends are the corresponding cavity 

photon modes. 
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Chapter 5 

 Conclusions and Future Work 

5.1 Conclusion 

 5.1.1 Two dielectric DBRs VCSELs 

   We proposed a GaN-bsed VCSEL structure consists of InGaN/GaN MQWs and two 

dielectric DBRs with high reflectivity. The GaN-based cavity including MQWs was 

gown on a sapphire substrate. Then the grown cavity was embedded by two dielectric 

DBRs and transferred onto a silica substrate or a Si substrate. 

   The laser emission characteristics of a GaN-based vertical-cavity surface-emitting 

laser with two dielectric distributed Bragg reflectors were investigated under optically 

pumped operation at room temperature. The Q factor of the VCSEL is about 1000, 

indicating a good interfacial layer quality of the structure. The laser emits emission 

wavelength at 412 nm with a linewidth of 0.26 nm. The measurement results, including 

the linewidth reduction, degree of polarization of 79.4%, and the divergent angle of 5°  

are obtained. The laser has a threshold pumping energy of 784 nJ at room temperature 

and the characteristic temperature of 130K. Hakki-Paoli method was applied to analyze 

the temperature dependent optical gain and linewidth enhancement factor of the VCSELs. 

Due to the multiple cavity modes in the structure, the optical gain can be obtained by 

measuring the photoluminescence spectra below the threshold condition. At 80 K, the 

optical gain of 2.2×103 cm-1 was estimated at the threshold condition with a carrier 

density of 6.8×1019 cm-3 by pulse laser. Under the different temperature, it is found that 

the gain increases more rapidly as a function of the injected carrier density at lower 
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temperature. The α-factor at 80 K was estimated as 0.6 and increased to as high as 4.3 at 

300K. The characterization of temperature dependent gain and α-factor provides further 

understanding in operation of the GaN-based VCSEL. Micro-PL intensity mapping 

indicated that the nonuniform PL emission intensity across the VCSEL aperture. The gain 

values of the highest PL intensity are larger than the ones of lower PL intensity. We 

obtained the sharp slope of gain spectrum from 400 nm to 420 nm while the slope of the 

gain spectrum ranging from 420 nm to 445 nm is smooth. 

 5.1.2 Cavity polariton dispersion in multimode GaN microcavity 

   The frequency spacing between adjacent PL peaks decreases by almost a factor of 

five from 470 nm to 370 nm. We use the material index dispersion and polariton 

dispersion to fit the experimental data, it shows that the latter fitting curve is much better 

than the former one. It is shown a very strong polariton dispersion in a multimode GaN 

surface emitting microcavity at room temperarure. There are multiple photon modes 

simultaneously in interaction with exciton. The dispersion in PL peaks can be described 

very well by the lower branch cavity polariton dispersion equation. The fitting gives an 

exciton-photon interaction constant is 290meV. 

5.2 Future works 

   The DBR reflectivity has a roll off from 90% reflectivity at 383 nm to the first 

reflectivity minimum at 368 nm, as shown in Figure 4.3. The 4 μm bulk GaN layer has a 

PL peak at 365 nm with a linewidth of 7 nm. The Lorentzian roll off of GaN PL spectrum 

still has 7% of its peak value at 380 nm. The roll off of DBR reflectivity and that of the 

Lorentzian tail of GaN PL spectrum are in opposite directions but still have a overlap 

between 370 nm and 380 nm. Normally, this is not an optimized cavity reflectivity 



 

 78

condition for investigating exciton-photon interaction. Therefore, we will fabricate the 

DBR with stop band center tuned to 370 nm and hope to measure the dispersion of upper 

and lower polariton branches. 

  

 

 


