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摘要 

本論文研究與製作以金屬有機氣相化學沉積法  (Metalorganic chemical 

vapor deposition, MOCVD)成長之長波長與短波長面射型雷射。面射型雷射其具

有圓形光束輸出、低製作成本、單一縱模操作、以及整合二維陣列的潛在特性，

因此在長波長範圍之光纖通信、短距數據通信與短波長範圍之高密度光學資訊儲

存、高速掃瞄輸出、商業化光源及顯示應用上，成為極具潛力的發光源。本論文

針對此二主要課題進行研究：研究及製作 0.45 µm 短波長氮化鎵系列之面射型雷

射與 1.3-1.5 µm 長波長磷化銦系列的面射型雷射。 

 

對於氮化鎵系列之面射型雷射，我們研究了氮化銦鎵/氮化鎵主動層材料之

最佳條件。這些最佳條件包含量子井的數目、厚度及矽摻雜於位障層，皆會影響

主動層之發光效率，這些優化之參數已由發光二極體 (LED) 證實。低銦含量(<20 

%)量子井之LED，在 20 毫安培之最大光輸出其最佳量子井數目為 6 個週期、量

子井厚度為 3.2 nm。矽摻雜於位障層可明顯提升發光效率，矽摻雜流量=0.19 sccm

於位障層之LED在 20 毫安培之最大光輸出比矽摻雜流量=0.12 sccm於位障層之

LED高了約 20 %。我們也製作了使用一維光子晶體反射鏡得到高取出效率之藍

光LED。此一維光子晶體反射鏡包含了 14 週期堆疊之TiO2/SiO2介電材料，在大

角度範圍比傳統布拉格反射鏡 (DBR)具有較高反射率。在相同波長比傳統LED

之輸出功率有 80 %的提升。我們也已經實現了光激發之氮化鎵面射型雷射，其

結構包含了由MOCVD成長之 25 對AlN/GaN 布拉格反射鏡 (DBR)、3λ長共振腔

以及 8 對Ta2O5/SiO2介電材料。已成功光激發的氮化鎵面射型雷射，其雷射波長

為 448 nm，線寬只有 0.25 nm。 
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在傳統製作長波長面射型雷射的材料中，缺乏折射率差異大的材料組合以

製作高反射率的布拉格反射鏡，加上傳統長波長雷射的主動層材料，其高溫特性

不佳，也缺乏可氧化之電流侷限材料，使得不易製作長波長面射型雷射。因此，

在長波長面射型雷射研究中，我們優化長波長雷射主動層的各種參數，我們發現

量子井中的應力參數、多量子井的應力補償、以及摻雜條件的多寡皆會影響雷射

特性，我們優化各項參數，得到最好的臨界電流密度為 1.4 kA/cm2。另一方面，

我們使用MOCVD成長磷化銦系列的布拉格反射鏡，成功製作出高反射率的布拉

格反射鏡，並研究其光學及電氣特性。同時，我們也嘗試製作以磷化銦搭配空氣，

在只有三對組合下成功得到 99 %高反射率的布拉格反射鏡。我們已成功的製作

出以光激發操作的磷化銦系列的布拉格反射鏡，加上週期性增益之共振腔，再加

上以介電材料製成的布拉格反射鏡組合而成的長波長面射型雷射，以連續光激發

的方式操作，其等效的臨界電流密度為 2 kA/cm2，雷射波長為 1562 nm。 

 

我們也製作了電激發式的長波長面射型雷射，發展了選擇性蝕刻、Si 離子

蝕刻、磊晶再成長之埋藏式穿透接面技術，但是仍然有許多電流侷限、散熱問題

需要進一步解決，在本研究中尚未達到電激發式操作，但這些研究經驗對未來製

作出電激發式的長波長面射型雷射提供了良好的基礎。 
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Abstract 

In this study, we have developed the fabrication of long wavelength and short 

wavelength vertical cavity surface emitting lasers (VCSELs) by metal organic 

chemical vapor deposition (MOCVD). The vertical cavity surface-emitting laser 

(VCSEL) featuring circular-beam output, low production-cost, single 

longitudinal-mode operation, and possible integration of two-dimensional array are 

potentially suitable for fiber communication systems and short distance data 

transmission systems in long wavelength range, and for high-density optical data 

storage (for example: CDs and DVDs) and high-scan-speed laser printing, 

commercial lighting source and display applications in short wavelength range. In this 

thesis, we concentrate on these two topics. To investigate and develop the 1.3-1.5 µm 

InP-based VCSELs and ~0.45 µm GaN-based VCSELs. 

For InGaN/GaN-based VCSELs, we investigated the optimized conditions of 

the InGaN/GaN active layers. The overall optimization of these factors consists of 

quantum well number, thickness and Si-doped barrier. The optimization of 

InGaN/GaN MQW is established by light-emitting diodes. It is shown clearly that the 

EL output power at 20 mA of low In-content (< 20 %) LED sample with six-wells 
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and 3.2 nm-thick thickness is highest. We have studied the effect of Si doping on the 

GaN barriers. As increasing Si doping in the barriers, the PL shows an increase of 

emission intensity and a blueshift of peak energy. With the same MQW emission peak 

at about 460 nm and driving current of 20 mA, it is found that the light output power 

of the LED with Si flow rate of 0.19 sccm is 20 % of magnitude higher than that of 

LED with Si flow rate of ~ 0.12 sccm. This result shows that PL intensity and LED 

output power of the MQW samples with Si-doped barrier layers are dramatically 

increased. 

Additionally, we also fabrication high extraction efficiency of InGaN LEDs with 

an omnidirectional One-dimensional Photonic Crystals (1D PC) incorporated into the 

bottom of InGaN blue LED chips. The designed omnidirectional 1D PC composed of 

two different transparent optical materials TiO2 and SiO2 layers stacked alternately. It 

is shown that the omnidirectional 1D PC has a higher reflectance and a wider 

reflection angle than a conventional distributed Bragg reflector (DBR). With the same 

MQW emission peak at about 450 nm and at 20 mA, it is found that the light output 

powers of the LED with 1D PC is about 11.7 mW and an up to 80 % enhancement in 

the extracted light intensity is demonstrated.  

We have demonstrated the optically pumped GaN-based VCSELs structure 

grown by MOCVD. The 25 pair AlN/GaN DBR structure and 3λ cavity layer were 

consisted in this VCSEL structure. The AlN/GaN mirror with 25 pairs of DBR can 

achieve the high reflectivity of 94 % and the wide FWHM of reflectance spectrum 

about 33nm. The Ta2O5/SiO2 mirror with 8 pairs of DBR can achieve the high 

reflectivity of 97.5 % and the wide FWHM of reflectance spectrum about 115nm. The 

PL emission of and the FWHM of emission spectrum of overall VCSEL structure 

were 448 nm and 1.4 nm, respectively. The narrow FWHM of 1.4 nm is attributed to 

the Febry-Perot cavity effect. The stimulated emission of fabricated GaN-based 
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VCSEL was achieved and observed by using the optical pumping system. The GaN 

VCSEL emits 448nm blue wavelength with a linewidth of 0.25 nm. It evidently 

expresses the behavior from spontaneous emission to stimulated emission.  

For InP-based VCSELs, the absence of high refractive index contrast in 

InP-lattice-matched materials impeded the development of 1.3-1.5 µm VCSELs. In 

addition, active layers with insufficient gain at elevated temperature, absence of 

natural oxidized current aperture and poor heat conductance in material systems for 

long wavelength range are problems in making LW-VCSELs. We have determined 

InGaAlAs as the gain material and applied it into the conventional edge emitting 

lasers to find out the optimized conditions of the active layers. The amount of 

compressively strain in quantum wells, the net amount of strain in multiple quantum 

wells (MQWs) with more pairs, and the impurity concentration strongly influenced 

the performance of edge emitting lasers. The overall optimization of these factors 

makes us obtaining low threshold current density of 1.4 kA/cm2. On the other hand, 

we have fabricated InP/InGaAlAs-based DBR with excellent electrical and optical 

properties using MOCVD and the growth interruption technique. Meanwhile, we have 

successfully fabricated, and demonstrated a rigid InP/airgap structure with high 

reflectivity at 1.54 µm using InGaAs as the sacrificial layer. The 3-pair InP/airgap 

DBR structure has a peak reflectivity at 1.54 µm with a stop-band width of about 200 

nm.  

We also successfully have demonstrated the optically pumped InP-based 

VCSELs with the 35 pairs InP/InGaAlAs DBRs and 10 pairs SiO2/TiO2 top dielectric 

mirrors and a 2λ thick cavity composed of periodic strain compensated MQWs to 

fully utilize the gain in every quantum well. The optically pumped VCSELs operated 

at room temperature with equivalent threshold current density calculated to be 2 

kA/cm2. The wavelength of the output beam is 1562 nm. We fabricated electrically 
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driven continuous wave LW-VCSELs by using selectively etched undercut apertures 

technique, Si-implant technique, regrowth technique. Electrically driven continuous 

wave operation has not yet to be achieved. Many issues in making electrically driven 

LW-VCSELs still need to be resolved in the future. 
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length of VCSEL is on the order of half wavelength, the longitudinal mode 
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optical waveguide using effective index model. The effective refractive index of 

core region can be calculated as n1, while that of outer region is n2. 

Figure 2-9 (a) The spectrum of the oxide-confined VCSEL with a 6x6 µm square aperture 

operated at 0.9 Ith (~1 mA).  

(b) The upper-left image is the top view of the VCSEL and the dash line indicates 

the scanning area. Below the top view of the VCSEL is the total spontaneous 
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(c) On the other side is the spectrally resolved near field images corresponding to 

the emission peaks (a) to (k) labeled in the spectrum. 

Figure 2-10 The relationship between energy and k-space and illustration of k-selected 

transition in parabolic shape band structure. 
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Figure 2-12 Allowed and forbidden transitions in a quantum well. 

Figure 2-13 Valence band structures of unstrained bulk semiconductor such as GaAs 
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Figure 2-15 Illustration of thin epilayer of lattice constant ac grown under biaxial (a) 

compression and (b) tension on substrate with lattice constant as. 
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biaxial compressive and tensile strain. 
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subband dispersions in k space along the kx direction (perpendicular to the 

growth direction) for a quantum well with (a) a compressive strain, (b) no strain, 
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Figure 2-18 (a) Plane wave incident on a thin film, (b) Notation for two films on a substrate. 

Figure 2-19 The simulated results for a stack of InGaAlAs/InAlAs DBRs with 10, 20, 30, and 

40 pairs. (a) The reflectance, (b) The phase upon the reflection, (c) The delay 

time. 

Figure 2-20 The illustration of the penetration depth concept. A linear phase mirror is 

replaced by a fixed phase mirror displaced by length LDBR, into the mirror. The 

linear term in the phase characteristic is absorbed by the distance LDBR, whereas 

the θo term assures that the phase of the equivalent and the original mirror 
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Figure 2-21 The simulated electric field in 40 pairs InGaAlAs/InAlAs DBRs. The penetration 
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Figure 3-1 Energy band diagram versus lattice constant 
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Figure. 4.1 The structure of InGaN/GaN MQW 

Figure. 4-2 HRXRD spectra of InGaN/GaN 5QWs with different well thickness. 

Figure 4-3 (a) The PL spectra of all samples with different quantum-well thickness and the 
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position and intensity measured at room temperature. 
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Figure 4-9 The measured LED output power as a function of injection current. 
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lines). 
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Figure 4-12 Schematic diagram of a GaInN blue LED chip containing an omnidirectional 1D 
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Figure 4-17 The light emission intensity from the VCSEL as a function of the exciting 

energy. 
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Figure 4-17 The light emission intensity from the VCSEL as a function of the exciting 

energy. 

Figure 5-1 The simulated gain-wavelength and gain-carrier relationships for (a) InGaAlAs 

and (b) InGaAsP strained compensating quantum wells. The strain and thickness 

of the quantum wells are 1.5% and 5 nm, respectively and the strain and 

thickness of the barriers are –0.75% and 10 nm, respectively. 

Figure 5-2 The simulated band diagrams under forward bias for (a) InGaAlAs and (b) 

InGaAsP multiple quantum wells. fc and fv are quasi-Fermi levels for conduction 
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CHAPTER 1 Introduction 

In the last decade, the vertical cavity surface-emitting laser (VCSEL) has 

established itself as a low-cost high-speed solution for data communication 

applications and interconnects and has stared to challenge the well-established 

edge-emitting lasers in the telecom and data storage applications. VCSEL-based 

modules, with speed up to 2.5 Gbit/s per channel for distances up tp 300 meters are 

now commercially available. However due the ever-increasing demand for bandwidth, 

devices operating at higher transmission rates (10 Gbit/s and more) and emitting at 

long wavelengths will be needed in the near future, in order to penetrate the 

telecommunication markets and metro-area network applications. After a brief 

introduction to semiconductor lasers, optical communications in Chapter1.1 and the 

main applications for VCSELs are presented in Chapter1.2, namely datacom, telecom, 

plastic optical fiber networks and high-density optical data storage. 

 

1-1 The Background and History of Semiconductor lasers 

Semiconductor laser 

Since the first proposal of laser operation by Schawllow and Townes in 1958 [1] 

and first demonstration using a ruby crystal has al two years later [2], laser technology 

has had tremendous implications in every day life. Applications today include high 

precision medical surgery, industrial remote sensing, entertainment lightning, 

chemical spectroscopy, radar scanning, three-dimensional microscopy and many more, 

the list being constantly increased as new discoveries are made and technology 

improves [3-5]. The main advantages of lasers compared with other light sources such 

as light bulbs or neon tubes are that the emitted light is monochromatic, coherent, 

directional and that the small spot size can give very high density of energy. One of 
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the major breakthroughs in laser technology occurred in 1962 [6-7] with the invention 

of semiconductor lasers. Compared to other lasers such as gas or dry lasers, 

semiconductor lasers combine compactness, higher efficiency and reliability, lower 

cost, and ease of use. 

One of the most important advantages of semiconductor lasers is that they can 

be directly modulated, i.e. one can readily obtain optical pulses as short as a few 

picoseconds by modulating the device current [8-9]. Such pulses may be used for 

time-resolved dynamical studies as well as carrying information at high bit rates in 

fiber and free-space optical communication systems [10-11]. Large gain bandwidth of 

semiconductor materials allows wavelength tunability [12] and the high light-current 

linearity of the lasers makes them suitable for modulation over a wide range of 

frequencies from DC to tens of GHz [13]. 

Optical communication 

Apart from being widely used for optical data storage and retrieval, e.g. in CD 

or DVD players, to read/write digital information, semiconductor lasers have rapidly 

evolved into the most appropriate and widely used light sources for optical 

communication, the combined development of high speed microelectronics and 

semiconductor lasers, together with the invention of optical fiber [14] and fiber 

amplifier [15] made the information technology revolution possible, allowing the 

huge amounts of data to be transmitted almost instantly from one side of the world to 

the other. The never ending increased demand for bandwidth by today’s applications 

such as video streaming through the internet is the main driving force behind the 

development of faster lasers. 

Today, the most common devices for telecommunication applications are edge 

emitting lasers typically distributed feedback (DFB) lasers. The two most important 
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wavelengths are 1300nm, corresponding to minimum dispersion in single mode fibers 

and 1550nm, corresponding to minimum attenuation. The latter wavelength band is 

also the gain region for erbium doped fiber amplifiers (EDFA). In a DFB laser, the 

wavelength and mode selection is realized by horizontal gratings. Although this type 

of lasers exhibits high power, high side-mode suppression ratio (SMSR) narrow 

linewidth, it also results in high manufacturing costs. The last five years have seen the 

development of vertical-cavity lasers and their maturation for shorter wavelength (850 

nm) Due to the combined advantages of low-cost, high-bandwidth and high-density, 

VCSELs are now used as the preferable light source for short distance 

communications (up to 300 m) such as access networks and local area networks 

(LANs). Recent achievements in Nitride-based materials, quantum dots and 

microelectromechanical technology also indicate that long wavelength VCSELs could 

start to challenge edge-emitting lasers in telecom and dense wavelength division 

multiplexing (DWDM) applications. 

 

1-2 Vertical Cavity Surface Emitting lasers 

Structure 

As its name indicates, the fundamental difference between an edge-emitting and 

vertical cavity surface emitting laser is the fact that the laser oscillation as well as the 

out-coupling of the laser beam occur in a direction perpendicular to the epitaxial gain 

region and the surface of the laser chip. Figure 1.1 illustrates the typical differences 

between edge-emitting lasers and VCSELs. A VCSEL consists of an active medium, 

usually multiple quantum wells, placed between two DBR mirrors. The overall cavity 

length is mush shorter for a VCSEL, typically a few μm, as opposed to some 

hundreds ofμm in the case of an edge-emitting laser, resulting in larger longitudinal 
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mode spacing and shorter gain region. 

In order to compensate for the shorter gain region, the light has to travel back 

and forth more times before coupled out, therefore the mirror reflectivity has to be 

much higher. The reflectivity of an output facet for an edge-emitting laser, resulting 

from the change of refractive index at the cleaved interface semiconductor-air is 

typical around 30 %. Laser operation in VCSELs requires reflectivity higher than 99 

%, using Bragg mirrors of alternating refractive index material. The first VCSEL 

structure was reported in 1965 by Melngailis consisting of an n+-p-p+ junction of 

InSb. When cooled to 10 K and subjected to a magnetic field to confine the carriers, 

the device emitted coherent radiation at a wavelength of around 5.2 µm. Later, other 

groups reported vertical lasers by using grating surface emission. Near IR vertical 

emission at around 1.5 µm was achieved by Iga in 1979 [16] at the Tokyo Institute of 

Technology. These early VCSEL devices utilized metallic mirrors which resulted in 

high threshold current densities (44 kAcm-2) while cooled with liquid nitrogen. 

Epitaxial mirrors for the GaAs/AlGaAs VCSEL were first grown in 1983, with the 

first pulsed room temperature VCSEL produced in 1984 [17], and finally continuous 

wave (CW) operation at room temperature was achieved in 1989 [18]. 

Advantages and drawbacks 

There are many reasons why VCSELs are becoming increasingly popular as 

light sources for applications such as datacom and optical interconnects. For the past 

25 years VCSELs have been studied as a replacement for in-plane lasers due to their 

higher performance and reduced cost potential. Its design allows the lasers to be 

manufactured and tested on a single wafer using traditional semiconductor processing 

and testing technology. The VCSELs uniform, single mode beam profile and vertical 

emission simplifies coupling into optical fiber. This makes wafer-level in situ testing 

4 



before packaging possible and greatly reduces manufacturing costs [19]. Large two 

dimensional arrays of devices can now be created; making new types of optical 

interconnects possible. The use of DBRs eliminates the risk of catastrophic optical 

damage (COD) in the mirrors which can occur in edge-emitters where the active 

material close to the facets are depleted by surface recombination and thereby light 

absorbing. It also reduced the risk of the mechanical mirror damage. The extremely 

short resonator leads to a longitudinal mode spacing that is large compared with the 

gain bandwidth and leads to inherent single longitudinal mode operation. The small 

active volume and high mirror reflectivity contribute to the very low threshord 

observed in VCSELs, as low as a few microamperes [20], resulting in low power 

consumption and reduced heating of the device. This feature, combined with the 

absence of CODs, explains the remarkable reliability of VCSELs. Life-times of more 

than 10000 hours have been reported by several groups [21,22]. 

The surface emission and the small size make it possible to fabricate very dence 

two-dimensional arrays of VCSELs, suitable for multi-channels parallel transmission 

modules [23]. VCSELs don not need to be cleaved, it is therefore possible to integrate 

them monolithically with other optoelectronic components such as photodetectors, 

modulators or hetero-bipolar transistors [24] (HBT). Because of the circular 

symmetry of the VCSEL structure, the light is emitted with a circular beam and very 

low divergence. This results in high coupling into optical fibers, up to 90 % [25] and 

allows for relaxed tolerance in alignment, further reducing the cost of installation. For 

comparison, the output light emitted from an edge-emitting laser is elliptical with a 

transverse and lateral divergence of about 40 and 10 degrees, respectively, making it 

cumbersome to couple the light into an optical fiber without significant optical loss or 

advanced optics. 
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In addition, VCSEls have an inherent single-wavelength structure that is well 

suited for wavelength engineering, making it possible to process multi-wavelength 

array or tunable VCSEls. Although the manufacturing challenges are numerous, both 

types of devices have been demonstrated. By carefully designing the optical cavity, 

with the implementation of a small thickness variation in the bottom DBR, a record 

140-wavelength VCSEL array has been reported  [26]. The thickness gradient created 

a cavity thickness variation, which in turn led to laser wavelength variation, the 

overall wavelength span across the array being 43 nm. Large wavelength tunability 

can be achieved by mechanically varying the VCESL cavity length. This was 

demonstrated by placing a movable DBR on a microelectromechanical structure 

(MEMS) cantilever suspended over the VCSEL cavity, and by applying a voltage 

across the airgap. The electrostatic force, by attracting the top mirror, shortens the 

airgap, thus tuning the laser wavelength towards a shorted wavelength (blue shift). 

Wavelength tuning as high as 31.6 nm for a VCSEL operating at 950 nm was reported 

[27]. Finally, VCSELs have demonstrated modulation speed up to 21 GHz bandwidth 

[28], and have been used for transmission up to 20 Gbit/s through 200 m of MMF 

[29]. 

However, VCSEls also have some drawbacks compared to edge-emitters. The 

manufacturing tolerances on VCSEL growth are much tighter than for edge-emitting 

lasers, the layer thickness having to be controlled within 1%. The perhaps major 

disadvantage with VCSELs is the strong tendency to operate on multiple transverse 

modes, due to the large transverse dimensions of the optical cavity. This results in 

emission spectra with multiple emission wavelengths, which limits the maximum 

achievable distance due to chromatic dispersion effects. Most commercial VCSELs of 

today operate multimode and are mainly used in short distance multimode fiber based 

6 



optical data links [30], optical interconnects [31], optical storage [32] and laser 

printing [33]. A lot of efforts are made to produce high power single mode VCSELs. 

This includes oxide confined VCSELs with current aperture small enough to support 

only the fundamental mode, index-guided structures such as regrown or surface relief 

VCSELs, and spatial mode filtering in an external cavity or extended cavity. Although 

the first and last of these techniques have produced high single mode power, they are 

difficult to implement with high uniformity and yield. A more reliable technique is to 

combine a large-area oxidation (20 μm diameter aperture) with an etched shallow 

surface relief for mode selection. This implies only a small modification to the 

fabrication procedure but produces reasonably high single mode power (10 mW), with 

high uniformity and yield [34]. 

VCSEL applications 

The datacom application also arose quite early from a very simple problem: the 

need for increased data rates in inexpensive fiber links. These links traditionally use 

light-emitting diodes (LEDs) as sources. In fact, very cheap links are almost defined 

by the use of a LED rather than a laser. These devices can easily be tested on wafer, 

and coupling into multi-mode fiber offers a wide alignment tolerance. Mass 

production of such devices can be implemented without the need for specialized 

human labor. However, a problem arises with the use of LEDs for the next generation 

of datacom links. Today, the fastest data rate reliably transmitted using LEDs is about 

622 Mb/s. With the advent of the internet and multimedia applications, newer 

generation communication systems require much higher data rates. The vertical-cavity 

laser was perceived as a possible inexpensive high-speed source to replace LEDs. One 

can design a circular output beam with a low-divergence angle for ease of coupling. 

In addition, VCSELs can be tested directly on wafer just like an LED. For many 
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practical purposes the VCLs could be considered the new high-speed LEDs. 

There remained, nonetheless, a problem with VCSELs in that they could not be 

fabricated to work well at the traditional wavelengths for fiber communication of 

1.3-µm and 1.55-µm. In fact, it was only in 1995 that Dubravko Babic reported the 

first room-temperature cw operation of any long wavelength VCSEL. Whereas the 

shorter wavelength GaAs based VCSEL were setting record performances for 

semiconductor lasers, long-wavelength lasers were struggling even to operate at room 

temperature. In order to use vertical cavity lasers for fiber links, a new standard for 

fiber communication for short distances was set up to work at 850 nm 

(IEEE802.3z-Gigabit Ethernet). Thus VCSELs became the first choice for 

inexpensive high-speed, short-distance fiber communications. 

Not surprisingly, with the new shorter wavelength laser, tradeoffs in certain 

performance criteria were made, the most important being the maximum transmission 

distance. This limitation still left a very strong demand for long wavelength VCSELs.  

ne reason for the limitation was that short-distance links were to run on inexpensive 

multi-mode fiber. Multi-mode fiber has an inherent transmission distance limitation 

due to inter modal dispersion. For standard 62.5 μm fiber the maximum distance one 

can transmit 1.25 Gb/s is 800 m due to the distance bandwidth product of the fiber. In 

reality, certain imperfections in installed fiber limit the distance to 200 m (IEEE 

802.3z). At longer wavelengths, there is reduced dispersion so greater distances can 

be connected. For example, at 1.25 Gb/s with the same imperfect fiber one can go 500 

m with a 1.3 μm laser versus 200 m using a 0.85 μm source. The distance 

difference between these two cases may make a strong marketing difference if the 

costs were similar. To further increase the maximum distance of transmission, one can 

use single-mode fiber which addresses the modal dispersion problem. This, of course, 
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significantly increases device packaging, connector, and fiber costs. Despite this, with 

the ever-increasing need for bandwidth, it is very likely that single-mode fiber will 

become the standard choice for new generation networks. 

The implementation of single-mode fiber gives rise to another problem with the 

use of 850 nm sources. Standard telecommunications single-mode glass fiber (SMF) 

is designed for long-wavelength lasers so that it is no longer single-mode for 850 nm 

lasers. In fact, there are actually two modes for 850 nm light in standard SMF. 980 nm 

VCSELs, which can be fabricated as easily as 850 nm VCSELs, would be much better 

in this respect, but require InGaAs versus Si detectors. One has to use specially 

designed fiber if it is to be truly single mode at these wavelength. Using the shorter 

wavelengths for high-speed transmission, the distance bandwidth product of the link 

is severely degraded. The possible use of two different types of single-mode fiber 

results in issues of interoperability. Long-distance applications such as telecom or 

wide-area networks (WANs) will always use standard SMF fiber. Even if dispersion 

was not an issue, the transmission distance of 850 nm light in fiber is limited by the 

material loss so that it cannot be used for very long distances at any data rate. With 2 

dB/km loss for 850 nm light versus 0.2 dB/km loss for 1.5 µm light, the minimum 

repeater distance for a long-wavelength link is an order of magnitude more than using 

a short-wavelength link. In addition, fiber amplifiers are also commercially available 

at 1.3 µm and 1.5 µm allowing the transmission distance to be increased by at least 

another order of magnitude. This leaves local area networks (LANs) with the choice 

of either installing 850 nm SMF fiber or standard SMF, when upgrading from MMF. 

With a strict definition of what is LAN versus a WAN (Wide Area Network), either is 

a reasonable choice. But a problem arises when the boundary between LAN and 

WAN is unclear. System design becomes much simpler when all components are 
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interoperable regardless of application. Thus the interoperability with existing fiber 

and components may become an important consideration when deciding on GaAs 

versus InP based lasers for LANs. 

Although the LAN market offers great opportunity for long-wavelength 

VCSELs, an even bigger possible market for vertical-cavity lasers is the so-called 

fiber-to-the home (FTTH) or fiber-to-the-curb (FTTC) applications (also known as the 

access market). In such applications a transmitter-receiver pair is placed in every 

home of every subscriber. Such systems would allow private residences to have very 

high-speed internet access, as well as CATV and telephone service, delivered on a 

single fiber or fiber pair. There have been, however, many roadblocks to the 

implementation of such systems. Among them is the cost sensitivity of this 

application. The 1997 OITDA (Optoelectronic Industry and Technology Development 

Association) report stated that the goal for the complete ONU (Optical Network Unit) 

with transmitter, receiver, power supply, and package should be around $125 for 

FTTH applications. One great roadblock to this price target has been the high cost of 

the fiber-optic transmitters. In addition, due to the potentially large distances involved 

in such applications, SMF is necessary, increasing the components costs of the system. 

With the use of SMF, packaging of the lasers becomes a significant part of the 

transmitter cost. These costs must be minimized in order to allow for the mass 

production of such systems. To reduce costs some performance standards can be 

sacrificed, as long as some minimum standards are met so that the system can work 

reliably. These minimum standards must be meet in order for the devices to be 

considered commercially viable. 

While copper coaxial cable and glass fiber, the traditional solutions to data 

communications are well suited to specific applications, they each have inherent 
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limitations for short range low cost applications. Copper unsuitable for high-speed 

data transmission because of its cost, a high attenuation at high frequencies and 

susceptibility to electromagnetic interference. The small diameter and fragility of 

glass carriers with it a high cost of installation and alignment. One alternative to the 

previous two solutions is plastic, in the form of optical fiber. Plastic optical fiber 

(POF) is a low-cost, easy-to-align, flexible and easy-to-use solution for short distance 

connections, and is already widely used in CD players, industrial electronics, PCs and 

car electronics. Mercedes and BMW now use POF in all the new car models for the 

communication system between all the multimedia applications, radio, navigation 

system, CD player, mobile phone system, and the safety features. The total amount of 

POF used is approximately 12 m and the typical data rate is around 10 Mbit/s [35]. 

Figure 1.2 shows the absorption spectrum of POF, with minimum attenuation at 590 

and 650 nm. The high level of absorption (100 dB/km) limits the overall fiber length 

to 100 m. A number of different light sources are currently used, LEDs edge-emitting 

lasers, and more recently RCLEDs and VCSELs. While LEDs are cheap and reliable 

but slow, and edge-emitting laser exhibits high threshold currents and coupling 

limitations, RCLEDs present the combined advantages of improved directionality, 

speed, power, linewidth, and temperature stability [36]. Since then RCLEDs have 

been used at bit rates up to 500 Mbit/s but at higher speeds lasers are required, with 

VCSELs being the preferred choice. The typical 650 nm VCSEL is composed of 

alternate layers of high and low Al concentration AlGaAs layers to form the top and 

bottom quarter-wave mirrors, and a cavity based on AlGaInP with InGaP quantum 

wells. Recently 2 Gbit/s transmission using standard multimode fiber was achieved 

with an oxidized VCSEL [37].  

The technological prospects for blue and near ultraviolet VCSELs and RCLEDs 
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are at an early and exciting research stage. A collaboration among Brown University, 

Sandia, and Agilent Technologies has demonstrated RT quasi-CW VCSEL operation 

in the 380-410 nm wavelength range using optical pumping at modest levels of 

excitation to generation the population inversion, which established a working optical 

design for blue VCSELs [38]. The first blue VCSEL operating at room temperature 

was demonstrated in 1999 [39]. By exploiting recent progress in crystal growth 

technology, an active region of InGaN quantum wells and mirror surfaces of gallium 

and aluminum nitrides were grown on a sapphire substrate to make disc-shaped 

cavities. Each one was only 18 μm in diameter. When the cavities were illuminated 

by a HeCd laser, light was emitted at a wavelength of 399 nm. The present challenge 

is to make the optical resonator structure compatible with electrical injection. The 

mirrors themselves are poorly conducting, so carriers must to be laterally fed into the 

active optical volume defined by the mirrors. The problem is especially severe on the 

p-side of the junction due to the low conductivity of p-side GaN. Song and 

co-workers at Brown University have solved the problem by inserting a thin 

transparent conductive layer of indium tin oxide within the optical cavity to enhance 

the lateral “current spreading”. Devices with this layer have been operated to date as 

robust RCLEDs. Although laser operation in these structures has yet to be observed, 

further developments of high-efficiency blue light emitters are expected in the near 

future. While many technical improvements and an increased fundamental 

understanding will be required to bring the present blue and violet lasers into full 

technological bloom, it is clear that these devices are destined to fill an important role 

in future optoelectronics applications. Two-dimensional arrays of blue VCSELs could 

drastically reduce the read-out time in high-density optical data storage (for example, 

in CDs and DVDs) and increase the scan speed in laser printing technology. Blue 
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GaN VCSELs have great potential in a an other market sector unrelated to telecom, 

commercial lighting and display applications, because the cost of manufacturing 

enable them to compete with the traditional solutions such as LEDs and RCLEDs. 

 

1-3 Overview of this Thesis 

In this study, we focused on the fabrication of long wavelength and short 

wavelength vertical cavity surface emitting lasers (VCSELs) by metal organic 

chemical vapor deposition (MOCVD). For InGaN/GaN-based VCSELs, we 

investigated the optimized conditions of the InGaN/GaN active layers, fabricated high 

extraction efficiency of InGaN LEDs with an omnidirectional One-dimensional 

Photonic Crystals (1D PC) incorporated into the bottom of InGaN blue LED chips, 

and demonstrated the optically pumped GaN-based VCSELs structure grown by 

MOCVD. For InP-based VCSELs, we found out the optimized conditions of the 

active layers, fabricated InP/InGaAlAs-based DBR with excellent electrical and 

optical properties using MOCVD and the growth interruption technique, and 

demonstrated the optically pumped GaN-based VCSELs structure grown by MOCVD. 

We also fabricated electrically driven continuous wave LW-VCSELs by using 

selectively etched undercut apertures technique, Si-implant technique, regrowth 

technique. 

Chapter 2 reviews fundamentals in semiconductor lasers at beginning. The 

origin of differences between EELs and VCSELs will be discussed. Then, general 

operation principles of VCSELs including light-current characteristics, the 

relationship between gain and current, the gain peak and cavity mode alignment, the 

characteristics of DBRs, the analysis of the heat flow will be introduced and 

characterized with the use of simulation software.  
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Chapter 3 mainly reviews recent progress in short wavelength and long 

wavelength VCSELs With specific conditions in requirement of VCSELs, the 

fundamental issues in design of VCSELs will be discussed at this chapter. 

The optimum characteristics of InGaN/GaN active layer for GaN-based VCSEL 

have been discussed at the beginning of chapter 4. We fabricated high extraction 

efficiency of InGaN LEDs with an omnidirectional One-dimensional Photonic 

Crystals (1D PC) incorporated into the bottom of InGaN blue LED chips, and 

demonstrated the optically pumped GaN-based VCSELs structure grown by 

MOCVD. 

Chapter 5 reports several different fabrication methods for DBRs used in long 

wavelength range. The optical and electrical properties of different DBRs will also be 

studied. Followed by the comparisons of novel InP/InGaAlAs and conventional 

InAlAs/InGaAlAs DBRs, the extremely high reflectivity mirror made by InP/Air-gap 

DBRs will be discussed. We report the structures of LW-VCSELs for optical pumping, 

including the InP-lattice-matched and wafer-fused structures. Chapter 5 also reports 

several different approaches to make electrically driven LW-VCSELs including 

selectively etched undercut apertures technique, Si-implant technique, regrowth 

technique to make current apertures in devices.  

Chapter 6 is the briefly summary for this thesis. 
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Fig. 1-2 The absorption spectrum of plastic optical fiber 
(POF). 
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CHAPTER 2 

Fundamental of Vertical Cavity Surface Emitting Lasers 

This chapter reviews fundamentals in semiconductor lasers at beginning. The 

origin of differences between edge emitting lasers (EELs) and vertical cavity surface 

emitting lasers (VCSELs) will be discussed. Then, general operation principals of 

VCSELs including light-current characteristics, the relationship between gain and 

current, the gain peak and cavity mode alignment, the characteristics of distributed 

Bragg reflectors (DBRs), the analysis of the heat flow will be introduced and 

characterized with the use of simulation software.  

 

2-1 General Characteristics in Semiconductor Lasers 

Semiconductor Laser Oscillation Conditions 

The typical EELs shown in Figure 2-1(a) are Fabry-Perot (FP) lasers with 

double-heterojunction (DH) structures. The EELs, with small enough cross-section, 

may be initially modeled by considering a resonator, which contains plane optical 

waves travelling back and forth along the length of the lasers. The natural cleaved 

facets provide optical feedback for the laser cavity associated with the refractive index 

of the active layers. If the refractive index of the active layer is nr, for the normal 

incident light, the reflectivity of the cleaved facet is 

(2-1) 22 )
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r
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Assumed an electromagnetic wave travelling back and forth in the laser cavity 

as shown in Figure 2-1(c), the amplitude decays or grows with distance because the 

wave suffers scattering and other fixed losses αi per unit length, but also experiences a 

material optical gain γ per unit length provided by the electrons and holes 
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recombining at a rate which increases with the injected carrier density. The laser 

cavity length is L and the wave field at point (1) can be expressed as: 

(2-2) ojkz
oeII =1

After the wave travels through point (2), (3), (4) and backs to point (1), the wave field 

cab be expressed as: 

(2-3) )2()(2
214

LzjkL
o

oi eeIRRI +−= αγ

The equilibrium wave field after one round trip must achieve for the occurrence of 

laser oscillation. Two oscillation conditions are obtained when I1 equals to I4. One is 

the amplitude condition: 

(2-4) 
o

L
o IeIRR i =− )(2

21
αγ

The other one is phase condition: 

(2-5) 
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(2-6) 

where q is an integer. 

From the amplitude condition (2-4), the threshold condition can be obtained: 

 

21

1ln
2
1

RRLith +=αγ
(2-7) 

which explains that the threshold gain is the summation of the internal loss and the 

mirror loss. However, the optical wave travelling in the laser cavity does not passes 

all the gain region, the confinement factor, Γ, has to added to modified the threshold 

condition: 

miith RRL
αααγ +=+=Γ

21

1ln
2
1

(2-8) 

If a linear gain approximation is assumed, the relationship between gain and 

carrier density can be expressed as: 

(2-9) )( trthth nna −≡γ
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where a is the differential gain, ntr is the transparent current density. Assumed that 

thickness of the active layer is d, the threshold condition becomes: 
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(2-10) 

 

 

where τn is the carrier lifetime, Jtr is the transparent current density. If the internal 

quantum efficiency is smaller than 1, the equation (2-10) should be modified as: 
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To further explain the characteristics of laser output, the analytical rate equations 

have been used. Assumed the photon density in the laser cavity is nph, and the 

effective refractive index of the waveguide is nr, the rate equations for carrier density, 

n, and the photon density, nph, can be expressed as: 

np
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(2-13) 

and 
)()()( tr
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n
cg −⋅⋅=⋅≡γ

(2-14) 

where c is the speed of light, τp is the photon lifetime, and β is the spontaneous 

emission factor. Spontaneous emission factor represents the ratio that spontaneous 

emission modes contribute to the stimulated emission modes. The value of β is very 

small that the last term of the equation (2-13) can be neglect. At the steady state, from 

equation (2-13), 
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(2-15) 

When the operation condition approaches threshold, the photon density still can be 

seen as zero, the equation (2-13) becomes: 

n

thth n
ed
J

τ
= (2-16) 

which is identical to equation (2-11). When the operation condition is above the 

threshold, the carrier density pins at nth, and the equation (2-13) becomes: 
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τ
(2-17) 

If the laser active volume is V, which is the product of the cross-section area A and 

thickness of active layer d. Let equation (2-17) time V at both sides of equation. Then, 

the power generated by stimulated emission inside the laser cavity can be expressed 

as: 

)()( thi
p

ph
s II

e
hh

Vn
P −⋅⋅=⋅

⋅
=

νην
τ

(2-18) 

Since the laser power out of the laser cavity is termed as the mirror loss, the output 

power can be expressed as: 
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(2-19) 

 

As shown in Figure (2-2), the slope efficiency defined as the ratio between output 

power over injected current is expressed as: 

dthos e
hIIP ηνη ⋅=−= )()/( (2-20) 

where ηd is the differential quantum efficiency, which is the ratio between number of 

the increased photons over number of the injected electrons. 

From the phase condition (2-4), the threshold condition can be obtained: 
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Equation (2-21) shows that the laser oscillation wavelength is determined by cavity 

length. For a typical EEL, the line width of the gain spectrum is larger than the mode 

spacing as shown in Figure 2-3. The allowed laser modes, or longitudinal modes can 

be several. The mode spacing between longitudinal modes derived from equation 

(2-21) can be expressed as: 

))(1(2

2

λ
λ

λλ

∂
∂

−
=∆

r

r
r

n
n

Ln

 

(2-22) 

Figure 2-4 shows schematic of standing waves inside the laser cavity. Also shown in 

Figure 2-4 also shows that the laser output beam exhibits an elliptic shape due to the 

waveguide structure inside the laser cavity. The waveguide structure defines not only 

the optical confinement but also the carrier confinement. The optical confinement 

factor can be taken apart into three directions: 

zyx Γ⋅Γ⋅Γ=Γ (2-23) 

For typical EELs, Γz and Γy approaches unity and Γx ranges from 3% to 15%. Due to 

different confinement effect and field size in the transverse plane, the output beam 

shows different divergence angles in x and y direction. 

 

General Characteristics of VCSELs 

The operation of a VCSEL, like above descriptions, can be understood by 

analyzing the flow of carriers into active regions, the generation of photons due to the 

recombination of some of these carriers, and the transmission of some of these 

photons out of the laser cavity. Consider a generic VCSEL illustrated in Figure 2-5 

with an active layer radius of a and active and effective cavity lengths of La and L, 

respectively. The threshold condition can be written as: 

d
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where αa and αp are the absorption loss in the active and passive layers, respectively, 

R1 and R2 are the reflectivities of two mirrors, and αd is the diffraction loss. The 

confinement factor is expressed as the product of the longitudinal confinement factor 

Γz and the transverse factor Γxy, which is nearly unity for VCSELs. The longitudinal 

confinement factor Γz is expressed as: 

ξ⋅=Γ
L
La

zξ⋅=Γ
L
La

z (2-25) 

The last factor, ξ, is referred to as the axial enhancement factor, because it enhances 

the normally expected fill factor La/L in the axial confinement factor. When the field 

is approximated as a sinusoid enveloped by a decaying exponential in the DBRs, ξ 

reduces to [1, 2] 
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β

βξ ⋅+= −
(2-26) 

where β = 2πnr/λ is the axial propagation constant, zs is the shift between the active 

layer center and the standing-wave peak, and the exponential pre-factor accounts for 

placement of the active region within the DBR mirror. In this, zDBR is the distance to 

the active material measured from the cavity-DBR interface and LDBR is the 

penetration depth of optical energy into the DBR. If the active region is placed 

between the mirrors, zDBR is zero, and the pre-factor is unity. If a thin active layer is 

centered on the standing-wave peak in the cavity, ξ can be as large as 2. If the active 

layer is thick enough, ξ is unity. If a thin active layer is placed at a null (2βzs = π), ξ 

can be near zero. 

Table 2-1 lists the calculations of equation (2-8) and (2-24) for EEL and VCSEL 

threshold conditions, respectively. For VCSEL operations, the reflectivity, R, has to 

be greater than 99.8% to reach threshold gain of 0.1 µm-1. In order to reduce the 

threshold gain, it’s better to have smaller absorption in the passive layers. In addition, 

reducing the thickness of cladding layers and the penetration depths of DBRs are 
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effective ways to lower the chance of absorption. 

Typically, the cavity length of VCSELs is on the order of half operating 

wavelength. In such a short cavity device, the width of mode spacing is larger than 

the line-width of a typical semiconductor gain medium as shown in Figure 2-6. As a 

result, VCSEL operates with a single longitudinal mode. Since there’s only one 

longitudinal mode within gain curve, the alignment between gain peak and cavity 

mode needs to be paid attention. Typically, the gain peak will red-shift as the 

temperature increases due to the band-gap shrinkage. At the same time, the cavity 

mode will also red-shift as the temperature increases due to the effective increase of 

the refractive index with the slower movement speed. Device engineers need to take 

into account the operation temperature to decide the best gain peak offset. Typically, 

for a commercial 850 VCSEL, the gain peal offset is set to be zero to few nanometers 

to assure proper operation during –10 to 85 degree Celsius. 

Transverse Modes in VCSELs 

Although VCSELs operate with single longitudinal mode, several transverse 

modes existed in VCSELs for typical aperture size ranging from 5 µm to 30 µm in 

diameter. Take a VCSEL with oxidized aperture for example shown in Figure 2-8. 

Due to the complex 3-D structure for oxide VCSEL, the analysis of transverse mode 

can be assumed an optical waveguide using effective index model [3]. The effective 

refractive index of core region can be calculated as n1, while that of outer region is n2. 

The simplest rule for single transverse mode operation is: 

405.222
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and λo is the operating wavelength and Vn is the normalized frequency. The index 

difference of oxide VCSEL originates from the built-in oxidized layer with lower 

refractive index in comparison to periphery semiconductor materials. Due to the 

accurate position of oxidized aperture, tightly defining the injected carriers into the 

active regions and the built-in index guiding provided by the oxidized layer, the 

oxide-confined VCSELs have shown superior threshold current, efficiency and 

modulation speed in comparison to the proton implanted VCSELs [4]. However, the 

good transverse optical confinement results in multimode emission even in small 

aperture devices. Furthermore, the presence of the oxidized aperture and the inherent 

three-dimensional structure of the VCSEL have become a great challenge for 

researchers attempting to analyze and simulate the oxide-confine VCSELs [5]. 

Numerous works have been done in the study of the transverse emission mode 

patterns of the oxide-confined VCSELs to determine the mechanism of the transverse 

mode formation and evolution [6-12]. We report the investigation of the spontaneous 

emission patterns of oxide-confined VCSELs at the subthreshold condition using 

spectrally resolved near-field microscopy. Figure 2-9 shows the example of transverse 

modes in oxide VCSELs [13]. Not only the spontaneous emission patterns with 

similar mode structures as the stimulated emission patterns are observed, but also the 

high order Hermite-Gaussian and Laguerre-Gaussian modes are easily seen. We’ve 

also observed coexistence of two sets of identical lower order Hermite-Gaussian 

modes with different spot sizes, implying two cavity configurations in oxide-confined 

VCSELs and complex mechanism responsible for formation of laser modes in 

oxide-confined VCSELs. 
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2-2 Modeling the Gain Mediums 

Optical Gain in Semiconductors 

As shown in Figure 2-10, parabolic band structure approximation is used for 

conduction and valence band E-K relationship. The density of states for the combined 

system involving transition between E2 and E1 can be written as: 

2/12/3
2

*

2 )()2()
2

1()( g
r

r EhmEN −⋅⋅= ν
π h

(2-30) 

where the reduced effective mass is: 

***

111

vcr mmm
+= (2-31) 

     and     is the effective mass for electron and hole, respectively, and hν is the 

emission photon energy. 

m m*
c

*
v

Assumed: 

(1) The Einstein coefficient, B, is the same for semiconductor, 

(2) Photon energy density is               ,where np is the photon density, νννρ hn ⋅=)( d p

(3) Density of states is expressed as Nr(ν), 

The transition rate between E2 and E1 can be written as: 

¾ Stimulated absorption:           (2-32) ))](()()( ffNBR v⋅⋅=>− νννρ 1)([ 211221 EEd cr −

¾ Stimulated emission:           (2-33) )(()()( ffNBR r [ 122112 EEd vc −⋅⋅=>− νννρ ))](1

The net stimulated emission rate is: 

)()( 122112 ffdBRRRst −⋅=−= >−>− ννρ (2-34) 
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(2-35) 

If f2 - f1 > 0 or < 0, the stimulated emission or absorption occurs. If f2 - f1 equals to 

zero, the transparent condition occurs. Thus, the condition for net stimulated emission 

is: 
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(2-36) 
fvfcg EEEE −<−≤ 12E

The gain is defined as the ratio of net power emitted per unit volume over the 

power crossing per unit area. As shown in Figure 2-11,.an incident light pass the 

distance of dz and gains the amount of power ∆I. The speed of light is vg, where dz = 

vg*∆t. The power of light can be express as: I(ν) = [ρ(ν)dν]*vg. The optical gain 

coefficient is written as: 
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(2-37) 

After the introduction to the concept of gain in a relative macroscopic point of 

view, the detail behavior and interaction between light and atomic system require 

quantum mechanical analysis. If we consider an atom with two-level energy system, 

the electron under light interaction has the Hamiltonian expressed by: 

)()(
2
1 2 rVe
m

H ++= Ap (2-38) 

where A is the vector potential. The above equation can be expanded as: 
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(2-39) 

The term, H’, can be viewed as a time-dependent perturbation to the original 

Hamiltonian, Ho. This perturbation term is the driving force for transitions between 

the conduction and valence bands. From solutions of time-dependent Schrodinger’s 

equation, the transition rate for semiconductors can be obtained as: 
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Equation (2-40) is known as Fermi’s Golden Rules. Compared with equation (2-33) 

and (2-40), and substituted Einstein coefficient, B, with matrix element, |H’21|, the 

gain expression can be rewritten as: 
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The matrix element, |H’21|, determines the strength of interaction between two 

states. In semiconductors, ϕ2 and ϕ1 in equation (2-41) are expressed as: 

ϕ1 = F1(r)*uv(r) for valence band,        (2-43) 

ϕ2 = F2(r)*uc(r) for conduction band,       (2-44) 

where: 

(1) uv(r) and uc(r) are Bloch functions of parabolic potential with atomic scale, 

(2) F1(r) and F2(r) are envelope functions of macroscopic potential, satisfying 

Schrodinger’s equation in such as quantum wells, quantum dots. The bulk, 

quantum-well, and quantum-wire envelope functions take the following 

form: 

(bulk)    (2-45) 

(quantum well)  (2-46) 

(quantum wire)  (2-47) 
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The H’ can be written as: 

)(
2

Pe⋅=
∧

o

o

m
eA

H' (2-49) 

 30



Then,  

||)
2

(||
2

])(][[
2

]])(][)([

),0()([
2

)(
2

)(
2

''

12

3*
1

*
2

3*
1

*
2

*3
1

**
2

3
1

**
2

3
1

*
2

3
1

*
221

TMpe

pe

pe

pe

pe

pe

o

o
vc

o

o

vc
o

o

vco

vcovc
o

voc
o

o
o

m
eA

FF|uu
m

eA

rduuFF
m

eA

rduuFAF

uurdFAuuF
m
e

rduFAuF
m
e

rdA
m
e

rdHH

≡>><⋅<=

⋅=

⋅+

=⇒⋅=

⋅=

⋅=

=

∧

∧

∧

∧

∧

∧

∫

∫

∫

∫

∫

∫
ϕϕ

ϕϕ 

 

 

 

 

 

 

(2-50) 

 
Overlap of Bloch 
function 

Envelope function 
overlap integral  

where |MT| is known as transition matrix element. Since photon energy density is 

nph*hν , and electromagnetic wave energy density = 1/2*nr
2ξo|E|2, the Ao can be 

derived as: 
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And the equation (2-42) can be rewritten as: 
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Optical Gain in Quantum Well Structures 

We specially pay attention to the optical gain for quantum well structures, since 

the active mediums for all the devices in this study have quantum wells (QW). If we 
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assume the potential confinement is along the z direction, the envelope function 

overlap integral can be expressed as: 
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(2-53) 

Due to orthogonality between the quantum-well wave-function solutions, the overlap 

integral in equation (2-53) reduces to the following rule for sub-band transitions: 

vc nnFF ,
2

12 ||| δ≅>< (2-54) 

This means that transitions can only occur between quantum-well sub-bands which 

have the same quantum number, nc = nv. These are referred to as allowed transitions. 

Transitions between sub-bands with dissimilar quantum numbers are forbidden 

transitions. Both are illustrated in Figure 2-12. 

Except for the envelope function overlap integral; the other term in transition 

matrix element is the overlap of Bloch function, which is also known as momentum 

matrix element |M|2: 
2

12
22 ||||||| ><⋅= FFMM T (2-55) 

The momentum matrix element, which is polarization dependent, determines the 

transition probability between conduction band and valence band. To further define 

the Bloch functions of the various energy bands, the corresponding atomic orbitals 

have to be taken into account. The Bloch function, us, corresponding to the isotropic s 

atomic orbital in conduction band remains the same. However, the Bloch functions ux, 

uy and uz corresponding to three p atomic orbitals for valence bands: px, py and pz, 

interact with each other along with the spin up and down. Using the kp theory, the 

modified valence bands are shown in Figure 2-13. The three valence bands are 

commonly known as the heavy-hole (HH), light-hole (LH), and split-off hole (SO) 
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bands. Since the constant |M|2 can be determined experimentally, Table 2-2 has listed 

the reported values for several important materials. Table 2-3 summaries the results 

for bulk and quantum-well materials for either transverse electric (TE: electric field in 

the quantum-well plane) or transverse magnetic (TM: electric field perpendicular to 

quantum-well plane) polarizations. 

 

Nonradiative Transitions 

Nonradiative transition is relatively important when considering the overall 

carrier recombination process. Three major types of nonradiative transitions are 

depicted in Figure 2-14. The first type of nonradiative recombination happens when 

existing an energy level in the middle of the gap, which serves to trap an electron 

from the conduction band temporarily before releasing it to the valence band. Defects 

in the lattice structure are one source of traps. The recombination rate, also referred as 

Schockley-Read-Hall recombination, takes the form:  

 

eh

i
d PPNN

NNP
R

ττ )*()*(

2

+++
−

=
(2-56) 

where Ni is the intrinsic carrier concentration, τe is the time required to capture an 

electron from the conduction band assuming all traps are empty, τh is the time 

required to capture a hole from the valence band assuming all traps are full, and N* 

and P* are the electron and hole densities that would exist if the Fermi level was 

aligned with the energy level of the trap. For the laser applications, equation (2-56) 

can be simplified with the high-level injection regime: 

eh
d

NR
ττ +

= (2-57) 

The second type of nonradiative recombination in Figure 2-13 depicts electrons 

recombining via surface states of the crystal. The surface recombination rate under 
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high level injection in the active region can be expressed as: 

(2-58) 

where as is the exposed surface area, V is the volume of the active region, and vs is the 

surface recombination velocity. Surface recombination is most damaging when the 

exposed surface-to-volume ratio is large. In addition, devices when make use of 

regrowth technique can suffer from poor interfaces and hence high interface 

recombination. Surface recombination is also material dependent. The recombination 

velocity of short-wavelength GaAs system is one order greater than that of 

long-wavelength quaternary InGaAsP system.  

The last type of nonradiative recombination depicted in Figure 2-14 is basically 

a collision between two electrons, which knocks one electron down to the valence 

band and the other to a higher energy state in the conduction band. An analogous 

collision can occur between two holes in the HH band and either SO or LH band. The 

above three types of collision are refereed to as Auger processed. In laser applications 

with high injection level, the Auger recombination rate can be expressed as: 

(2-59) 3CNRA =

where C is a generic experimentally determined Auger coefficient. In long 

wavelength InGaAsP materials, the Auger coefficient is one order lager than GaAs 

systems since the smaller band-gap in InGaAsP materials enhances the probability of 

momentum conservation. The reduced material dimensionality, such as quantum well, 

appears to reduce the Auger process due to the modification of band structures. 

Another possible method of minimizing Auger recombination is to use strained 

materials in active layers. 
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Optical Gain in Strained Quantum Wells 

Strained QWs use a material, which has different native lattice constant than the 

surrounding lattice constant. As shown in Figure 2-15, if the QWs native lattice 

constant is larger than the surrounding lattice constant, the QW lattice compress in the 

plane, and the lattice is said to be under compressive strain. If the opposite is true, the 

QW is under tensile strain. However, in any lattice-mismatched system, it is 

important to realize that there is a critical thickness beyond which the strained lattice 

will begin to revert back to its native state, causing high densities of lattice defects. 

For typical applications, this critical thickness is on the order of a few hundred 

angstroms, thus limiting the number of strained QWs in active layers. 

Because the energy gap of a semiconductor is related to its lattice spacing, 

distortions in the crystal lattice should lead to alterations in the bandgap of the 

strained layer. There are two types of modifications. The first effect produces an 

upward shift in the conduction band as well as a downward shift in both valence 

bands, increasing the overall bandgap by an amount, H (which is positive for 

compressive strain and negative for tensile strain). The H indicates that this shift 

originate from the hydrostatic component of the strain. The second important effect 

separates the HH and LH bands, each being pushed in opposite directions from the 

center by an amount, S. The S indicates that this shift originates from the shear 

component of the strain. Figure 2-16 illustrates the energy shifts of the bands for 

biaxial strains. No only the energy shift, the band curvatures will be modified due to 

the strain effect. For a quantum-structure such as an In1-xGaxAs layer sandwiched 

between InP barriers, the band structures are shown in Figure 2-17 for (a) a 

compressive strain (x < 0.468), (b) no strain (x = 0.468), and (c) a tensile strain (x > 

0.468) [18]. The left-hand side shows the quantum-well band structures in real space 
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vs. position along the growth (z) direction. The right-hand side shows the quantized 

subband dispersions in momentum space along the parallel (kx) direction in the plane 

of the layer. These dispersion curves show the modification of the effective masses or 

the densities of states due to both the quantization and strain effects.  

The above characteristics provide some advantages in using strained materials 

over unstrained materials. First, the bandgap can be adjusted to obtain certain 

emission wavelength. Next, the reduction in hole masses leads to lower threshold 

lasing and lower Auger recombination rate. Then, the applied strain can allow laser 

emission with tailored polarization. Finally, the built-in strain may suppress defect 

migration into the active region.  

 

2-3 Characteristics of Distributed Bragg Reflectors 

From the discussions in chapter 1, the high-reflectivity DBRs are extremely 

important components in VCSELs. In this section, we’d like to discuss the 

characteristics of DBRs. We start this section with the transfer matrix method in 

stacks of thin films. We construct a computational simulation program for the transfer 

matrix. Then, based on the simulation, we’ll discuss the reflectance, transmittance, 

absorption, phase delay, and penetration depth for the DBRs. 

 

Transfer Matrix Method 
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A thin film is shown in Figure 2-18(a) [19]. The direction of the incident wave is 

denoted by the symbol + (that is, positive-going) and waves in the opposite direction 

is – (that is, negative-going). Since there is no negative-going wave in the substrate 

and the waves in the film can be summed into one resultant positive-going wave and 

one resultant negative-going wave. At this interface b, then, the tangential 
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components of E and H are: 

(2-60) 

(2-61) 

where η is the optical admittance of the film. Different polarizations have different 

forms: 

for s-polarization (TE):            (2-62) os n µεθη /= cos o

for p-polarization (TM):            (2-63) θµεη cos// oos n=
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(2-67) 

The field at the other interface a at the same instant and at a point with identical x and 

y coordinates can be determined by altering the phase factors of the waves to allow 

for a shift in the z coordinate from 0 to –d. The phase factor of the positive-going 

wave will be multiplied by exp(iδ) where 

(2-68) λθπδ /cos2 11dn=

and θ1 may be complex, while the negative-going phase factor will be multiplied by 

exp(-iδ). There the values of E and H at the interface are: 
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So that 
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This can be written in matrix notation as: 
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The 2×2 matrix on the right-hand side of equation (2-69) is known as the 

characteristic matrix of the thin film. Let another thin film be added to the single film 

so that the final interface is now denoted by c, as shown in Figure 2-18(b). The 

characteristic matrix of the film nearest the substrate is: 
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And from equation (2-69): 
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If we define a characteristic matrix of the assembly, the above equation becomes: 
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This result can be immediately extended to the general case of an assembly of q 

layers, when the characteristic matrix is simply the product of the individual matrices 
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taken in the correct order, i.e. 

 
⎥
⎦

⎤
⎢
⎣

⎡
⎥
⎦

⎤
⎢
⎣

⎡
=⎥
⎦

⎤
⎢
⎣

⎡ ∏ =
m

q

r
rrr

rrr

i
i

C
B

ηδδη
ηδδ 1

)
cossin

/)sin(cos
(

1
(2-70) 

where we have now used the suffix m to denote the substrate or exit medium. If θo, 

the angle of incidence, is given, the values of θr can be found from Snell’s law. So the 

reflectance, transmittance and absorptance can be expressed as [19]: 
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The phase change on reflection can be expressed as: 
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Reflection Delay and Penetration Depth of DBRs 

Since we are interesting in Bragg mirrors (quarter-wave mirrors) with incident 

light normal to the interfaces, the above equations can be much simplified. Due to the 

distributed nature of quarter-wave stack, these mirrors exhibit phase dispersion and a 

finite delay upon reflection [20]. The dispersion is responsible for pulse broadening 

and distortion [21], whereas the reflection delay adds to the laser cavity round-trip 

time. The storage of electromagnetic energy in a distributed reflector is also a factor 

of interest in the case of small-cavity structures where the cavity volume and the 

cavity round-trip time are of comparable magnitude as the mirror storage and the 

reflection delay. It has been common practice [22] to account for both the reflection 
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delay time and the energy storage in distributed laser mirrors by defining a quantity 

called penetration depth as the depth inside the mirror at which the optical pulse 

appears to reflect, or the energy falls off to 1/e of its initial value. The sum of the 

physical cavity length and the mirror penetration depth gives the effective cavity 

length. 

Figure 2-19 shows the simulation results of InGaAlAs/InAlAs DBRs with center 

wavelength at 1550 nm for 10, 20, 30 and 40 pairs. Figure 2-19(a), (b) and (c) 

demonstrate the reflectivity, phase and delay time, respectively. Figure 2-20 illustrates 

the interpretation of penetration depth: a wave is incident from a medium with 

refractive index n onto a DBR with linear phase. Its reflection is delayed by τ and 

scaled by the value of the reflectivity. The equivalent model for the DBR is realized 

by extending the incident medium beyond the reference plane and by placing a 

fixed-phase mirror at depth LDBR. To the observer placed to the left of the reference 

plane, the mirrors will appear equivalent if the reflectivity and the phase 

characteristics of the two cases are equal. The effective length and phase can be 

expressed as: 

τωθτ
ooDBR n

cL ==
2 (2-74) 

where the reflection delay is: 

ω
ωφτ

∂
∂

−=
)(

(2-75) 

and LDBR is the penetration depth. Figure 2-21 shows the simulated electric field in a 

40 pairs InGaAlAs/InAlAs DBRs. The intensity of the electric field decreases from 

the incident plane. The distance from the incident plane to 1/e of the magnitude of the 

incident intensity represents the penetration depth. This depth needs to be considered 

in the determination of cavity mode wavelength in FP lasers and longitudinal 

confinement factor in VCSELs. The confinement factor is given by the ratio of 
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electromagnetic energy in the active region of length La and the total energy present 

in the cavity: 

DBRFP

a
L LL

L
2+

=Γ
(2-76) 

From equation (2-76), the longer penetration depth will lower the confinement factor. 

If the absorption is taken into account, the longer traveling path will increase more 

loss. Table 2-4 lists various kinds of material combination for making DBRs with 

center wavelength at 1550 nm. The larger refractive index difference between the 

DBR layers leads to a smaller number of pairs to reach 99.9% reflectivity and a 

shorter penetration depth. 

 

2-4 Analysis of the Heat Flow 

It is well known that the heating effect is very important for semiconductor 

lasers in almost all applications. For VCSELs with relatively small device volume, 

the heat dissipation is one of the major limitations for continuous-wave (CW) 

operations. Long wavelength VCSELs especially suffer from the temperature effect 

due to the insufficient gain at high temperature. We’d like to develop a thermal model 

by using finite element analysis (FEA) software to simulate the heat flow in VCSELs.  

Typically, the VCSEL structure is cylindrical symmetry. The coordinates in 

thermal model can be transformed to longitudinal, z, and axial, r, directions. The 

input parameters for the thermal model include the geometry, the thermal 

conductivity k(T, r, z) of the materials, and the heat source distribution P(r, z). The 

heat sources mainly originate from the Joule heat in conducting materials, 

nonradiative recombination and absorptions in active layers. The heat-transferred 

modal for the cylindrical symmetry can be expressed as: 
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where T is temperature and ∂P/∂V is the heat power density. If we assumed 

anisotropic thermal conductivity in DBR layers, then: 
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+
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where k1 and k2 are thermal conductivities for bulk materials and d1 and d2 are the 

DBR layer thicknesses. The partial differential equation (2-77) can be easily solved 

by FEA software [23]. The visualized outputs contain the temperature distribution and 

heat flow. The thermal resistance can be calculated from the temperature distribution 

T(r, z) with uniform heat source in the active region: 

(2-79) heatth PTR /max∆=

Although heat flow in a VCSEL can be solved with the FEA software, the 

average device temperature can be easily evaluated. The power dissipated in the laser 

is 

)1( η−=−= inOinD PPPP (2-80) 

where η is the wall-plug efficiency, which is the ratio between the emitted optical 

power over the injected electrical power. Then, the temperature rise is: 

(2-81) 
TD ZPT =∆

where ZT is the thermal impedance. For small VCSELs on a relatively thick substrate, 

a simple analytic expression for ZT is useful [24]: 

effT
T ak

Z
4

1
= (2-82) 

where kT is the thermal conductivity of the substrate beneath the heat generating disk, 

and aeff is the effective device radius. In the uncovered etched-mesa case, aeff is 

approximately equal to the radius of active region; in other cases it tends to be 

somewhat larger due to heat spreading in either surrounding epitaxial material or 

deposited heat spreaders. In contrast, if the VCSEL is flip-chip bonded to a heat sink, 

a quasi-one-dimensional heat flow results, and then 
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Ak
hZ
T

T = (2-83) 

where A is the effective area of the heat flow, h is the distance to the heat sink and kT 

is the thermal conductivity of the material between the source and heat sink. 
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Table 2-1 Comparison of threshold conditions for EEL vs
VCSEL. 

 
 
 EEL VCSEL 

Active length, La 300 µm 0.01 µm 

Confinement factor, Γ 0.03 1 (or 2) 

1/ΓLa 1/9 µm-1 1/0.01 µm-1

Mirror loss, ln(1/R) 1.2 (R ~ 0.3) 0.001 (R ~ 0.998) 

Threshold gain, gth 0.1 µm-1 0.1 µm-1
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 Table 2-2 Magnitude of |M|2 for various material systems. 
 
Material systems 2|M|2/mo in eV Reference 

GaAs 28.8 ± 0.15 [14, 15] 

AlxGa1-xAs (x < 0.3) 29.83+2.85x [16] 

InxGa1-xAs 28.8-6.6x [14, 15] 

InP 19.7 ± 0.6 [14, 15] 

In1-xGaxAsyP1-y (x=0.47y) 19.7+5.6y [15, 17] 
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Table 2-3 Magnitude of |MT|2/|M|2 for different transitions and 
polarizations. C-HH represents the transition from electron band to 
heavy hole band. C-LH represents the transition from electron band 
to light hole band 

 
 
 
 

   Quantum-well 

 Bulk (kt ~ 0) 

Polarization C-HH C-LH C-HH C-LH 

TE 1/3 1/3 1/2 1/6 

TM 1/3 1/3 0 2/3 

. 
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 Table 2-4 Various material combinations for making high 

reflectivity DBRs  
 

DBR materials Δn/no
Required pairs to reach 

R>99.9% 
Penetration depth 

(LDBR) 

InP/Air 1.038 4 0.11 μm 

TiO2/SiO2 0.509 7 0.14 μm 

GaAs/AlAs 0.153 27 0.79 μm 

AlGaAsSb/AlAsSb 0.149 28 0.87 μm 

InGaAlAs/InP 0.102 41 1.26 μm 

InGaAlAs/InAlAs 0.090 47 1.45 μm 

InGaAsP/InP 0.082 51 1.59 μm 
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Figure 2-1 Schematics of edge emitting lasers. (a) The typical EELs with
DH structures. The electrodes outside the P and N cladding layers
provide the electrical current. The laser output goes out from both
cleaved facets. (b) The 2-D cross-section of EELs. The refractive index
profile shown on the left side have a high index value for the active
region, which serves a natural optical waveguide for the laser mode. The
conduction and valence band diagram for the EELs shown on the right
side explains carrier confinement in DH structures. (c) Schematics of
laser operation conditions with optical gain, γ, internal loss, αi, cavity
length, L, and mirror reflectivity, R. 
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 Figure 2-2 Typical semiconductor laser output power vs.

injection current relation (L-I curve).  
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Figure 2-3 The gain, optical mode and power spectrum for a
Fabry-Perot laser. 
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 Figure 2-4 Operation of a Fabry-Perot laser. 
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Figure 2-5 (a) General VCSEL schematic indicating
coordinate system. (b) Cross-sectional schematic indicating
active layer thickness, La, cladding layer thickness, Lp, and
VCSEL effective cavity length, L. 
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Figure 2-6 The gain and optical mode spectrum for a VCSEL.
Since the effective cavity length of VCSEL is on the order of
half wavelength, the longitudinal mode spacing is larger than
linewidth for typical semiconductor gain medium. The
property of short cavity makes VCSEL a single longitudinal
device. 
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 Figure 2-7 Schematics of alignment between gain and cavity
mode peak at different temperature. Temperature increases as
sequence as (a), (b) and (c). The gain peak red-shifts faster
than the cavity mode as the temperature increases. 
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Figure 2-8 Schematics of optical waveguide for oxide VCSEL.
Due to the complex 3-D structure for oxide VCSEL, the
analysis of transverse mode can be assumed an optical
waveguide using effective index model. The effective
refractive index of core region can be calculated as n1, while
that of outer region is n2. 
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Figure 2-9 (a) The spectrum of the oxide-confined VCSEL with a 6x6
µm square aperture operated at 0.9 Ith (~1 mA). (b) The upper-left
image is the top view of the VCSEL and the dash line indicates the
scanning area. Below the top view of the VCSEL is the total
spontaneous emission image observed directly from the microscope.
On the other side is the spectrally resolved near field images
corresponding to the emission peaks (a) to (k) labeled in the spectrum. 
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 Figure 2-10 The relationship between energy and k-space and

illustration of k-selected transition in parabolic shape band
structure. 
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 Figure 2-11 Illustration of an incident light gaining its power

after passing through a portion of gain medium  
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Figure 2-12 Allowed and forbidden transitions in a quantum
well. 
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Figure 2-13 Valence band structures of unstrained bulk
semiconductor such as GaAs 
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paths  
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 Figure 2-15 Illustration of thin epilayer of lattice constant ac

grown under biaxial (a) compression and (b) tension on
substrate with lattice constant as. 
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Figure 2-16 Qualitative band energy shift of the conduction
band and three valence bands for biaxial compressive and
tensile strain. 
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Figure 2-17 Band-edge profiles in real space along the growth
(z) direction and the quantized subband dispersions in k space
along the kx direction (perpendicular to the growth direction)
for a quantum well with (a) a compressive strain, (b) no strain,
and (c) a tensile strain. 
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 Figure 2-18 (a) Plane wave incident on a thin film, (b)

Notation for two films on a substrate.  
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Figure 2-19 The simulated results for a stack of
InGaAlAs/InAlAs DBRs with 10, 20, 30, and 40 pairs. (a) The
reflectance, (b) The phase upon the reflection, (c) The delay
time. 
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 Figure 2-20 The illustration of the penetration depth concept. A

linear phase mirror is replaced by a fixed phase mirror displaced by
length LDBR, into the mirror. The linear term in the phase
characteristic is absorbed by the distance LDBR, whereas the θo term
assures that the phase of the equivalent and the original mirror match
at the center frequency. 
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Figure 2-21 Th  in 40 pairs
InGaAlAs/InAlAs DBRs. The penetration depth extends to 1/e
of the magnitude of the incident light. 
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CHAPTER 3 

Principal Issues in Design of Vertical Cavity Surface 

Emitting Lasers 

Vertical cavity surface emitting lasers (VCSELs) are made by sandwiching a 

light emitting layer (i.e., a thin semiconductor of high optical gain such as quantum 

wells) between two highly reflective mirrors. The mirrors can be dielectric 

multilayered or epitaxial growth mirrors of distributed Bragg reflectors (DBRs) with 

reflectivity greater than 99.9%. Light is emitted normally from the surface of the 

mirrors. In this chapter, the most recent progress of VCSELs operating from infrared 

to ultraviolet is briefly described and the potential applications of VCSELs as light 

emitting sources in different commercial products are discussed. The reasons for the 

rapid commercialization of VCSELs and related products are also explained. The 

most recent progress of computational techniques and computer-aided design (CAD) 

tools used to analyze VCSELs are briefly described. Finally, the anticipated 

challenges in achieving high-speed and high-power VCSELs using novel structure 

and fabrication techniques are also explained. 

 

3.1 Recent development of long wavelength VCSELs 

VCSEL was first proposed and fabricated by K. Iga and his colleagues at the 

Tokyo Institute of Technology, Japan in the late 1970s. They indicated that in order to 

realize low threshold current, VCSELs should have (1) extremely small cavity volume, 

(2) high optical gain, and (3) mirrors with extremely high reflectivity (>95%) [1]. At 

that time, it was difficult to obtain high optical gain in bulk materials, and it was a 

challenge to obtain mirrors of such high reflectivity. Despite these difficulties, they 
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successfully demonstrated the first electrically pumped InGaAsP/InP VCSEL under 

pulse operation at 77 K in 1979 [2]. Several years later, they reported the achievement 

of an electrically pumped GaAs/AlGaAs VCSEL pulsing at room temperature [3,4]. 

Their early development of VCSELs usually involved a gold-based p-side reflector 

and n-side dielectric multilayered mirror (i.e., SiO2/Si) in which light is emitted. 

However, further reduction of threshold current in GaInAsP/InP-based VCSELs was 

obstructed by the large Auger recombination and other nonradiative recombination 

inside such a small laser volume.  

The realization of long-wavelength VCSELs using InP-based materials suffers 

from a significant drawback due to the (1) difficulty in obtaining highly reflective 

DBRs, (2) noticeable Auger recombination and inter-valence-band absorption, and (3) 

small conduction band offset. In addition, VCSELs with thick InGaAsP/InP DBRs 

(i.e., to produce high reflectivity) have high internal absorption loss and low thermal 

conductivity. In spite of these disadvantages, the 1300-nm InGaAsP VCSEL with 

n-type InGaAsP/InP mirror and SiO2/Si mirror on the p side demonstrates a threshold 

current of 500 mA under pulsed operation at room temperature [5]. In fact, with 

appropriate n doping on InGaAsP/InP DBR, the corresponding electrical conductivity 

can be improved and the optical reflectivity can be maintained at 1500 nm [6]. 

Fabrication of 1550-nm InP QW VCSEL using n-type InGaAsP/InP DBRs on n-InP 

substrate has demonstrated 1-mW CW output power at room temperature [7]. 

Semiconductor/dielectric reflectors can be used as the high-reflectivity mirror on the p 

side of long wavelength VCSELs. In early-stage 1300- and 1550-nm InGaAsP/InP 

VCSELs, MgO/Si and Al2O3/Si amorphous dielectric mirrors were used to provide 

sufficient optical reflection [38]. Low-loss p-GaAs/AlxOy dielectric mirrors also used 

in the development of the 1500-nm optically pumped VCSEL have shown a low 

pumping threshold of 1.4 mW [9]. Although these dielectric mirrors have good 
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thermal conductivity and high reflectivity, they have a very high electrical resistance, 

making electrical excitation difficult and requiring a different injection method [10]. 

Fusion bonding of GaAs-based DBRs onto the AlGaInAs/InP or InGaAsP/InP 

QW active layer is an alternative method to realizing long-wavelength VCSELs 

[11-13]. Submilliampere and CW room-temperature operation of 1550-nm VCSELs 

can be easily obtained by wafer fusion of InGaAsP/InP QWs to two AlGaAs/GaAs 

DBRs [11]. This is because GaAs/AlGaAs DBR has high electrical and thermal 

conductivity. Double fusion of GaAs/AlAs DBRs to the AlGaInAs/InP QW active 

layer is also possible to fabricate for 1300- nm VCSELs [12]. The major drawback of 

using double fusion to produce long wavelength is the complicated fabrication 

procedures, which obstruct the commercialization of VCSELs because of the high 

production cost. The fusion technique can also been used to bond an AlGaAs/GaAs 

front DBR to an InGaAsP/InP half-cavity structure (i.e., n-doped InGaAsP/InP 

bottom DBR). VCSELs fabricated by this technique have demonstrated 1550-nm CW 

emission at 17℃ [13]. This method can reduce the time required for the fabrication 

procedure to half, but fusion bonding is still required in the process. The growth of 

high-quality GaAs/AlAs DBRs or GaAlAs/GaAs metamorphic DBRs on InP-based 

materials may be an alternative way to realize long-wavelength VCSELs other than 

the wafer fusion technique [14,15]. However, this method may have the reliability 

problems associated with the heavily dislocated metamorphics mirrors due to the 

lattice mismatch (see Fig. 3.1). 

The technology of all-monolithic growth could be applied to fabricate 

long-wavelength VCSELs. In fact, it has been shown that using the InP 

lattice-matched AlGaInAs/InAlAs DBR system, all-monolithic growth VCSELs can 

be obtained [16,17]. This device consists of lattice-matched InGaAlAs/InAlAs n- and 

p-type DBRs grown on n-InP substrate. The n-type (typically ~ 43.5 periods) mirror is 
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usually doped with silicon, and the p-type (typically ~ 35 periods) mirror is doped 

with carbon in order to increase the electrical conductivity. AlGaInAs bulk [16] and 

AlInGaAs strain-compensated QWs [17] have been used as the active layer of this 

long wavelength VCSEL. The optimal threshold current and output power of the 

1550-nm VCSEL at room temperature with aperture diameter of 25 μm are recorded 

to be ~ 6 mA and ~ 8 mW, respectively [17], and the corresponding differential 

efficiency is about 42%. This achievement of low threshold current is due to the high 

reflectivity of InGaAlAs/InAlAs DBRs at 1550 nm as the corresponding refractive 

index difference and characteristic temperature are about 0.31 ± 0.01 and 122 K, 

respectively.  

It is also shown in Figure 3.1 that the lattice of AlGaAsSb/AlAsSb combination 

matches that of InP. This may represent an alternative choice of DBRs to realize 

monolithic growth VCSELs [18,19]. In addition, the AlGaAsSb/AlAsSb mirror has a 

contrast of refractive indices higher than that of the InGaAlAs/InAlAs mirror (i.e., the 

use of alternated pairs can be reduced by 20%) so that the corresponding thermal and 

electrical conductivities can be improved. This VCSEL can be grown by molecular 

beam epitaxy (MBE) on an n-doped InP substrate. The front mirror consists of 30 

periods of AlAs0.56Sb0.44/Al0.2Ga0.8As0.58Sb0.42λ/4 layers lattice-matched to InP plus a 

phase matching layer for the front gold contact (reflectivity >99.9%). The rear output 

DBR consists of the same material combination (reflectivity ~ 99.6%). The λ cavity 

active layer consists of five strain-compensated AlInGaAs QWs and a heavily doped 

tunnel junction sandwiched between the two mirrors [18]. This device, with an 

emission area of 25 μm diameter, demonstrates a threshold current of 7 mA and 

maximum output power of 2 mW at 17℃ under electrically pulsed operation. The 

performance of this device can be further improved by forming an aperture inside the 

active region. 
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Figure 3.1 shows that the GaInNAs system is lattice-matched with GaAs. This 

implies that GaAs-based DBRs can be used to realize long-wavelength VCSELs using 

the GaInNAs system as the active layer. One of the possible active layers consists of 

(Ga0.7In0.3)(N0.004As0.996) wells and GaAs barriers. In order to obtain long-wavelength 

VCSELs, the active layer is sandwiched between p- and n-type AlAs/GaAs DBRs 

consisting of 21 and 25.5 layer pairs, respectively. Doping can be applied to increase 

the electrical conductivity of DBRs. This type of VCSEL has been demonstrated at 

room-temperature operation under electrically pulsed modulation emitting at 1180 nm 

[20]. The merit of using GaInNAs/GaAs QWs as the active region is due to the 

technology of fabricating AlAs/GaAs DBRs that can be adopted directly from 

GaAs-based VCSELs. However, the electrical and optical characteristics of 

GaInNAs/GaAs QWs are still not fully understood, and further exploration is required 

to fabricate more reliable GaInNAs QWs with controllable electrical and optical 

performance [21]. Room temperature CW operation of Ga0.64In0.36N0.003As0.997/GaAs 

QW VCSELs (with Al0.7Ga0.3As/GaAs DBRs and n-GaAs as substrate) has 

demonstrated maximum output power and threshold current of 1 mW and 2 mA, 

respectively, emitting at 1200 nm [22].  

Another similar approach is to use GaAs0.665Sb0.335/GaAs QWs as the active 

layer, which is lattice-matched with AlAs/GaAs DBRs and n-GaAs substrate. This 

has also demonstrated the room-temperature CW operation of such an oxide aperture 

device emitting at 1.23 μm that has a threshold current of 0.7 mA [23]. Longer 

lasing wavelength can also be obtained by increasing the Sb content. GaAsSb 

VCSELs could be a viable low-cost light source for optical fiber data link systems. 

InGaAs/GaAs and InAs/InGaAs quantum dot (QD) active layers, which are 

lattice-matched with the GaAs-based materials, can be tuned to have maximum 

optical gain peak near 1300 nm [24]. This implies that long-wavelength VCSELs can 
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also be realized using GaAs-based QD materials. In fact, InAs QD VCSELs using 

AlAs/GaAs DBR on the p side and GaAs/AlO on the n side with n-GaAs substrate 

demonstrated 1300-nm emission under pulsed operation at 20℃ [24]. Therefore, it 

can be concluded that using GaInNAs/GaAs QWs, GaAsSb/GaAs QWs, or 

GaAs-based QDs with GaAs/AlAs DBRs may be promising methods of realizing 

long-wavelength VCSELs. This is because all-monolithic growth, predicable 

reliability, and low production cost can be maintained during the fabrication of 

long-wavelength VCSELs.  

 

3.2 Recent development of short wavelength VCSELs 

Short-wavelength VCSELs in the visible range is another attractive topic to be 

studied. This is because visible VCSELs can be found in wide-ranging applications 

such as laser printing and scanning, plastic-fiber-based communications, optical data 

storage (CD, DVD, etc.), and display applications. Using GaN and its material 

systems as the active layer can realize green to UV emitting lasers. Reports on the 

reliability performance of GaN-based LEDs and facet emitting lasers indicate that 

blue or shorter wavelength emission can also be realized in VCSELs [25]. 

However, the challenges to achieve blue/violet GaN-based VCSELs require 

high-reflectivity mirror materials and the fabrication of microcavity resonator 

structure. It is possible to fabricate monolithic growth VCSELs using AlGaN/GaN 

DBRs, but their small difference in refractive index requires a large number of layer 

pairs to achieve the required reflectivity. Hence, it is difficult to apply in situ epitaxial 

growth technique to form DBRs. Nonetheless, violet VCSELs with AlGaN/GaN 

DBRs emitting at 401 nm under photopumped room temperature has been reported 

[26]. On the other hand, it may be possible to replace AlGaN/GaN DBRs by dielectric 
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multilayered mirrors in blue/violet VCSELs. In fact, it has been shown that 10 pairs of 

SiO2/HfO2 dielectric layers can give more than 99% reflectivity between 400 and 450 

nm [27,28]. The remaining challenge to realizing blue/violet VCSELs is the highly 

transparent carrier concentration (i.e., high threshold current density). This is because 

electron and hole masses of wide-bandgap materials are heavier than those of 

narrow-bandgap materials. In fact, transparent carrier concentration of wide-bandgap 

materials is reduced if the QW structure is used to realize the active region such as 

GaN/Al0.1Ga0.9N QWs. Therefore, it is believed that low threshold current blue 

VCSELs can be realized using GaN QWs [29]. 
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Figure 3-1 Energy band diagram versus lattice constant 
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CHAPTER 4 

Fabrication of Short Wavelength Vertical Cavity Surface 

Emitting Lasers 

This chapter mainly describes the fabrication equipments and procedures for 

short wavelength vertical cavity surface emitting lasers. Metal organic chemical vapor 

deposition (MOCVD) system is used for growing all the epitaxial structures through 

out this study. The growth process, fabrication process and characterization of short 

wavelength-VCSELs, will also be introduced in this chapter. 

 

4-1 Optimization of the InGaN/GaN Active Layers 

GaN and related materials have attracted much attention because of their 

potential for many applications such as light emitting diodes (LEDs), laser diodes 

(LDs), solar-blind ultraviolet detectors, and high power, high temperature electronic 

devices. In particular, InxGa1-xN quantum wells (QWs) have attracted a tremendous 

interest since they form the active region in optoelectronic device such as LEDs and 

LDs working in the blue/violet region of the spectrum. The InxGa1-xN active layer as 

been argued that presents some compositional fluctuations [1], and it has been argued 

that the luminescent centers in these devices were originating from localized states or 

quantum dots in the InxGa1-xN QWs due to the presence of In rich fluctuations. 

 

The Effect of thickness and number on InGaN quantum well 

In recent years, InGaN/GaN-based optical devices such as light-emitting diodes 

(LEDs) and laser diodes (LDs) have considerably progressed. However, the emission 

mechanism that occurs in these devices is still not fully understood. So far, many 

articles have addressed this issue [1-8]. Two different radiative recombination 

mechanisms are generally accepted. One is based on spatial indium fluctuations 
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leading to indium-rich regions acting as quantum dots. The emission from the InGaN 

region may be assigned to the recombination of excitons localized at potential minima, 

i.e., so-called exciton-localization effect (ELE) [1-7]. Quantitative high-resolution 

transmission electron microscopy (HRTEM) proved the presence of spatial indium 

fluctuations [9-10]. Another model attributes the quantum-confined-Stark effect 

(QCSE) due to the presence of a large piezoelectric field in the quantum well, which 

arises from strain caused by the lattice mismatch between GaN and InGaN [11-15]. 

According with the QCSE model, the field causes the energy bands to “bend”, thereby 

inducing charge separation and a red-shift of the emission. The ELE and QCSE are 

both related to the indium concentration, well numbers and well thickness. There are 

some reports that spatial In concentration fluctuations or ELE dominate the 

luminescent properties in samples with high indium concentrations in thinn wells, 

while QCSE dominate the recombination emission in wide QW structures [16-17]. 

This section investigates these two effects with regard to the well numbers and well 

thickness by means of photoluminescence (PL) and high-resolution x-ray diffraction 

(HRXRD) measurements. Finally, this section compares the different influences of 

these two effects on the performance of InGaN/GaN-based LEDs, which should be 

taken into account in designing InGaN/GaN optical devices such as high brightness 

LEDs, LDs and VCSELs. 

The In0.18Ga0.88N/GaN MQW samples were grown on a (0001)-oriented 

sapphire substrates by low pressure metal-organic chemical vapor deposition 

(MOCVD) with a rotating-disk reactor (Veeco E300). Trimethylgallium (TMGa), 

Trimethylindium (TMIn), Trimethylaluminum (TMAl), and ammonia (NH3) were 

used as the Ga, In, Al, and N precursors, respectively. Silane (SiH4) and 

biscyclopentadienyl magnesium (Cp2Mg) were used as the n- and p-type dopants. 

Hydrogen (H2) and nitrogen (N2) were used as a carrier gas. The substrate was firstly 
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treated in hydrogen ambient at 1050 ℃, followed by the growth of a 25 nm-thick 

GaN buffer layer at 550 ℃. After the high temperature annealing of a buffer layer, a 

1.5μm-thick undoped GaN layer was grown at 1040 ℃ and a 1.5μm-thick n-type 

GaN layer was deposited. To investigate the properties of InGaN/GaN QWs, the QWs 

were grown as follows. First, the thickness of QWs was varied from 1.2 to 6.1 nm and 

the other conditions were held constant with well growth temperature at 750 ℃, five 

of the well number and 20nm-thick Si-doped barrier. Second, similar to the QWs 

grown at 750 ℃, the thickness of well and barrier layers was kept constant at 2.2 and 

22 nm respectively, while the number of well was varied from five to eight. After the 

growth of active region, substrate temperature was elevated to 970 ℃ again to grow 

the Mg-doped p-Al0.16GaN cladding layer and the Mg-doped p-GaN cap layer. Fig 4.1 

shows the structure of InGaN/GaN MQW. After the growth, the LEDs (300×300μm2) 

were fabricated using photolithographic patterning and dry etching. The metal contact 

layers, which include the transparent contact and pad layers, are patterned by a lift-off 

procedure and deposited onto samples using electron beam evaporation. Indium Tin 

oxide (ITO) is used for p-side transparent contact and Ti/Al/Ni/Au (20/150/20/200 nm) 

is used for n-type electrode. Finally, Ni/Au (20/1500 nm) is deposited onto both 

exposed transparent and n-type contact layers to serve as bonding pads. The 

current–voltage (I–V) characteristics were measured at room temperature (RT). RT 

electroluminescence (EL) and the luminous intensity of these fabricated LEDs were 

measured as functions of forward injection current between 0 and 20 mA. 

The In composition, well number and barrier thickness were kept constant with 

varying well thickness from 1.2 to 6.0 nm. The well and barrier thickness and In 

composition were obtained through HRXRD measurement. The In composition and 

well number and barrier thickness are 18 %, 5, and 20 nm, respectively. HRXRD 

results are shown in figure 4.2 for the InGaN/GaN MQW depending on the thickness 
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of well. The strongest peak in each figure is due to the GaN epilayer. The spectra 

show a higher-order diffraction peak indicating good layer periodicity. In principle, 

the average In composition of the QW and the period can be determined from the 

relative positions of the zeroth- and higher-order peaks in the HRXRD patterns. The 

period (D) given by D = nλ/2 (sin θn–sin θ0th) is between 21.2 to 26.0 nm , where 

n is the order of the satellite peaks, θn is their diffraction angle and θ0th the angle 

of the zeroth-order peak.. Figure 4.2 shows the HRXRD spectra of InGaN/GaN 5QWs 

with different well thickness. With increasing with thickness from 1.2 to 6.0 nm, the 

FWHM of the rocking curve for the zeroth- and 1st-order satellite peak in the QW 

with a 1.2 nm-thick well is broader than that in the other thick well samples and above 

the 3 nd-order peak, the profile is not clear in the QW with a 1.2 nm-thick well, 

implying that the crystal quality of the QWs improves with increasing well thickness. 

For the optical properties, the PL intensity is another very important parameter. 

Here, we compare the PL intensity of all samples. Figure 4.3 (a) shows the PL spectra 

of all samples with different quantum-well thickness and the same In content. Each 

spectrum is dominated by a sharp emission peak accompanied by weak peaks on 

low–energy side and/or high-energy side except the sample with well thickness of 

~1.2 nm. The emission energy of the samples shows a slight redshift with increasing 

quantum-well thickness. Figure 4.3 (b) shows effects of MQW structure on the PL 

peak intensity measured at room temperature. Generally, for the wider quantum-well 

structure, the transition matrix element is further decreased, i.e., the PL intensity is 

weakened by increasing quantum-well thickness except for the case of low In content 

[18]. However, the width increase of quantum wells did not have significant decrease 

on the PL intensity as shown in Fig. 4.3 (b). It suggested that these samples are 

consisted of low In content and the emission mechanism is dominated by the exciton 

localization effect. The enhancement of the exciton localization effect due to 
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increasing quantum-well thickness agrees with the previous report [19], in which the 

exciton localization effect can be observed only under the condition of the well 

thickness larger than a critical thickness for the samples with a lower indium 

concentration. 

Next, we will compare the output power of LED samples with different well 

thickness. Figure 4.4 shows the dependence of the output power on the quantum well 

thickness, which is measured under the condition at 20 mA injection current at room 

temperature. In the case of 18% indium mole fraction, the output power increases 

with increasing well thickness up to 3.2 nm and then decreases with further increasing 

well thickness, which is in good agreement with the well thickness dependent PL 

intensity. Combined with Fig. 4.4, one can understand that the decrease of the output 

power with further increasing well thickness can be attributed to QCSE. Of course, if 

the QCSE is weak enough to be safely ignored, the performance of the LED can be 

improved by ELE. 

Recently, the structural and optical properties of low-In-content InGaN/GaN 

multi-quantum wells (MQWs) have been examined with varying QW number. The 

photoluminescence (PL) peak was found to redshift and the emission peak intensity 

was found to increase with increasing well number up to six [20-24] and then 

decrease with further increasing well number. Figure 4.5 shows HRXRD results for 

the InGaN/GaN QWs depending on the number of QWs. The spectra show gradually 

better layer periodicity. The peak positions are almost stationary. This indicates one 

period (well and barrier) is constant. From the combined results of HRXRD analysis, 

the In composition in the well layer was about 18%, and the well and barrier thickness 

were 2.5 and 22 nm, respectively. PL peak positions of InGaN/GaN QWs with 

increasing well number reveal slightly redshift as shown in figure 4.6 (a). Figure 4.6 

(b) shows dependence of PL peak position and intensity on the number of wells. PL 
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peak intensity increases with increasing well number up to six and decreases with 

further increasing well number. The results are consistent with some earlier reports. 

Figure 4.7 is output power characterization results of LED samples with different well 

number. It can seen clearly that the EL output power at 20 mA of LED sample with 

six-wells is higher than that of LED samples with five and eight-wells, which is in 

good agreement with the well number dependent PL intensity. 

In summary, we have investigated low-In-content InxGa1-xN/GaN (x~0.18) 

QWs by MOCVD with various well thickness and number by means of 

photoluminescence (PL) and high-resolution x-ray diffraction (HRXRD) 

measurements. Finally, this section also compares the different influences of these 

different growth conditions on the performance of InGaN/GaN-based LEDs. 

 

The Effect of Si-doped barrier 

Growth of high efficient InGaN active layer is main issue in the fabrication of 

high brightness ultra violet (UV) light emitting diodes and high power short 

wavelength laser diodes. Delta doping process has been recognized as an effective 

way to improve internal quantum efficiency by carrier injection layer, lower the 

transparency current density and increase the modulation bandwidth in the study of 

III-V arsenide and phosphide based optoelectronic devices. And it also improves the 

thermal stability related in the electronic and optoelectronic performance [25-27]. 

Recently, the effects of Si doping on the optical properties of GaN epilayers [28-29], 

InGaN/GaN QWs [30-33], and GaN/AlGaN QWs [34] have been reported. Cho et al 

[30] observed the reduced Stokes shift, the decrease in radiative recombination 

lifetime, and the increase in the interface quality with increasing Si doping 

concentration. They concluded that Si doping results in a decrease in carrier 

localization at potential fluctuations due to the In alloy fluctuations, thickness 
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variations, and/or defects in the QWs. However, Wang et al [31] reported that an 

obvious localization effect is found in slight Si doping QW structures, but the 

localization effect vanishes when the Si doping level increases. Furthermore, when 

the localization effect is stronger, the mobility is higher. Dalfors et al [32] suggested 

that the large blueshift in energy with increasing Si doping concentration can only be 

explained by the screening of the potential fluctuations and only partly be explained 

by the screening of the piezoelectric field. In this communication, we report the Si 

doping effect in the cw photoluminescence (PL) and of In0.18Ga0.88N/GaN MQW 

structures. High-resolution x-ray diffraction (HRXRD) was employed to study the 

structural properties of MQWs. We also discuss the RT electroluminescence (EL) and 

the luminous intensity dependence of these fabricated LEDs with various Si flow 

rates. 

The In0.18Ga0.88N/GaN MQW structures used in this study were grown on a 

(0001)-oriented sapphire substrates by low pressure metal-organic chemical vapor 

deposition (MOCVD) with a rotating-disk reactor (Veeco E300). Trimethylgallium 

(TMGa), Trimethylindium (TMIn), Trimethylaluminum (TMAl), and ammonia (NH3) 

were used as the Ga, In, Al, and N precursors, respectively. Silane (SiH4) and 

biscyclopentadienyl magnesium (Cp2Mg) were used as the n- and p-type dopants. 

Hydrogen (H2) and nitrogen (N2) were used as a carrier gas. The substrate was firstly 

treated in hydrogen ambient at 1050 ℃, followed by the growth of a 25 nm-thick 

GaN buffer layer at 550 ℃. After the high temperature annealing of a buffer layer, a 

1.5μm-thick undoped GaN layer was grown at 1040 ℃ and a 1.5μm-thick n-type 

GaN layer was deposited. InGaN/GaN MQW samples were subsequently grown at a 

low temperature of 750 ℃, which consisted of 5 periods of 20 nm GaN barriers and 

2.5 nm In0.18Ga0.88N wells. A set of samples was grown to study the effects of 

Si-doping in the GaN barriers on the characteristics of the InGaN/InGaN QWs. Three 
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samples have various Si flow rates of 0.12, 0.16, 0.19, 0.37 and 0.59 sccm, 

respectively. After the growth of active region, substrate temperature was elevated to 

970 ℃ again to grow the Mg-doped p-Al0.16GaN cladding layer and the Mg-doped 

p-GaN cap layer. After the growth, the LEDs (300×300μm2) were fabricated using 

photolithographic patterning and dry etching. The metal contact layers, which include 

the transparent contact and pad layers, are patterned by a lift-off procedure and 

deposited onto samples using electron beam evaporation. ITO is used for p-side 

transparent contact and Ti/Al/Ni/Au (20/150/20/200 nm) is used for n-type electrode. 

Finally, Ni/Au (20/1500 nm) is deposited onto both exposed transparent and n-type 

contact layers to serve as bonding pads. The current–voltage (I–V) characteristics 

were measured at room temperature (RT). RT electroluminescence (EL) and the 

luminous intensity of these fabricated LEDs were measured as functions of forward 

injection current between 0 and 20 mA. 

Figure 4.8 shows the dependences of the PL intensity (filled square) and PL 

peak wavelength (filled circles) of InGaN/GaN MQW samples as a function of the 

SiH4 flow rate in the range of 0.12-0.59 sccm. As SiH4 flow rate increases from 0.12 

to 0.19 sccm, PL intensity of MQW samples significantly increases. The SiH4 flow 

rate for the maximum PL intensity was 0.19 sccm, where the PL intensity at the main 

peak position was 13 times higher than that of the MQW samples without Si doping. 

In the previous work, Si doping process has been recognized as a method for 

introducing a potential well having high electron density and higher hole confinement 

by higher valance band offset . The increase in PL intensity may be attributed to the 

effective supply of electrons captured in potential well produced by Si doping in the 

GaN barrier layers into the InGaN well layer and enhancement of hole capturing by 

higher valance band offset [25,27]. However, as SiH4 flow rate beyond 0.19 sccm 

further increases till 0.59 sccm, the PL intensity is decreased. It is resulted from the 
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decrease of electron tunneling process because the energy level in the potential well 

of Si-doped barrier is not properly aligned with the InGaN well layer at a higher Si 

doping level.  

The Si-doping of the GaN barrier layers also affected the structural properties of 

5 period InGaN/GaN MQWs. HRXRD showsω-2θspectra of MQW samples with 

various SiH4 flow rate. As increasing Si-doping of the barriers, high resolution X-ray 

di¤raction measurements revealed a significant narrowing of the full-width at 

half-maximum (FWHM) of the first and second order superlattice (SL) peaks. From 

these, it is found that the crystal quality of InGaN/GaN MQW structures is improved 

by impurity doping. This is consistent with previous reports that Si doping promotes 

the surface and interface smoothness of InGaN/GaN MQWs[35-36]. 

Fig. 4.9 shows the measured LED output power as a function of injection 

current. It can seen clearly that the EL intensity of LED with SiH4 flow rate of 0.19 is 

approximately ~20 % of magnitude higher than that of LED with SiH4 flow rate of 

0.12 at 20 mA and presents the relative output luminous intensity as a function of the 

SiH4 flow rate in the range of 0.12-0.59 sccm. The much larger output power at 20 

mA could be also attributed to the improved crystal quality and thermal stability of 

MQW structures due to Si incorporate into column-III sites to prevent formation of 

the Ga vacanies[37]. 

In summary, we have studied the effect of Si doping on the GaN barriers. As 

increasing Si doping in the barriers, the PL shows an increase of emission intensity 

and a blueshift of peak energy. With the same MQW emission peak at about 460 nm 

and driving current of 20 mA, it is found that the light output power of the LED with 

Si flow rate of ~ 0.19 sccm is ~20 % of magnitude higher than that of LED with Si 

flow rate of ~ 0.12sccm. This result shows that PL intensity and LED output power of 

the MQW samples with Si-doped barrier layers are dramatically increased. The 
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increases in internal quantum efficiency of the MQW samples can be attributed to the 

effective injection of electrons from the Si-doped barrier layers into QW layers, an 

increase of hole accumulation by higher valance band offset, and the improved crystal 

quality and thermal stability of MQW structures. 

 
4-2 Enhanced Light Output in InGaN-based Light-Emitting Diodes 

with Omnidirectional One-dimensional Photonic Crystals 

GaN-based materials have attracted considerable interest in optoelectronic 

devices such as light emitting diodes (LEDs) and laser diodes (LDs) [38-41]. Recently, 

as the brightness of GaN-based LEDs has increased, applications such as displays, 

traffic signals, backlight for cell phone, exterior automotive lighting, and printer have 

become possible. However, there is still a great need for improvement of the internal 

quantum efficiency as well as extraction efficiency. The LEDs are inherently 

inefficient because photons are generated through a spontaneous emission process and 

emit in all directions. A large fraction of light emitted downward toward the substrate 

and to the side does not contribute to useable light output. Most commercially 

packaged GaN-based LEDs incorporate a reflector cup to redirect bottom-emitting 

light upwards. However, there are significant losses experienced at each interface, 

especially at the adhesive bond between the backside of the LED chip and the cup. 

Some applications requiring surface-mounted LEDs make such reflectors impractical. 

Metals with high visible reflectance, such as Al and Ag, exhibit an average 

reflectance of around 90% or better across that wavelength range [42]. To achieve 

consistent adhesion to the sapphire substrate, an intermediate binding layer of Cr must 

be employed; however, this results in a much lower reflectance value of ~55% [43]. 

Recently, Zhao et al. proposed a method to use a distributed Bragg reflector (DBR) 

mirror deposited directly on the back surface of GaN based LED chip to enhance 
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extraction efficiency [44]. A wide reflectance bandwidth in the blue and green 

wavelength regions was obtained using a double quarter-wave stack design composed 

of TiO2 and SiO2 layers. More than 65% enhancement in extracted light intensity was 

demonstrated for a blue LED measured at the chip level. However, the reflectance 

bandwidth of a DBR mirror is determined for the light at a certain incident angle. The 

reflectance bandwidth will shift when the incident angle changes or if the polarization 

of the incident light is different. In other words, the high reflectance of a DBR mirror 

is limited by the incident angle and polarization of light. More recently, a new kind of 

omnidirectional reflector (ODR) composed of metallic and dielectric materials was 

reported and applied to GaInN LEDs [45]. Higher reflectance and higher insensitivity 

to the incident angle make such kind of conducting ODR a good candidate to reflect 

light upward for a flip-chip type LED. 

Photonic crystals (PCs) have unique energy dispersion due to coupling between 

periodic dielectric (or metallic) materials and electromagnetic waves. Particularly, the 

strong energy dispersion of the propagating modes of PCs has attracted much interest 

because of the formation of electromagnetic stop bands or so called photonic band 

gaps (PBGs) [46,47]. Although the high reflectance of a DBR mirror has been studied 

for a long time, it is just recently shown that one-dimensional photonic crystals (1D 

PCs) can exhibit the property of omnidirectional reflection provided the reflective 

indices of the materials and geometry of the structure are chosen appropriately [48.49]. 

The use of omnidirectional 1D PCs, enables the control of the light spectrum emitted 

from the LED chip, and compared with a DBR mirror, a substantially higher 

reflectance can be achieved at any incident angle and any polarization of light within 

the desired range of wavelengths determined by the PBG. 

In this section, an omnidirectional 1D PC is designed and incorporated into the 

bottom of GaInN blue LED chips. The designed omnidirectional 1D PC composed of 
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two different transparent optical materials TiO2 and SiO2 layers stacked alternately to 

possess a PBG within the blue regime of interest. It is shown that the omnidirectional 

1D PC has a higher reflectance and a wider reflection angle than a conventional DBR. 

Furthermore, an up to 80% enhancement in the extracted light intensity is 

demonstrated for a blue PC-LED around 450 nm. 

 Our GaN LED samples are grown by metal-organic chemical vapor deposition 

(MOCVD) with a rotating-disk reactor (Emcore) on a c-axis sapphire (0001) substrate 

at the growth pressure of 200 mbar. Trimethylgallium (TMG), Trimethylaluminum 

(TMA) ammonia, CP2Mg and Si2H6 are used as Ga, Al, N, Mg, and Si sources, 

respectively. The LED structure consists of a 30-nm-thick GaN low temperature 

buffer layer, a 4.0-µm-thick highly conductive Si-doped GaN layer (grown at 1050oC), 

an undoped multiple quantum wells (MQW) active region consisting of five periods 

of 2/5-nm-thick In0.21Ga0.79N/GaN multiple quantum wells (grown at 750oC), a 

50-nm-thick Mg-doped AlGaN layer (grown at 1050oC), and a 0.1-µm-thick 

Mg-doped GaN (grown at 1050oC). Finally, a p-AlInGaN–GaN double-cap layer is 

grown at 800oC with nano-roughened surface for enhanced light extraction [50]. The 

LED chips are fabricated using standard process (4 mask steps) with a mesa area of 

300×300 µm2. The 0.5 µm SiO2 is deposited onto the sample surface using plasma 

enhanced chemical vapor deposition (PECVD). By means of photo-lithography, the 

mesa pattern is defined after wet etching SiO2 by buffer oxide etching solution. Mesa 

etching is then performed with Cl2/Ar as the etching gas in an ICP-RIE system 

(SAMCO ICP-RIE 101iPH), and with the ICP source power and bias power operating 

at 13.56 MHz. The metal contact layers, which include the transparent contact and 

pad layers, are patterned by a lift-off procedure and deposited onto samples using 

electron beam evaporation. ITO is used for p-side transparent contact and Ti/Al/Ni/Au 

(20/150/20/200 nm) is used for n-type electrode. Finally, Ni/Au (20/1500 nm) is 
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deposited onto both exposed transparent and n-type contact layers to serve as bonding 

pads. After front-end process, an omnidirectional 1D PC is incorporated into the 

bottom of GaInN blue LED chips and the design is described as following.  

Conventionally, a white light LED device comprises of a blue LED chip and a 

layer of yellow phosphor grains. To increase the luminance of a white light LED 

device by enhancing the extraction efficiency of the blue light generated inside the 

chip is the most promising way. Therefore, we design an omnidirectional 1D PC 

having a PBG at around 450 nm and incorporate the 1D PC onto the bottom of a 

GaInN blue LED chip. The transparent optical materials we chose are TiO2 and SiO2 

with thickness given respectively by 0.455 and 0.545 times the lattice constant a of 

the photonic band structure, and with reflective indices 2.42 and 1.47, respectively, 

around wavelength 450 nm. Fig. 4.10 shows the photonic band structures for this 

designed 1D PC which exhibits a PBG between frequency 0.288 c/a and 0.302 c/a 

(e.g. the region with dash line), which correspond to wavelengths of 458 nm and 437 

nm, respectively, if a = 132 nm is chosen. For a finite structure with 14 periods, the 

result in Fig. 4.10 shows the comparison of the average theoretical and experimental 

transmittances as a function of wavelength. The calculated and measured 

transmittances are averaged for the unpolarized light with the incident angles every 5 o 

from 0 o to 85 o. Fig. 4.11 shows a close agreement between theoretical and 

experimental results. The transmittance goes down to 0.5 % between 438 nm and 460 

nm for the theoretical result, which matches the expectation of the PBG in Fig.4.9. 

The experimental result shows a wider PBG that is between 437 nm and 469 nm 

because of the absorption from the substrate and slightly different reflective indices 

for the fabricated TiO2 and SiO2. Fig.4.12 shows the schematic of a GaInN blue LED 

chip containing an omnidirectional 1D PC, and the insertion is the scanning electron 

micrograph (SEM) image of the cross section of our 1D PC. We incorporate this 
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omnidirectional 1D PC onto the bottom of our GaInN blue LED chip with emitting 

peak at 454 nm and FWHM about 20 nm (e.g. between 444 nm and 464 nm) so that 

the PBG is wide enough to omnidirectionally reflect downward blue light back to the 

upward side to increase the extraction efficiency. 

In the electroluminescence (EL) measurement, a continuous current is injected 

into the device at room temperature. The light output is detected by a calibrated large 

area Si photodiode placed 5 mm above the top of the device. This detecting condition 

captures almost all the power emitting from the LED. It is found that the 20-mA 

forward voltages of the conventional LED and the present LED were 3.25 and 3.26 V, 

respectively; indicating that the processing associated with the additional 1D PC 

structure did not change the electrical properties. Fig.4.13 shows the comparison of 

the intensity–current (L–I) characteristics of the LED with and without an 

omnidirectional 1D PC. It can be seen that the EL intensity of our present LED is 

larger than that observed from the conventional LED. At an injection current of 20 

mA, it is found that the MQW emission peaks of these two devices are both about 450 

nm and the light output powers of the LED with and without 1D PC are about 11.7 

mW and 6.5 mW, respectively. In other words, we can enhance the output power by a 

factor of 1.8 for the InGaN–GaN MQW LED with an omnidirectional 1D-PC. This 

demonstrates that the LED with 1D PC has a higher light extraction efficiency. 

In summary, a GaN-based LED with an omnidirectional 1D PC is designed and 

fabricated. The omnidirectional 1D PC composed of alternately stacked TiO2 and 

SiO2 layers possesses a PBG within the blue regime of interest. With the same MQW 

emission peak at about 450 nm and driving current of 20 mA, it is found that the light 

output powers of the LED with and without 1D PC are about 11.7 mW and 6.5 mW, 

respectively. This result shows that the omnidirectional 1D PC has a higher 

reflectance and a wider reflection angle than the conventional DBR. Our finding has 
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promising potential for the enhancement of output powers of commercial light 

emitting devices. 

 

4-3 Optically Pumped short-wavelength VCSELs 

Gallium nitride is a direct wide bandgap semiconductor, which has attracted 

considerable interest in its application in blue, green and ultraviolet light-emitting 

diode and laser diodes [51]. With the demonstration and commercialization of 

GaN-based edge-emitting laser diodes earlier [52], the research interest has gradually 

shifted to the fabrication and demonstration of GaN-based vertical cavity surface 

emitting laser (VCSEL) structures and GaN Resonant-Cavity Light-Emitting Diodes 

(RC-LED). An important requirement for the realization of GaN-based VCSEL is the 

fabrication of high reflectance mirrors with large band width, usually in the form of 

distributed Bragg reflectors (DBRs). In the case of wide band-gap nitride 

semiconductors, both InGaN-based RCLEDs and optically pumped VCSELs [53-55] 

incorporating GaN/AlGaN Bragg mirrors [56-59] have been reported.  H. M. Ng et. 

al. report the peak reflectance up to 99% centered at 467 nm with a bandwidth of 45 

nm based on AlN/GaN quarterwave layers have been grown by electron cyclotron 

resonance plasma-assisted molecular-beam epitaxy. M. Diagne et. al. [60] was 

demonstrate the dominant mode at 413 nm, which coincides with the high reflectivity 

region of the DBR and the peak of the QW PL emission, has a spectral linewidth of 

~0.6 nm. The AlN/GaN based DBR grown by MOCVD was reported by T. Shirasawa 

et.al. [61] with a peak reflectance of about 88%. In this section, we report the growth 

of high reflectivity and large stopband width AlN/GaN DBR structures by MOCVD 

system, and demonstration of GaN-based VCSEL with AlN/GaN DBR structure. 
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Fabrication of GaN-based VCSEL 

The structure of the GaN-based VCSEL was grown in a vertical-type MOCVD 

system (EMCORE D-75) with a fast rotating disk, which can hold one 2-inch wafer. 

The polished optical-grade C-face (0001) 2-inch-diameter sapphire was used as 

substrate for the epitaxial growth of the VCSEL structure. Trimethylindium (TMIn), 

Trimethylgallium (TMGa), Trimethylaluminum (TMAl), and ammonia (NH3) were 

used as the In, Ga, Al, and N sources, respectively. Initially, a thermal cleaning 

process was carried out at 1080°C for 10 minutes in a stream of hydrogen ambient 

before the growth of epitaxial layers. After depositing a 30-nm-thick GaN nucleation 

layer at 530°C, the temperature was raised up to 1045°C for the growth of a 

1-µm-thick GaN buffer layer. Then a 25-pairs AlN/GaN DBR structure was grown at 

1040°C under the fixed chamber pressure of 100 Torr similar to the previous reported 

growth condition. Then a 380-nm-thick n-type GaN, followed by a ten pairs 

In0.2Ga0.8N MQW and a 100-nm-thick p-type GaN were grown to form a 3λcavity. 

Finally, an eight pairs Ta2O5/SiO2 dielectric mirror was deposited by the E-gun as the 

top DBR reflector. The SEM image of the MOCVD grown structure and the overall 

VCSEL structure are shown in the Fig 4.14 (a) and (b). The schematic diagram of the 

overall VCSEL structure is shown in Fig. 4.14 (c). 

 

Reflectance Spectrum and Photoluminescence 

The structure of GaN-based VCSEL is fabricated as discussed previously. The 

reflectance spectrum of the 25 pairs of AlN/GaN DBR grown on the sapphire by the 

MOCVD and the 8 pairs of Ta2O5/SiO2 DBR evaporated on the Si substrate by E-gun 

were measured by the n&k ultraviolet-visible spectrometer with normal incidence at 

room temperature. Figure 4.15 shows the reflectance spectrum of AlN/GaN DBRs and 
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Ta2O5/SiO2 DBRs, respectively. The AlN/GaN mirror with 25 pairs of DBR can 

achieve the high reflectivity of 94% and the wide FWHM of reflectance spectrum 

about 33nm. The Ta2O5/SiO2 mirror with 8 pairs of DBR can achieve the high 

reflectivity of 97.5% and the wide FWHM of reflectance spectrum about 115nm. 

    The photoluminescence (PL) emission was excited by a 325nm He-Cd laser with 

a spot size of about 2-µm-diameter. Figure 4.16 shows the PL emission of the 

MOCVD grown structure and overall VCSEL structure. The PL emission peak 

wavelength and the FWHM of emission spectrum of MOCVD grown structure were 

448nm and 10.5nm, respectively. It is obviously that the PL emission peak 

wavelength of overall VCSEL structure was dominated by cavity mode and was 

centered at 448nm. The PL emission of and the FWHM of emission spectrum of 

overall VCSEL structure were 448nm and 1.4nm, respectively. The narrow FWHM of 

1.4nm is attributed to the Febry-Perot cavity effect. 

 

The Characteristics of Optically Pumped GaN-based VCSEL 

The optical pumping of the sample was performed using a frequency-tripled 

Nd:YVO4 355-nm pulsed laser with a pulse width of ~ 0.5 ns at a repetition rate of 1 

kHz. The pumping laser beam with a spot size of 60 µm was incident normal to the 

VCSEL sample surface. By using the microscopy system (WITec, alpha snom), the 

light emission from the VCSEL sample was collected into a spectrometer/CCD 

(Jobin-Yvon Triax 320 Spectrometer) with a spectral resolution of ~0.1nm for spectral 

output measurement. The stimulated emission of fabricated GaN-based VCSEL was 

achieved and observed by using the optical pumping system mentioned above. The 

light emission intensity from the VCSEL as a function of the exciting energy is shown 

in Fig 4.17. A distinct threshold characteristic was observed at the threshold pumping 
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energy (Eth) of about 1.5µJ corresponding to an energy density of 53mJ/cm2. Then the 

laser output increased linearly with the excitation energy beyond the threshold. The 

inset of the Fig 4.17 shows the excitation energy dependent emission spectrum. The 

GaN VCSEL emits 448nm blue wavelength with a linewidth of 0.25nm. It evidently 

expresses the behavior from spontaneous emission to stimulated emission. 

In conclusion, the GaN-based Vertical-Cavity surface-Emitting Laser (VCSEL) 

structure grown by MOCVD were investigated. The 25 pair AlN/GaN DBR structure 

and 3λ cavity layer were consisted in this VCSEL structure. The AlN/GaN mirror 

with 25 pairs of DBR can achieve the high reflectivity of 94% and the wide FWHM 

of reflectance spectrum about 33nm. The Ta2O5/SiO2 mirror with 8 pairs of DBR can 

achieve the high reflectivity of 97.5% and the wide FWHM of reflectance spectrum 

about 115nm. The PL emission of and the FWHM of emission spectrum of overall 

VCSEL structure were 448nm and 1.4nm, respectively. The narrow FWHM of 1.4nm 

is attributed to the Febry-Perot cavity effect. The stimulated emission of fabricated 

GaN-based VCSEL was achieved and observed by using the optical pumping system. 

The GaN VCSEL emits 448nm blue wavelength with a linewidth of 0.25nm. It 

evidently expresses the behavior from spontaneous emission to stimulated emission. 
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 Fig. 4.1 The structure of InGaN/GaN MQW 
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Fig. 4-2 HRXRD spectra of InGaN/GaN 5QWs with different 
well thickness. 
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Figure 4-3 (a) The PL spectra of all samples with different  
quantum-well thickness and the same In content 
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 Figure 4-3 (b) The effects of MQW structure with various well 

thickness on the PL peak position and intensity measured at room 
temperature.  
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Figure 4-4 The dependence of the output power on the quantum 
well thickness, which is measured under the condition at 20 mA 
injection current at room temperature.  
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Figure 4-5 HRXRD results for the InGaN/GaN QWs depending on 
the number of QWs. 
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Figure 4-6 (a) The PL spectra of all samples with different 
quantum-well number and the same In content  
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Figure 4-6 (b) The dependence of PL peak position and intensity 
on the number of wells 
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 Figure 4-7 The output power characterization results of LED samples 

with different well number at 20 mA.  
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Figure 4-8 The dependences of the PL intensity (filled square) and PL 
peakwavelength (filled circles) of InGaN/GaN MQW samples as a 
function of the SiH4 flow rate in the range of 0.12-0.59 sccm. 
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Fig 4-9 The measured LED output power as a function of injection 
Current. It can seen clearly the relative output luminous intensity as
a function of the SiH4 flow rate in the range of 0.12-0.59 sccm.  
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 Fig 4-10 Photonic band structure for a 1D PC that shows a photonic 

band gap (PBG) between frequency 0.288 c/a and 0.302 c/a (e.g. 
the region between the dash lines). 
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 Fig 4-11 Comparison of the averaged theoretical and experimental

transmittances as a function of wavelength. The calculated (dash-line)  

and measured transmittances (solid-line) are averaged for the unpolarized

light with the incident angles every 5 o from 0 o to 85 o. 

 
 
 
 
 
 
 
 
 
 
 
 
 

117 



 
 
 
 p contact 
 

p-GaN 

TCL 
n contact 

sapphire 

n-GaN 

14 pairs 
1D PC 

MQW 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig 4-12 Schematic diagram of a GaInN blue LED chip containing an

omnidirectional 1D PC at the bottom. The inset shows the SEM picture 
of the 1D PC. 
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Fig 4-13 Electroluminescence intensity–current (L–I) characteristics of 
the LED with and without 1D PC.flow rate in the range of 0.12-0.59 sccm.
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Figure 4-14 (a) The SEM image of the MOCVD grown structure 
4-14 (b) The SEM image of the overall VCSEL 
4-14 (c) The schematic diagram of the overall VCSEL 

structure 
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Figure 4-15 The reflectance spectrum of AlN/GaN DBRs and 
Ta2O5/SiO2 DBRs. 
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Fig 4-17 The light emission intensity from the VCSEL as a function of the 
exciting energy. 
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CHAPTER 5 

Fabrication of Long Wavelength Vertical Cavity Surface 

Emitting Lasers 

This chapter mainly describes the fabrication equipments and procedures for 

long wavelength vertical cavity surface emitting lasers (LW-VCSELs). The 

characteristics of gain medium suitable for long wavelength vertical cavity surface 

emitting laser (LW-VCSEL) have been discussed at the beginning of this chapter. By 

considering material quality and limitations of process equipment, the InGaAlAs 

system lattice-matched to InP has been chosen as the active layers in this study. Since 

the epitaxial equipment and process determine most of the characteristics of 

LW-VCSELs, detailed descriptions are given in this chapter. The growth process, and 

regrowth process will also be addressed. Wafer fusion technique, which is the other 

special and important process in fabrication of LW-VCSELs, will also be introduced 

in this chapter. 

 

5-1 Characterization and Optimization of the Active Layers 

InP-Based Gain Materials 

The characteristics of gain medium suitable for long wavelength vertical cavity 

surface emitting laser (LW-VCSEL) have been discussed at the beginning of this 

chapter. By considering material quality and limitations of process equipment, the 

InGaAlAs system lattice-matched to InP has been chosen as the active layers in this 

study. The optimized layer structures have been determined by investigating 

performance of edge emitting lasers (EELs) with InGaAlAs multiple quantum wells 

(MQW) as the active layers. 

 124



Several kinds of material system can combine to emit light in long wavelength 

range. However, the most promising and conventional material systems lattice-match 

to InP substrate. As mentioned previously, the absence of high reflectivity distributed 

Bragg reflectors (DBRs) is the most challenge in making InP-based LW-VCSELs. 

The fundamental properties of the InP-based gain materials will also be discussed. 

Monolithically grown DBRs lattice-matched to InP continued to attract interests 

due to the well existing highly efficient InGaAsP and InGaAlAs gain materials 

covered the wavelength window from 1.3 to 1.8 µm. The InGaAsP material systems 

have been applied for buried heterostructure (BH) type long wavelength EELs for a 

long time. The quaternary feature makes this material easy to tailor different strain 

and emission wavelength. The InGaAlAs material system, which developed later [1], 

also shows good performance in laser operations. We first compare the gain-spectrum 

and gain-carrier concentration relation between InGaAlAs and InGaAsP material for 

a single quantum well structure with a thickness of 5 nm and a compressive strain of 

1.5 %. The emission wavelength is calculated to be 1.51 µm when considering the 

quantum size effect and strain splitting effect as mentioned in chapter 2. The barrier is 

10 nm thick and 0.75% tensely strained for compensating the strain in quantum well. 

No additional loss and confinement factor are assumed. The carrier recombination 

and emission above the barrier are also neglected. The temperature for calculation is 

300 K. The injected carrier density ranges from 1×1016 to 5×1018 cm-3. The simulated 

gain spectrums for TE mode are shown on the left side of Figure 5.1 with the 

gain-carrier concentration relations shown on the right side. No big difference can be 

distinguished between these two materials from the intrinsic gain behavior at this 

point. 

We then construct a Fabry-Perot (FP) laser structure containing these two 
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material systems for MQWs. The number of quantum wells and the amount of strain 

is the same for two material systems. The lower threshold current and higher slope 

efficiency for InGaAlAs system was obtained. The simulated band diagrams under 

forward bias and above the threshold conditions are shown in Figure 5.2. The band 

offset ratio between conduction band and valence band is 0.72 for InGaAlAs and 0.36 

for InGaAsP. Due to the larger conduction band offset for InGaAlAs system, the 

electrons have fewer chance to jump out of the quantum wells to become leakage 

current The high potential barrier is very important for high temperature laser 

operations since the extra energy gained by the electrons increases the possibility for 

electron to over-ride the barrier potential. In contrast, the relatively large valence 

band offset in InGaAsP system prevents the holes with large effective mass and low 

mobility uniformly distributing over the multiple quantum wells [2], leading to 

enhanced losses and carrier wasting. The electrons and holes gather in the first 

quantum well near the p-type cladding layer as shown on the right side of Figure 4.2 

(b). The increased carrier densities further worsen the laser performance due to the 

Auger recombination loss. The smaller conduction band offset and non-uniformity of 

carrier distribution for InGaAsP lasers lead to higher threshold current and lower 

slope efficiency in comparisons to InGaAlAs lasers. 

Since the high temperature characteristic is essential in LW-VCSELs, we thereby 

choose the InGaAlAs system for gain mediums in this study. In this section, the 

structures of InGaAlAs multiple quantum wells will be optimized by investigating the 

performance of corresponding EELs. 

  

Fabrication of Long Wavelength FP EELs 

The typical laser structure is shown in Figure 5.3 (a). All the epitaxial layers 
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were grown by MOCVD on S doped n-type InP substrates with exact orientation to 

<100> direction. The laser structure consists of following layers: an 1 µm thick 

n-type InP layer, an 100 nm thick n-type InAlAs layer served as inner cladding, a pair 

of 100 nm un-doped AlxGa1-xIn0.48P confinement layers with x graded from 0.49 to 

0.25, active layers with six compressively strained InGaAlAs quantum wells 

separated by five tensile strained InGaAlAs barrier layers, a 50 nm thick p-type 

InAlAs layer also served as inner cladding, a 50 nm thick p-type InGaAsP barrier 

reducing layer with emission wavelength of 1.3 µm, and a 200 nm thick p-type 

InGaAs contact layer. The equivalent band diagram is illustrated in Figure 5.3 (b). 

The as-grown wafer with laser structure is then processed to form a simple ridge 

structure. The first step is ridge formation using dry or wet chemical etching. Then, 

the SiNx was deposited to protect the top surface except for the contact layer above 

the ridge, followed by the metallization for top and bottom sides. The processed 

wafer was then cleaved into 300 µm by 300 µm chips with both facets coated. The 

reflectivity of front and rear coating is 30% and 85%, respectively. Finally, the chips 

were mounted to TO-56 packages for final testing.  

The scanning electron microscope (SEM) is commonly used to examine the 

geometry of microelectronics. Figure 5.4 is the profile of the 1550 nm laser. In order 

to maintain single transverse mode, the ridge width is smaller than 3 µm. An 

additional etching stop layer is incorporated in order to precisely control the etching 

depth during ridge formation. Normally, the emission wavelength of the etching stop 

layer is shorter than the lasing wavelength to avoid the absorption causing the 

increase of the internal loss. The vertical position of the etching stop layer directly 

influences the threshold current by the amount of lateral diffusion current under the 

etching stop layer [3]. The precision control of the ridge depth by introducing the 
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etching stop layer in the laser structure assures highly uniformity of the laser 

characteristics over the entire wafer.  

Figure 5.5 shows the high temperature performance of 1550 nm and 1310 nm 

lasers. The characteristic temperature can be calculated to be 80K, which is better 

than the performance of lasers with InGaAsP quantum wells (about 50 ~ 70K). 

 

The Effect of Strain 

The InxGa1-xAs layer can be directly used for quantum wells for laser operated in 

1500 nm band. However, only one variable in composition of this alloy needs to 

adjust the quantum well thickness simultaneously to achieve our target lasing 

wavelength. For a 5 nm quantum well lasing in 1500 nm band, the percentage of In 

has to be 0.37 with a compressive strain of 0.67%. The thickness of quantum well has 

to be reduced to further obtained higher compressively strain or vise versa. Thin 

quantum wells place great challenges to epitaxial systems. The incorporation of Al in 

InGaAs system increases the freedom of combinations. The In1-x-yGaxAlyAs system, 

with two variables in composition, allows us to have fixed thickness of quantum wells 

and emission wavelength but various values of strain.  

Figure 5.6 demonstrates the performance of lasers with different amount of 

compressive strains in MQWs. All the barriers are tensely strained to compensate the 

strain in QWs. The threshold current density is calculated when the laser operates 

without facet coating. The threshold current density is decreased about 40% when 

increasing the strain in QWs from 0.6 % to 1.4 %. Figure 5.7 shows the X-ray 

diffraction patterns of different strain-compensated MQWs. The positions of the 

satellite peaks tell the strain amount in laser structures. If we check a little more in 

Figure 5.6, the slight increase of the threshold current has been observed with the 
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compressive strain more than 1.5 % in MQWs. We attributes that the product of this 

strain and QW thickness approaches the critical thickness. The induced defect and 

imperfection increase the non-radiative recombination in QWs, thus, degrade the laser 

performance. This implies that the strain in MQWs can’t be increased further even the 

compensating scheme is introduced. Therefore, the strain of 1.4 % in MQWs 

becomes the best choice in our study. 

 

The Effect of QW number 

We have also fabricated 1550 nm lasers with different QW numbers. In typical 

EELs, the larger number of quantum wells will increase the confinement factor in the 

transverse direction and enhance the laser performance in high temperature operations. 

The calculated confinement factors with four to eight quantum wells are shown in 

Figure 5.8. The confinement factor has increased 50 % when the number of QWs 

increases from four to eight.  

Two types of quantum wells have been fabricated and examined. For structure I, 

the thickness of the QW and barrier are 5.5 nm and 9.3 nm, and the strain of the QW 

and barrier are 1.37% and –0.6%, respectively. For structure II, the thickness of the 

QW and barrier are 6 nm and 7 nm, and the strain of the QW and barrier are 1.4% 

and –0.8%, respectively. The corresponding threshold current density with both facets 

coated has been shown in Figure 5.8. For quantum well structure I, the threshold 

current density has decreased about 26% with number of quantum wells from four to 

eight. The enhanced trend toward larger number of quantum wells seems to poise at 

eight or nine quantum wells. The relatively low enhancement in comparisons to the 

confinement factor might arise from the non-uniformity of the carrier distributions in 

quantum wells with more pairs.  
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Quantum well structure II, which contains larger strain amount in quantum wells, 

exhibits better performance when the number of quantum wells is six. However, the 

threshold current density increases a little when the number of quantum wells goes to 

eight. We try to explain this in terms of the net amount of strain. The strain effect will 

accumulate as the layer thickness increases. Thus, it’s better to evaluate the net strain 

with summations of the product of strain and thickness for all layers. The net amount 

for structure II quantum well is 50% larger than that for structure I quantum well. 

Defects and imperfections might be easily introduced when the number of structure II 

quantum wells increases. Therefore, more delicate strain scheme has to be taken care 

in MQWs with pairs more than six.  

 

5-2 Fabrication of the high reflectivity Distributed Bragg Reflectors 

5-2-1 Comparisons of InP/InGaAlAs and InAlAs/InGaAlAs 

Distributed Bragg Reflectors 

Introduction 

Long wavelength (1.3-1.5 µm) vertical cavity surface emitting lasers (VCSELs) 

are considered the best candidate for the future light sources in fiber communications. 

The advantages of VCSELs include single longitudinal mode output, small 

divergence circular emission beam profile, low power consumption and low cost 

reliable productions. The absence of high refractive index contrast in 

InP-lattice-matched materials impeded the progress of the development of 1.3-1.5 µm 

VCSELs in comparison to the short wavelength (0.78-0.98 µm) VCSELs. Recently, 

long wavelength VCSELs have been successfully demonstrated with several different 

approaches. First, wafer fusion technique, that integrated the InP-based active layers 
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and GaAs-based DBRs together, had been successfully realized for high performance 

long wavelength VCSELs [4,5] but the capability of mass production is still 

questionable. Second, the InGaNAs 1.3 µm VCSELs grown on GaAs substrates have 

been demonstrated with excellent characteristics [6,7]. However, to extend the 

InGaNAs gain peak to beyond 1.5 µm is rather difficult.  

Monolithically grown DBRs lattice-matched to InP continued to attract interests 

due to the well existing highly efficient InGaAsP and InGaAlAs gain materials 

covered the wavelength window from 1.3 to 1.8 µm. Metamorphic GaAs/AlAs DBRs 

lattice-matched to InP substrate have been applied to realize the long wavelength 

VCSELs [8,9] but the inherent dislocations in metamorphic layers have impacts on 

the reliability of the devices. The Sb-based DBRs have large refractive index 

contrasts ∆n ranging from 0.43 to 0.44 and have been successfully applied in the 

VCSEL structures [10,11]. However, these DBRs have drawbacks such as the low 

thermal conductivity and relatively high growth complexity. The problem with the 

conventional InP-lattice-matched InP/InGaAsP and InAlAs/InGaAlAs is the small 

refractive index contrast (∆n = 0.27 for InP/InGaAsP and ∆n = 0.3 for 

InAlAs/InGaAlAs) resulting in a larger number of DBR pairs required to obtain high 

reflectivity. In addition, using the conventional DBRs, not only the penetration depth 

will increase causing more absorption, but the heat dissipation is also a problem.  

Recently, the DBRs based on relatively large refractive index contrast (∆n = 0.34) 

material combination of InP/InGaAlAs have also been demonstrated [12-14]. This 

material combination not only has larger refractive index contrast than the 

conventional InP/InGaAsP and InAlAs/InGaAlAs material systems, but it also has 

other benefits including the smaller conduction band discontinuity, which is good for 

n-type DBRs, and the better thermal conductivity due the binary alloy of InP. 
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However, the InP and InGaAlAs belong to different group V based materials. 

Problems like the As carry over, the transitional interface, and lateral uniformity will 

affect the quality of the epitaxial layers and the reflectivity of the DBRs. As a result, 

the challenge of growing this combination relies on perfect switching between InP 

and InGaAlAs.  

The growth interruptions have been frequently used in the metal organic 

chemical vapor deposition (MOCVD) growth of the InGaAs/InP or InGaAs/InGaAsP 

quantum wells in order to obtain abrupt interface [15,16], but the growth of the 

InP/InGaAlAs DBRs using growth interruptions has not been investigated. In this 

paper, we report the effect of the growth interruptions on fabrication of the 

InP/InGaAlAs DBRs. The lateral uniformity and the reflectivity of the DBRs are very 

sensitive to the stabilization time of each terminated interface. We incorporated an in 

situ laser reflectometry while growing DBRs with thickness more than 8 µm to insure 

minimum fluctuation in the center wavelength of the stopband. The optically pumped 

1.56 µm VCSELs with 35 pairs InP/InGaAlAs DBRs achieved stimulated emission at 

room temperature with the threshold pumping power of 30 mW. 

 

Experimental Procedure 

All structures were grown in a vertical type low pressure MOCVD system with a 

rotating disk. The disk rotated at 900 revolutions per minute to maintain the laminar 

gas flow. The growth pressure was 70 torr. The growth temperature was 625℃. V/III 

ratio was 150 for InP and 200 for InGaAlAs. The growth rate was 36.5 nm/min and 

35 nm/min for InP and InGaAlAs, respectively. The alkyl sources were 

Trimethylindium, Trimethylgallium, and Trimethylaluminum, and the group V gases 

were AsH3 and PH3. The carrier gas was hydrogen. Si2H6 was used as the precursor of 

 132



the n-type dopant. The epitaxial layers were all grown on n-type (100) InP substrates. 

The growth interruption between the InP and InGaAlAs had been divided into three 

steps. In the first step, the gases flowing just after the growth were hydrogen and the 

group V source used in the previous layer but with half of the flow rate for different 

period of tp minute. Then, the group V source was switched off. The hydrogen was 

kept flowing for 0.02 minute in the second step to remove the remaining group V 

source in the reactor. After that, the other group V source with the same flow rate 

used in the next layer was switched on with the hydrogen flowing for 0.01 minute in 

the third step to prepare the growth environment. Five different periods (tp = 0, 0.1, 

0.2, 0.3 and 0.4 minute) of interruption were examined.  

The optical microscope with the magnification of 120 examined the as-grown 

wafers first to check the lateral uniformity. The spectrometer was used to determine 

the reflectivity of the DBRs. The reflectivity of the Au film was used as the reference. 

The crystal quality and the lattice mismatch of the DBRs were analyzed by the double 

crystal X-ray. The thickness of each layer and the vertically compositional profiles 

were investigated by the field emission scanning electron microscope (SEM) and the 

secondary ion mass spectrometry (SIMS). The high-resolution transmission electron 

microscope (TEM) was used to investigate the abruptness of the interface. The 

current-voltage (I-V) measurement was used to determine the resistance of the n-type 

doped DBRs. 

 

Results and Discussion 

The DBRs with ten pairs InP/InGaAlAs designed for 1.55 µm VCSELs were 

first grown and investigated. The quarter-wavelength thickness of InP and InGaAlAs 

was 122 nm and 110 nm, respectively. To avoid the absorption of DBRs while the 
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operating wavelength was 1.55 µm, the lattice matched In0.53Ga0.39Al0.08As was used 

with a band gap emission wavelength of 1.42 µm. Figure 5.9 (a) summarizes the 

surface conditions of 10 pairs InP/InGaAlAs DBRs grown with different interruption 

time tp under the examinations by the optical microscope with the magnification of 

120. When there was no interruption time (tp = 0 minute), pits with diameter ranging 

from 0.5 µm to 2 µm appeared densely on the surface of the as-grown wafer. When tp 

increased to 0.4 minute, the pits decreased to fewer than 100 per square centimeter. A 

DBR structure grown with 0.1-minute interruption time was investigated by SEM and 

the picture of the cross section is shown in Figure 5.9 (b). The arrow indicates the 

location where the pits occurred. Figure 5.10 shows the reflectivity curves of these 

samples measured by the spectrometer. The maximum reflectivity of DBRs increased 

when the interruption time tp becomes larger. However, the center wavelength and the 

width of the stopband remained unchanged. Figure 5.11 shows the X-ray diffraction 

pattern of a set of samples grown with different interruption time. The value of lattice 

mismatch of all samples was within 200 ppm. Meanwhile, more intense satellite 

peaks are observed when the interruption time is longer. As far as the DBRs of the 

VCSELs are concerned, it is very critical to increase the reflectivity. The decrease of 

the reflectivity of the DBRs and the intensity of the satellite peak of the X-ray 

diffraction pattern with the shorter interruption time may be resulted from the 

scattering loss caused by the pits on the lateral interface. Nevertheless, the small 

differences in the width of the stopband in the reflectivity curves among five samples 

showed that the layer compositions in the vertical direction did not vary a lot 

indicating the abruptness between the interfaces was intact. The SIMS results of 

InP/InGaAlAs DBRs grown with tp = 0.2 minute shown in Figure 5.12 suggest that 

the phenomena of As carry-over did not appear. Consequently, the degradation of the 
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reflectivity of InP/InGaAlAs DBRs mainly relates to the growth interruption time. 

After an InP or an InGaAlAs layer has grown, the surface needs time to stabilize 

under the atmosphere of previous group V gas. Then, the next layer with alternate 

group V source can continue to grow. This is the different case from growing the 

InAlAs/InGaAlAs or AlAs/GaAs material system. When the interruption time is 

shorter than 0.1 minute, the atom of the group V source cannot completely occupy the 

surface. Meanwhile the other group V source switches on and enters the vacant site. 

This lattice mismatch causes the formation of defects. The defects elongate upward to 

form the pits while the growth continues.  

Figure 5.13 (a) and (b) show the interface conditions of the InP/InGaAlAs DBRs 

examined by TEM for two different growth interruption time. The growth sequence is 

indicated as the arrow direction. Figure 5.13 (a) is for the optimized growth condition 

with interruption time of 0.3 minute. As can be seen the interfaces between the InP 

and InGaAlAs are clear and abrupt. Figure 5.13 (b) shows the interfaces when the 

interruption time was 0 minute. Some dark clusters can be seen at the interface 

between the InGaAlAs and InP. However, the interface between InP and InGaAlAs 

did not contain these dark clusters. We attribute the dark clusters to the As carry-over 

effect when grown under the non-optimized growth condition. The 

lattice-mismatched InAsP formed at the interface and became defects. These defects 

elongated upward to form the pits while the growth continues and reduce the 

reflectivity of the DBRs. On the contrary, there is no need to consider the interface 

switching problems to grow the InAlAs/InGaAlAs DBRs. The abrupt interface can be 

obtained without the interruption time between consecutive layers. These results 

suggest that to grow the InP/InGaAlAs DBRs with high reflectivity, one need to add 

interruption time tp more than 0.2 minute and make compromises between the total 
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growth time, the amount of source usage and the required high reflectivity. 

The DBRs with seven pairs n-type InP/InGaAlAs and InAlAs/InGaAlAs 

designed for 1.55 µm VCSELs were then grown and investigated. The as-grown 

wafers were dry etched roughly 1.8 µm down to the n-type InP substrate to form a 

round mesa with the diameter of 50 µm. The periphery of the mesa was then 

passivated by SiNx. After the thinning of the n-type InP substrate, the AuGe/Ni/Au 

contacts were deposited on the both sides of the wafers. Figure 5.14 (a) shows the I-V 

curves of the InP/InGaAlAs and InAlAs/InGaAlAs DBRs with round mesas of 50 µm 

in diameter. The resistance per DBR pair is calculated to be 1.2×10-5 Ωcm2 and 2.2×

10-5 Ωcm2 for InP/InGaAlAs and InAlAs/InGaAlAs DBRs, respectively. The lower 

value of the resistance of the InP/InGaAlAs is due to the smaller conduction band 

discontinuity (ΔEc = 0.15 for InP/InGaAlAs and ΔEc = 0.47 for InAlAs/InGaAlAs 

[17] ) between two layers. Figure 5.14 (b) shows the simulated equilibrium band 

diagrams of the InP/InGaAlAs and InAlAs/InGaAlAs DBRs for the n-type 

concentration of 1×1018 cm-3. The results suggest that the voltage drop is mainly 

located at the interface to overcome the potential barrier. Further reduction in the 

resistance value can be achieved by modulation doping of the interfaces of the DBR 

structure to lower the potential barriers. 

Next, two DBR structures with 35 pairs of InP/In0.53Ga0.39Al0.08As and 35 pairs 

of In0.52Al0.48As/In0.53Ga0.39Al0.08As were grown for comparisons. The interruption 

time tp for growing InP/In0.53Ga0.39Al0.08As DBRs was chosen to be 0.4 minute. Fig. 

5.15 shows the reflectivity curves of these two samples measured by the spectrometer. 

The measured reflectivity of samples was normalized to the reflectivity of the Au film. 

The maximum reflectivity of the InP/In0.53Ga0.39Al0.08As DBRs can reach over 99% 

and the width of the stopband is more than 100 nm, which is larger than the width of 
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the In0.52Al0.48As/In0.53Ga0.39Al0.08As DBRs. 

In summary, we have grown the InP/InGaAlAs and the InAlAs/InGaAlAs DBRs 

with excellent electrical and optical properties using MOCVD and the growth 

interruption technique. The DBRs show low resistance with an estimated resistance 

per DBR pair of 1.2×10-5 Ωcm2 and 2.2×10-5 Ωcm2 for InP/InGaAlAs and 

InAlAs/InGaAlAs DBRs, respectively. The maximum reflectivity of both DBRs 

exceeds 99% with a stopband width of 110 nm for InP/InGaAlAs DBR and 100 nm 

InAlAs/InGaAlAs DBR. Although the InP/InGaAlAs DBRs have better optical and 

electrical properties, the InAlAs/InGaAlAs DBRs has much lower growth complexity. 

Both DBR structures should be applicable for fabrication of long wavelength 

VCSELs in 1.5~1.6 µm range. 

 

5-2-2 Distributed Bragg Reflectors for Long Wavelength VCSELs 

using InP/Air-gap 

Recently, using InP/airgap structure as DBR for 1.55 µm VCSELs using InGaAs 

as sacrificial layer was reported [18, 19]. This structure has largest refractive index 

contrast of ∆n = 2.16 [20] and small optical loss in comparison to the conventional 

InP/InGaAsP and InAlAs/InGaAlAs material systems. The InP/airgap structure only 

requires 3 pairs to achieve high reflectivity of ~99.9 %. However in the reported 

InP/airgap DBR structures, the wet etching solution of FeCl3 was used to etch the 

sacrificial InGaAs layer. The FeCl3 solution has relatively low selectivity between 

InGaAs and InP layers which could cause the decrease in the reflectivity and shifting 

the stop bandwidth center of the DBR. These reports also did not measure the actual 

reflectivity of InP/airgap DBRs. In this section, we report the fabrication and 
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realization of a high reflectivity and rigid 1.55 µm InP/airgap DBR using a new 

etching technique based on the superior etching selectivity and high etching rate of 

H2SO4 solution for the InP/airgap DBR fabrication. 

 

Design and Fabrication 

For a rigid InP/airgap DBR with high reflectivity, a thicker InP layer is preferable. 

Our three–pair InP/airgap DBR structure has aλ/4 thick InGaAs sacrificial layer and 

a 5λ/4 thick InP layer based on the simulation results. Figure 5.16 showed the 

calculated reflectivity of a three-pair InP/airgap DBR structure with three different 

InP layer thickness of λ/4, 3λ/4, and 5λ/4 for a fixed thickness of λ/4 for the 

InGaAs layer. The result showed the peak reflectivity of three DBR structures has 

nearly the same high reflectivity value of 99.9 % around 1.55 µm while the stopband 

width gradually decreased with increasing InP layer thickness. For the 5λ/4 thick InP 

layer of DBR, the sopband still had a wide width of about 350 nm. 

The 3-pair InP/InGaAs DBR structure with 615 nm (5λ/4) thick of InP layer 

and 387 nm (λ/4) thick of InGaAs layer was grown in a vertical type low pressure 

MOCVD system with a rotating disk. The disk rotated at 900 revolutions per minute 

to maintain the laminant gas flow. The growth pressure was 70 torr. The growth runs 

were carried out at a temperature of 625℃. V/III ratio was 160 for InP and 75 for 

InGaAs. The growth rate was about 34 nm/min and 36 nm/min for InP and InGaAs, 

respectively. The alkyl sources were Trimethylindium (TMIn), Trimethylgallium 

(TMGa), and Trimethylaluminum (TMAl), and the group V gases were AsH3 and PH3. 

Hydrogen was used as the carrier gas. The epitaxial layers were all grown on n-type 

(100) InP substrates. For growth of the InP and sacrificial InGaAs layers of DBR, the 
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growth interruption time technique with an interruption time of 0.4 minutes based on 

our previous results [18] was used by switching gas flow between different group V 

sources. The double crystal X-ray measurement of the grown InP/InGaAs DBR 

structure showed clear satellite peaks indicating excellent crystal quality of the grown 

DBR structure.  

The basic processing procedures of the fabrication of InP/airgap DBR are shown 

in Figure 5.17 (a) and (b). The MOCVD grown InP/InGaAs DBR structure was 

deposited with SiO2 as dry etching mask by using plasma enhanced chemical vapor 

deposition (PECVD). Conventional photolithography was employed to define a 40 

µm width of square mesas for supporting the InP/airgap structure with a 10 µm 

spacing openings. The openings were then dry etched by reactive ion beam etching 

(RIE). The etching conditions were set at 300 W total power under a 20 mTorr 

pressure with 10 sccm CH4 /40 sccm H2 /15 sccm Ar gas mixtures. The corresponding 

etching rates of InP and InGaAs were about 45 nm/min and 7 nm/min respectively. 

The time required for etching the whole DBR structure of about 4 µm depth was 

about 200 minutes. To prevent the accumulation of polymer during the RIE dry 

etching which has a deposition rate of about 3 nm/mins, a 10-minute clean-etching 

step is conducted using O2 plasma between every 30 minutes of the CH4 /H2 /Ar RIE 

process. The procedure is important for maintaining the constant RIE dry etching rate 

[21,22] for making the mesa with vertical sidewall. A vertical sidewall mesa is critical 

for uniform etching of the sacrificial InGaAs layers later and the formation of uniform 

airgap width to prevent any change in the reflectivity of InP/airgap DBR. After the 

mesa dry etching, the SiO2 mask was removed by wet etching using HF solution.  

The etching of InGaAs layers to form the air gap was conducted by wet chemical 

selective etching using a H2SO4: H2O2: H2O=1:1:2 solution. The solution has a good 
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etching selectivity for InP and InGaAs and three times higher etching rate than the 

FeCl3 solution. We used a spinning roller in the solution to increase wet etching 

uniformity and take away the reactant between the InGaAs layers. The airgap created 

by the wet etching process had a width of about 12.5 µm.  The InP/airgap DBR 

structure was rinsed in D.I water and dried on the hot plate to clean up the residual 

water left in the air gap. Figure 5.18 depicts the SEM picture of the fabricated 

InP/airgap DBR structure. The DBR structure has a rigid and stable structure with 

uniform air gaps. 

 

Optical Characterization 

The reflectivity of the fabricated DBR structures was measured by the 

spectrometer using the reflectivity of the Au film as the reference. Since the Au film 

had a reflectivity of 95 % at 1.55μm wavelength, all of the reflectivity of DBR was 

normalized to the reflectivity of the Au film. Figure 5.19 shows the reflectivity 

spectrum of the InP/airgap DBR structure. The dash line was the calculated curve and 

the solid line was the measured result. The peak reflectivity of 99.9 % at the 

wavelength of 1540 nm with a stopband width of about 200 nm was obtained. The 

measured stop-band width was narrower than the calculated width, which could be 

due to the limited etched airgap regions. 

 

5-3 Optically Pumped LW-VCSELs 

The feasibility of the active layers and DBRs discussed in previous two chapters 

is examined by the performance of optically pumped LW-VCSELs. This chapter 

reports the structures and the characteristics of LW-VCSELs for optical pumping, 

including the InP-lattice-matched and wafer-fused structures.  
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The Structure of LW-VCSEL 

To further validate the viability of the DBR structures for long wavelength 

VCSELs, we have grown a laser structure based on the InP/InGaAlAs DBRs using 

the growth interruption technique. Figure 5.20 shows the laser structure. The epitaxial 

layers were grown on an n-type InP substrate. The first step was to grow the 5/4λ 

thick InGaAlAs and InP calibration layers followed by the 35 pairs InGaAlAs/InP 

DBRs. The interruption time was 0.2 minute. The laser reflectometry monitored the 

epitaxial growth. The 5/4λ thick InGaAlAs and InP calibration layers were first 

grown to check the growth rate and growth conditions before the entire DBRs were 

grown. The 2λ thick periodic gain cavity was grown in the second step. At the same 

time, another InP dummy wafer was loaded in MOCVD for photoluminescence (PL) 

measurement. The laser structure has InGaAlAs cladding layers of 2λ thick with a 

band edge emission peak at 1.1 μ m. Three sets of strain compensated 

multi-quantum wells (SCMQWs) were placed at the anti-nodes of the electric 

standing wave field within the 2λ thick cavity to increase the enhancement factor of 

MQW active regions. Each set of SCMQWs consisted of five InGaAlAs (strain = 

1.37%, thickness = 5.5 nm) quantum wells and four InGaAlAs (strain = -0.6%, 

thickness = 9.3 nm) barriers and the PL wavelength was tuned at 1.51 μm, which is 

40 nm blue-shifted from the target emission wavelength to insure the proper operation 

of the VCSELs at room temperature [24]. Two InP space layers of half λ thickness 

grown on the top and the bottom of the cavity were served to protect the InGaAlAs 

layer from being oxidized during the post processing. Finally, the wafer was coated 

with 10 pairs SiO2/TiO2 top dielectric mirrors to form a complete VCSEL structure. 
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The Results of Optical Pumping 

Figure 5.21 shows the reflectivity and PL measurements during every process 

step. All of the reflectivity results were normalized to the reflectivity of Au film. 

Figure 5.21 (a) shows the reflectivity curve of 35 pairs InGaAlAs/InP DBRs. The 

center wavelength of the stop-band is located at 1555 nm. Figure 5.21 (b) shows the 

reflectivity of the half cavity VCSEL. The PL spectrum of the active regions grown 

on the InP dummy wafer in the same run is shown in Figure 5.21 (c). The PL peak is 

1510 nm and the full width half maximum (FWHM) is 54 nm. The peak of shorter 

wavelength was the signal belonged to the previous grown layers on the InP dummy 

wafer. Figure 5.21 (d) shows the reflectivity of the complete VCSEL structure and the 

Fabry-Perot dip is located at 1558 nm. Figure 5.21 (e) demonstrates the PL spectrum 

of the complete VCSEL structure. The peak wavelength is coincided with the 

Fabry-Perot dip and the FWHM is measured to be 3.3 nm. The equivalent quality 

factor, Q, is estimated about 470 in the vertical direction. 

The complete VCSEL structure was placed in an optical pumping system as 

shown in Figure 5.22. The pumping source was a continuous wave operated 

Ti:sapphire laser. The wavelength of the Ti:sapphire laser was tuned at 990 nm 

although the pumping wavelength at slightly beyond 1.1 μm would be more 

desirable to avoid absorption of the InP (λg = 0.9 μm) space layers and InGaAlAs 

(λg = 1.1 μm) cladding layers. The diameter of the pumping beam entered from the 

top dielectric DBRs was estimated to be 30 μm. Figure 5.23 shows the pumping 

result of the VCSEL. The threshold pumping power is 30 mW at room temperature. 

The wavelength of the output beam is 1562 nm. The minimum linewidth above 

threshold is 1 nm limited by the resolution of the spectrometer. The red shift of the 

peak wavelength from the Fabry-Perot dip was attributed to the local heating caused 
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by the strong absorption. The equivalent threshold current density is calculated to be 

2 kA/cm2 when taking into account the absorption of the pumping light in the 

cladding layers and the reflection at the surface. Compared this number with the best 

threshold current density obtained in chapter 4, which is about 1.45 kA/cm2 shown in 

Figure 4-11, the relatively large threshold current density might be attributed to two 

reasons. One is the non-optimized quantum well structure in terms of the amount of 

net strain in periodic gain structure. The other is the relatively large cavity loss such 

as the absorption of the pumping power by the 2λ thick cladding layers in the laser 

structure. All in all, the quality of the DBRs and the active region have been basically 

qualified in this demonstration for the first step in LW-VCSEL process. 

 

5-4 Electrically Pumped LW-VCSELs 

5-4-1 Selectively etched undercut apertures in InP-based 

LW-VCSELs 

Unlike GaAs-based VCSELs, there is no natural oxidizable material in 

InP-based monolithic VCSEL from which an oxide aperture can be formed. In 

wafer-fused devices, an AlAs aperture placed in the GaAs-based mirror is typically 

used. In the InP-lattice-matched materials, there are been some reported on oxide 

apertures with AlInAs, but the lateral oxidation rate is low. We have demostrated an 

undercut aperture is employed instead of the oxide aperture, and this is formed by 

selectively etching an InGaAlAs-based active region with H2SO4 solution. An 

advatage of the undercut aperture is that this constrains current exactly into the 

desired area of the active region, and there is no current spreading between the current 

aperture and active region as can be seen in oxide aperture. Surface-recombination 

appears to be low in the 1.55μm multiple quantum-well (MQW) active regions. 

Based on the success of the optically pumped LW-VCSELs, a half 
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intracavity-contacted VCSEL with n-doped (Si) and p-doped (Zn) for electrically 

pumping was grown by MOCVD in a single step. A schematic of this structure is 

shown in Fig. 5.24. This structure is fabricated into devices of diameters 20μm by 

CH4 reactive ion beam etching (RIE). The mesas were selectively etched by H2SO4 

solution. For these devices, a high etching selectivity existed between the active 

region and InP cladding layers. The undercut apertures could be controlled by 

different etching time. The top dielectric DBR was deposited with 5 pairs of an 

electron-beam-evaporated SiO2/TiO2 stack. The half intracavity-contacted VCSEL 

allow the VCSEL to utilize undoped top DBR, reducing free-carrier absorption in 

conventinal p-DBR. However, there was no lasing operation due to leakage currents 

in these selectively etched undercut devices. 

 

5-4-2 Fabrication of LW-VCSELs by Ion-implantations 

Implantation technique is a common approach for current confinement [25,26]. 

Ion-implantation has long been an easy and stable fabrication method in 850 nm 

VCSEL industry. In this section, we’d like to discuss the structure and experimental 

results of the InP-based LW-VCSEL with a Si-implantation current aperture. 

 

The Structure of LW-VCSEL 

Figure 5.25 (a) shows the laser structure. The epitaxial layers were grown on an 

n-type InP substrate. The first step was to grow 42 pairs InGaAlAs/InP DBRs. The 

interruption time was 0.2 minute. The quarter-wavelength thickness of InP and 

InGaAlAs was 122 nm and 110 nm, respectively. To avoid the absorption of DBRs 

while the operating wavelength was 1.55 µm, the lattice matched In0.53Ga0.39Al0.08As 

was used with a band gap emission wavelength of 1.42 µm. The laser reflectometry 
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in-situ monitored the epitaxial growth. Then, the 3/4λ thick n- and p-type InP spacers 

for phase matching were grown. The half-wavelength thick cavity was sandwiched 

between InP spacers. The cavity consisted of n- and p-type InAlAs inner cladding 

layers and strain compensated multiple quantum wells (SCMQWs). The SCMQWs 

consisted of seven InGaAlAs (strain = 1.4%, thickness = 6 nm) quantum wells and 

eight InGaAlAs (strain = -0.8%, thickness = 7 nm) barriers and the 

photoluminescence (PL) wavelength was 1551.5 nm with the FWHM of 108.3 nm. 

The wafer was then sent to ion-implantation with Si after aperture mask patterning. 

The diameter of the aperture was 28 µm. The Si ions can compensate the p-type 

dopant and even make the InP layer to become n-type outside the aperture to form 

current blocking regions. The energy of the implanting ions is 100 KeV. The peak 

concentration of the Si in InP spacer layer located at about 100 nm away from the 

wafer surface measured by the secondary ion mass spectrometry (SIMS). Next, the 

wafer was passivated with SiNx and coated with metal contacts for both sides. The 

emission aperture was 10 µm in diameter. Finally, the wafer was coated with 10 pairs 

SiO2/TiO2 top dielectric mirrors to form a complete VCSEL structure. The schematic 

of LW-VCSEL structure with a Si-implanted current aperture is shown in Figure 5-25 

(b). 

 

Results and Discussion 

The voltage and emission light output versus driving current characteristics are 

shown in Figure 5.26. The solid lines in Figure 5.27 are the reflectivity and PL curves 

measured with only the half-cavity, which is the as-grown structure shown in Figure 

5.25 (a). The PL peak is 1547.4 nm with FWHM of 38.6 nm in comparisons to 108.3 

nm for PL curve of the original MQW. The shrinkage of the FWHM demonstrated the 
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increased quality factor of the cavity provided by the high reflectivity bottom DBR. 

However, this device did not show stimulated emission under the continuous-wave 

(CW) operation. The emission output light saturated above 8 mA. The dashed line in 

Figure 7-3 is the electro luminance (EL) curve for the device. The FWHM of the EL 

spectrum is 36.9 nm with peak of 1518.0 nm for the full LW-VCSEL structure. The 

nearly unchanged FWHM and the quality factor of the full LW-VCSEL structure 

represented the ill function of the top mirror and large optical loss inhibiting the 

lasing operation. We have found that the top dielectric mirror degraded rapidly after 

the forward current applied. The degraded top dielectric mirror also changed the 

original phase matching condition in the half cavity structure, and thus the emission 

peak of EL spectrum for the full VCSEL structure has shifted. The relatively high 

operation voltage might arise from the poor p-type contact and caused more heat in 

the small aperture. To further modify this type of structure, we need to find more 

stable material conditions for dielectric DBRs to prevent the mirror degradation and 

improve the p-type contact by inserting a p-type InGaAs for contact layer to reduce 

the operation voltage. 

 

5-4-3 Long Wavelength Light Emitting Diodes with Buried Tunnel 

Junctions 

Introduction 

The buried tunnel junctions have been applied in many opto-electronic devices, 

such as multi-junction solar cells [27], multi-layer GaAs lasers [28-31], vertical 

cavity surface emitting lasers [32] and GaN based blue light emitting diodes [33]. 

Introducing buried tunnel junctions in LW-VCSELs has two main advantages. First, 

the buried tunnel junction allows selective tunneling current injection and the areas 
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without the tunnel junction automatically serve as the current blocking function. In 

comparisons to the ion-implantation, the buried tunnel junction provides precise 

aperture location inside the LW-VCSEL structure. Second, the buried tunnel junction 

exhibits higher effective refractive index for the current aperture providing 

index-guiding effect as discussed in chapter 2. In this subsection, we’d like to discuss 

the initial attempt to fabricate the lone wavelength light emitting diodes (LEDs) with 

buried tunnel junctions before we fabricated the LW-VCSELs with tunnel junctions. 

The Structure of Long Wavelength LEDs with Buried Tunnel Junctions 

Figure 5.28 (a) shows the epitaxial structure. The epitaxial layers were grown on 

an n-type InP substrate. The half-wavelength thick cavity with the same structure as 

discussed in the previous subsection was sandwiched between InP spacers. The cavity 

consists of n- and p-type InAlAs inner cladding layers and SCMQWs. The PL 

wavelength was 1531.9 nm. After that, the half-wavelength thick p-type InP layer was 

grown followed by the p++/n++ tunnel junction. The top layer was a thin n-type InP 

layer for protection. The tunnel junction layers consisted of an InGaAlAs (20 nm, λg 

= 1425 nm) heavily doped p++ layer and 2 period InGaAs/InP (4 nm/4 nm) 

modulation doped n++ layers as shown in Figure 5.28 (b). The tunnel junction is 

necessary to be in the nodes of the standing electromagnetic wave inside the VCSEL 

cavity to prevent large internal loss. The buried tunnel junction located on the top of 

the aperture serves as the window area assisting current flowing from p-type InP 

space layer to n-type InP contact layer. That is, both contacts of the device are n-type, 

except that the top contact is positively charged and the bottom contact is negatively 

charged. The schematic operation principal for the tunnel junction shown in Figure 

5.28 (c) explains the electron flow under the reverse bias condition. The wafer was 

then sent back to MOCVD for regrowth after desired aperture mesa was etched. The 
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cross-section SEM image of the buried tunnel junction after the regrowth process 

with the smooth regrown surface is shown in Figure 5.29 (b). The diameter of the 

aperture was 30 µm. Next, the wafer was passivated with SiNx and coated with metal 

contacts for both sides. The metal contact aperture was 50 µm in diameter. The 

schematic of lone wavelength light emitting diode structure with buried tunnel 

junction is shown in Figure 5.29 (a). The top view of the devices is shown in Figure 

5.29 (c). 

 

Results and Discussion 

Figure 5.30 successfully demonstrates the light emission power and voltage 

versus current characteristics for the long wavelength light emitting diode with buried 

tunnel junction. However, this structure can be applied in LW-VCSELs before the 

operation voltage is lowered. The high operation voltage might arise from the low 

tunneling efficiency of the tunnel junction. Since the p-type dopant, Zn, is highly 

diffusive, the diffusion of Zn into heavily n-type doped area will compensate that area 

to form a graded junction. However, the abrupt junction interface is essential for 

tunneling current with low reverse bias voltage. Therefore, other p-type dopant with 

low diffusion characteristics, such as C, is more appropriate for heavily doping layer 

in tunnel junction. The C doping is relatively difficult in In-contained materials with 

percentage of In more than 50% [34]. The special epitaxial technique has to be 

established in the future. 
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Figure 5-1 The simulated gain-wavelength and gain-carrier
relationships for (a) InGaAlAs and (b) InGaAsP strained
compensating quantum wells. The strain and thickness of the
quantum wells are 1.5% and 5 nm, respectively and the strain and
thickness of the barriers are –0.75% and 10 nm, respectively. 
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(b) 
Figure 5-2 The simulated band diagrams under forward bias for (a)
InGaAlAs and (b) InGaAsP multiple quantum wells. fc and fv are
quasi-Fermi levels for conduction and valence bands under forward
bias. Due to the larger conduction band offset for InGaAlAs
system, the InGaAlAs lasers demonstrate superior high temperature
characteristics over InGaAsP lasers.  
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Figure 5-3 (a) The epitaxial structure for 1550 nm FP lasers.
(b) The schematic of band diagram corresponding to the laser
structure shown in (a). 
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Figure 5-4 The SEM cross-sectional image of the 1550 nm
laser ridge. The ridge width is 2 µm. An etching stop layer is
added in order to precisely control the etching depth during
ridge formation. 
155 



 
 
 
 
 
 
 
 
 
 

20 30 40 50 60 70 80 90

-4.6

-4.4

-4.2

-4.0

-3.8

-3.6

 1550 nm Laser
 1310 nm Laser

 

 

Ln
(I th

) (
A

)

Operation temperature (oC)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-5 The temperature dependence of the threshold
current for both 1310 nm and 1550 nm FP lasers. The
characteristic temperature is estimated to be 80 K. 
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 Figure 5-6 The dependence of the laser threshold current

density on the amount of compressive strain in quantum wells.
The barriers are all tensely strained to compensate the strain in
QW. The number of quantum wells is six. The threshold
current is calculated when the laser operates without facet
coating. 
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 Figure 5-7 The X-ray diffraction patterns of different
strain-compensated MQWs.  
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 Figure 5-8 The effect of quantum well numbers on the laser

threshold current and confinement factor. Two types of
quantum wells are compared. The strain for structure I and
structure II is 1.37% and 1.4%, respectively. 
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 Figure 5-9 (a) The pit density of 10 pairs InP/InGaAlAs DBRs

grown with different interruption time tp. (b) The cross section
the InP/InGaAlAs DBRs grown with 0.1-minute interruption
time investigated by SEM. 
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Figure 5-10 The reflectivity curves of 10 pairs InP/InGaAlAs
DBRs grown with different interruption time tp. 
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Figure 5-11 The X-ray diffraction patterns of 10 pairs
InP/InGaAlAs DBRs grown with different interruption time tp. 
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 Figure 5-12 The SIMS results of InP/InGaAlAs DBRs grown
with tp = 0.2 minute.  
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 Figure 5-13 The interface conditions of InP/InGaAlAs DBRs

examined by TEM with different growth interruption time; (a)
interruption time tp = 0.3 minute, (b) interruption time tp = 0
minute. 
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(b) 
Figure 5-14 (a) The I-V curves of InP/InGaAlAs DBRs and

InAlAs/InGaAlAs DBRs with round mesas of 50μm in diameter. (b)

simulation of the equilibrium band diagrams of the InP/InGaAlAs and
InAlAs/InGaAlAs DBRs when the n-type concentration was chosen

to be 1×1018 cm-3. The dashed line is the Fermi level. 
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 Figure 5-15 The reflectivity curves of 35 pairs InP/InGaAlAs

and InAlAs/InGaAlAs DBRs measured by spectrometer.  
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 Figure 5-16 The reflectivity of three-pair of InP/airgap DBR

structure with a fixed λ/4 InGaAs layer and different InP

layer. 
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Figure 5-17 (a)Schematic diagram of the dry etched mesas.
(b)Schematic cross section of the InP/airgap DBRs.  

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-18 The cross section of the stable suspended
InP/airgap DBRs captured by SEM. 
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 Figure 5-19 The calculated and measured reflectivity curves of 

the InP/airgap DBRs. Peak reflectivity is 99.9% at 1.54μm. 
 
 
 
 
 
 
 
 

170 



 
 
 
 
 
 
 
 
 
 

InP substrate

5/4λ InGaAlAs 
calibration layer 

5/4λ InP calibration layer 1/4λ InGaAlAs 

1/4λ InP 

2λ Cavity  

1/2λ InP  

1/2λ InP  

1/4λ SiO2

1/4λ TiO2

X 35 

X 10 

Well: InGaAlAs, 5.5 nm 

InGaAlAs, λg = 1.1μm 

Barrier: InGaAlAs, 9.3 nm 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5-20 Schematic cross section of VCSELs. 
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Figure 5-21 (a) Reflectance spectrum of 35 pairs InGaAlAs/InP
DBRs. (b) Reflectance spectrum of a half VCSEL structure. (c) PL
spectrum of SCMQWs. (d) Reflectance spectrum of a complete
VCSEL structure. (e) PL spectrum of a complete VCSEL structure. 
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Figure 5-22 Schematic setup of optical pumping. 
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 Figure 5-23 The VCSEL output power versus input laser

pumping power characteristics at room temperature. The inset
shows the VCSEL emission spectrum at the pumping power
above the threshold. Peak emission wavelength is 1562 nm. 
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Fig. 5-24 Schematics of monolithically grown electrically 
pumped LW-VCSELs with Selectively etched undercut 
apertures. 
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 Figure 5-25 (a) Detailed descriptions of LW-VCSEL epitaxial

structure preparing for ion-implantation. (b) Schematic of
LW-VCSEL with Si-implanted current aperture. 
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 Figure 5-26 The voltage (dash line) and emission light output

(solid line) versus driving current characteristics for InP-based
LW-VCSELs with Si-implantation. 
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 Figure 5-27 The reflectivity and PL curves (solid line) are

measured with only the half-cavity. The PL peak is 1547.4 nm
with FWHM of 38.6 nm in comparisons to 108.3 nm for PL
curve of the original MQW. The dashed line is the EL
spectrum for the full cavity structure of the LW-VCSEL with
Si-implantation. 
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Figure 5-28 (a) (b) Detailed descriptions of epitaxial structure
for long wavelength LED with tunnel junction. (c) Schematic
of operation principal in tunnel junction under the reverse bias. 

 
 
 

179 



 
 
 
 
 
 
 
 
 
 
 

 
 
 

+ 

Regrown layers

First grown layers 

Metal contact 
SiNx

n-InP 
Regrowth interface 
p-InP 
Tunnel junction 

Active region 
n-InP 

Metal contact 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-29 (
buried tunne
buried tunne
view of the 
operations. 

 
 

- 
(a)

Tunnel junction
Regrown n-InP

p-InP 

Active region 

(b)

(c)
a) Schematic of long wavelength LED structure with
l junction. (b) The cross-section SEM image of the
l junction after the regrowth process. (c) The top
long wavelength LED before and after electrical

180 



 
 
 
 
 
 
 
 

0 10 20 30 40 50
0

1

2

3

4

5

6

 

 

Vo
lta

ge
 (V

)

Forward current (mA)

0.0

0.1

0.2

0.3

0.4

0.5

Po
w

er
(u

W
)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-30 The voltage (dash line) and emission light output
(solid line) versus driving current characteristics for the long
wavelength LED with buried tunnel junction. 
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CHAPTER 6 Conclusions 

6.1 Summary of short wavelength VCSELs 

For InGaN/GaN-based VCSELs, we investigated low-In-content 

InxGa1-xN/GaN (x~0.18) QWs by MOCVD with various well thickness and number 

by means of photoluminescence (PL) and high-resolution x-ray diffraction (HRXRD) 

measurements. Finally, we also compared the different influences of these different 

growth conditions on the performance of IenGaN/GaN-based LEDs. It is shown 

clearly that the EL output power at 20 mA of low In-content (< 20 %) LED sample 

with six-wells and 3.2 nm-thick thickness is highest. 

We have studied the effect of Si doping on the GaN barriers. As increasing Si 

doping in the barriers, the PL shows an increase of emission intensity and a blueshift 

of peak energy. With the same MQW emission peak at about 460 nm and driving 

current of 20 mA, it is found that the light output power of the LED with Si flow rate 

of ~ 0.19 sccm is ~20 % of magnitude higher than that of LED with Si flow rate of ~ 

0.12 sccm. This result shows that PL intensity and LED output power of the MQW 

samples with Si-doped barrier layers are dramatically increased.  

We designed and fabricated a GaN-based LED with an omnidirectional 1D PC. 

The omnidirectional 1D PC composed of alternately stacked TiO2 and SiO2 layers 

possesses a PBG within the blue regime of interest. With the same MQW emission 

peak at about 450 nm and driving current of 20 mA, it is found that the light output 

powers of the LED with and without 1D PC are about 11.7 mW and 6.5 mW, 

respectively. This result shows that the omnidirectional 1D PC has a higher 

reflectance and a wider reflection angle than the conventional DBR. Our finding has 

promising potential for the enhancement of output powers of commercial light 
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emitting devices. 

We have demonstrated the optically pumped GaN-based VCSELs structure 

grown by MOCVD. The 25 pair AlN/GaN DBR structure and 3λ cavity layer were 

consisted in this VCSEL structure. The AlN/GaN mirror with 25 pairs of DBR can 

achieve the high reflectivity of 94 % and the wide FWHM of reflectance spectrum 

about 33 nm. The Ta2O5/SiO2 mirror with 8 pairs of DBR can achieve the high 

reflectivity of 97.5 % and the wide FWHM of reflectance spectrum about 115nm. The 

stimulated emission of fabricated GaN-based VCSEL was achieved and observed by 

using the optical pumping system. The GaN VCSEL emits 448nm blue wavelength 

with a linewidth of 0.25 nm. It evidently expresses the behavior from spontaneous 

emission to stimulated emission. 

 

6.2 Summary of long wavelength VCSELs 

For InP-based VCSELs, we found out the optimized conditions of the active 

layers established by EEL. We have grown the InP/InGaAlAs and the 

InAlAs/InGaAlAs DBRs with excellent electrical and optical properties using 

MOCVD and the growth interruption technique. The DBRs show low resistance with 

an estimated resistance per DBR pair of 1.2×10-5 Ωcm2 and 2.2×10-5 Ωcm2 for 

InP/InGaAlAs and InAlAs/InGaAlAs DBRs, respectively. The maximum reflectivity 

of both DBRs exceeds 99% with a stopband width of 110 nm for InP/InGaAlAs DBR 

and 100 nm InAlAs/InGaAlAs DBR.  

We have designed, fabricated, and demonstrated a rigid InP/airgap structure 

with high reflectivity at 1.54μm using InGaAs as the sacrificial layer. The 3-pair 

InP/airgap DBR structure with 5λ/4 thick InP layer was fabricated from the MOCVD 
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grown InP/InGaAs structure using H2SO4 solution as etching agent. The InP/airgap 

DBR has a peak reflectivity of 99.9 % at 1.54 μm with a stopband width of about 

200 nm. The InP/airgap DBR structure was rigid and stable and should be applicable 

for 1.5 μm VCSELs. 

We have successfully demonstrated the optically pumped InP-based VCSELs 

with the 35 pairs InP/InGaAlAs DBRs and 10 pairs SiO2/TiO2 top dielectric mirrors 

and a 2λ thick cavity composed periodic strain compensated MQWs to fully utilize 

the gain in every quantum well. The optically pumped VCSELs operated at room 

temperature with the threshold pumping power of 30 mW. The wavelength of the 

output beam is 1562 nm. The minimum linewidth above threshold is 1 nm limited by 

the resolution of the spectrometer. The equivalent threshold current density is 

calculated to be 2 kA/cm2. We developed electrically driven continuous wave 

LW-VCSELs by using selectively etched undercut apertures technique, Si-implant 

technique, regrowth technique. 
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