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三五族半導體發光元件結構優化之研究 

 

研究生：張詒安                              指導教授：郭浩中教授 

 王興宗教授 

國立交通大學光電工程研究所 

摘要 

本論文旨在探討三五族光電半導體元件包含紫外線發光二極體 (ultraviolet 

light-emitting diode, LED)、紅光共振腔發光二極體(resonant-cavity LED)、850-nm面射

型雷射(vertical-cavity surface-emitting laser)以及1.3-µm側射型雷射(edge-emitting laser)

之操作性能改良相關研究。對於半導體發光元件而言要使其具有高輸出功率以及高穩

定性的輸出性能，元件磊晶晶體品質(epitaxial crystal quality)以及元件磊晶結構設計上

實屬於相當重要一環；其中要使發光元件能穩定地操作在高溫高輸入電流的情況下，

磊晶結構的設計更扮演極重要的角色。本論文即以有機金屬液相沉積法(metalorganic 

chemical vapor deposition, MOCVD)成長以上四種元件，配合理論模擬方式進行結構設

計上的改良來使電子能有效地被侷限於活性層量子井 (active region quantum well)

裡，達到降低電子溢流(electron leakage)提升元件輸出性能的目的。 

在紫外線發光二極體研究上，我們以四元氮化鋁鎵銦(AlGaInN)為活性層材料並

製做出最大輸出功率達4 mW，外部量子效率(external quantum efficiency)為1.2%，波

長為370 nm的發光二極體。而為使此一元件具有較高之輸出功率以及穩定的高溫高輸

入電流特性，我們以理論模擬方式進行元件結構的改良設計，探討氮化鋁鎵銦量子井

個數以及氮化鋁鎵電子阻礙層對元件輸出特性的影響。模擬結果顯示當氮化鋁鎵銦量

子井個數為五至七個和氮化鋁鎵電子阻礙層中鋁組成為19%時，可以達到降低電子溢

流作用並提供較佳之輸出特性。 

在紅光共振腔發光二極體研究上，由於元件活性層量子井材料磷化鋁鎵銦
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(AlGaInP)的導電帶能帶間隙值只有約300 meV，當電子注入量子井中很容易產生電子

溢流現象進而降低元件於高溫操作下的輸出性能。藉由將傳統共振腔發光二極體共振

腔長為一個波長增加為三個波長，我們發現在溫度範圍25–95ºC變化下，傳統結構在

注入電流固定為20 mA的輸出功率變化為-2.1 dB，而共振腔長為三個波長的共振腔發

光二極體卻只有-0.6 dB，且其遠場圖(far field pattern)隨注入電流變化相當穩定，適合

做為塑膠光纖傳輸的光主動元件。理論模擬結果也證明，增加共振腔長至三個波長亦

即增加量子井個數至三倍，確實有助於降低電子溢流達到侷限電子、穩定元件高溫、

高電流特性的目的。 

在850-nm面射型雷射研究上，首先針對具有不同壓縮應力之量子井結構進行理論

分析，發現以具有較高壓縮應力值的砷化鋁鎵銦(AlGaInAs)做為量子井比起砷化銦鎵

(InGaAs)可以具有較高之材料增益(material gain) ，較低透明載子密度(transparency 

carrier concentration)與透明自發輻射電流密度(transparency radiative current density)。

接著我們選擇以Al0.08Ga0.77In0.15As做為量子井實際成長並做成元件，我們得到在室溫

操作下的850-nm面射型雷射，其臨界電流為1.47 mA，電光轉換效率(slope efficiency)

為0.37 mW/mA，且隨操作溫度升高至95 ºC，臨界電流值增加至2.17 mA，電光轉換效

率降為0.25 mW/mA。爲進一步改善雷射輸出性能，我們首次於活性層量子井中加入

一電子阻礙層，發現於室溫操做的850-nm面射型雷射臨界電流降低至1.33 mA，電光

轉換效率也達到0.53 mW/mA，且當溫度升高至95 ºC時臨界電流值只增加0.27 mA，電

光轉換效率也仍有0.4 mW/mA的表現。同時我們也以數值模擬方式證明加入電子阻礙

層確實可以有效阻擋電子溢流進而提升雷射輸出性能。 

在1.3-µm InGaAsN/GaAsN側射型雷射研究上，由於實際成長氮砷化銦鎵磊晶結

構時，於砷化鎵位障層(barrier)裡加入氮可以平衡InGaAsN量子井裡的高壓縮應力

(compressive strain)並有助於避免量子井中氮原子的流失(out-diffusion)，然而卻會因導

電帶能帶間隙值降低而產生電子溢流現象。因此首先針對氮砷化銦鎵

(In0.4Ga0.6As0.986N0.014)單量子井旁的氮砷化鎵位障層進行理論模擬分析，探討氮砷化鎵

位障層中氮的成分對元件輸出性能的影響，我們提出以GaAs0.995N0.005做為位障層，不
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僅可以符合實際磊晶考量，更可防止電子溢流現象發生。經由實際磊晶成長及製程大

小為4×1000 µm2的雷射元件後，在室溫操作下此一元件的臨界電流值為84 mA，電光

轉換效率為9%；當操作溫度增加至105 ºC，臨界電流值增加至188 mA，特徵溫度

(characteristic temperature, T0)為118 K。為改善元件高溫高注入電流特性，我們更嘗試

於活性層量子井中加入磷砷化鎵(GaAs0.9P0.1)電子阻礙層，發現雖然於室溫下臨界電流

值為99 mA，但當操作溫度為105 ºC時臨界電流值降低至172 mA，特徵溫度

(characteristic temperature, T0)為155 K。模擬結果亦證實加入磷砷化鎵做為電子阻礙層

確實可以防止電子溢流，但卻也有電洞分布不均勻現象(hole inhomogeneity)產生而導

致在低溫及低電流操作下元件之臨界電流值增加。而為防止電子溢流現象發生，我們

更提出在磷砷化鎵電子阻礙層中增加磷成分至15–20%來得到較高特徵溫度值之雷射

元件。 

總而言之，在本論文中我們嘗試在半導體發光元件，包含紫外線發光二極體、紅

光共振腔發光二極體、850-nm面射型雷射以及1.3-µm側射型雷射的磊晶結構上，設計

最佳化結構來防止電子溢流現象發生進而提升元件的操作性能。祈望這些觀念與經驗

未來能對元件磊晶者在結構設計上有所裨益。
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Semiconductor Light Emitting Devices  

 

Student : Yi-An Chang Advisor : Dr. Hao-Chung Kuo 

 Dr. Shing-Chung Wang 
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National Chiao Tung University 
 

Abstract 

In this dissertation, the improvement in operation performance of III-V optoelectronic 

semiconductor light emitting devices, which include ultraviolet (UV) light-emitting diode 

(LED), 660-nm red resonant-cavity LED, 850-nm vertical-cavity surface-emitting laser 

(VCSEL), and 1.3-µm edge-emitting laser (EEL), were studied. The key technologies for 

semiconductor light emitting devices to possess better output performance and high 

operation stabilities are the epitaxial crystal quality and the design of epitaxial structure. 

Noteworthily, the structure design is more important if we were to have a stable output 

performance in high temperature and high injection current operation. By using the 

epitaxial technology – metalorganic chemical vapor deposition (MOCVD) to grow the 

structures and advanced simulation programs to give theoretical analysis, the operation 

performances of semiconductor light emitting devices are investigated and improved. 

Mainly, we focus on confining the electrons effectively in the quantum well (QW) active 

region to reduce the electronic leakage current so as to improve the output performances. 

In the research of UV LED, to emit an emission wavelength of 370 nm, quaternary 

AlGaInN is utilized as QW material during the epitaxy of UV LED. The device after 

standard process as 300×300 µm2 size chip can provide a maximal output power of 4 mW 

and an external quantum efficiency of 1.2%. With an aim to enhance the output power of 
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UV LED, we then theoretically investigate the effect of the number of QWs and the 

aluminum content in AlGaN electron-blocking layer on the UV LED output performance. 

After fitting in with the experimentally demonstrated output performance of UV LED, we 

find that the UV LED can provide a better output performance when the aluminum content 

in AlGaN electron-blocking layer is in a range of 19–21% and the AlGaInN QW number is 

in a range of 5–7. 

In the research of 650-nm RCLED, it is known that the conduction band offset value 

in AlGaInP material QW active region is approximately 300 meV. When the device is 

under high temperature operation, the electron leakage problem may become more serious 

and consequently leading to the degradation of output performance. By means of widening 

the resonant cavity to a thickness of three wavelength (3 λ), the degree of power variation 

between 25 and 95 ºC for the device biased at 20 mA is apparently reduced from -2.1 dB 

for the standard structure design (1-λ cavity) to -0.6 dB. The current dependent far field 

patterns also show that the emission always takes place perfectly in the normal direction, 

which is suitable for plastic fiber data transmission. To optimize the RCLED structure, we 

continue numerically studying the structure dependent output performance by using an 

advanced simulation program. After fitting in with the experimentally demonstrated output 

performances of RCLEDs, we analyze the percentage of electron leakage current of the two 

structures, and we find that the stable temperature dependent output performance of 

3-λ-cavity RCLED is attributed to the reduction of electron leakage current. 

In the research of 850-nm VCSEL, we first theoretically investigate the gain-carrier 

characteristics of In0.02Ga0.98As and InAlGaAs QWs of variant In and Al compositions. 

More compressive strain, caused by higher In and Al compositions in InAlGaAs QW, is 

found to provide higher material gain, lower transparency carrier concentration and 

transparency radiative current density over a temperature range of 25−95 ºC. Then we 

choose Al0.08Ga0.77In0.15As as QW material in the epitaxy of 850-nm VCSEL structure. 
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After standard oxidation confinement process, this device can provide a threshold current 

of 1.47 mA with a slope efficiency of 0.37 mW/mA at 25 ºC, and the threshold current 

increases to 2.17 mA with a slope efficiency reduction of 32% when the device temperature 

is raised to 95 °C. To improve the operation performance of 850-nm VCSEL, a 

10-nm-thick Al0.75Ga0.25As electron-blocking layer is employed in the QW active region for 

the first time, and the threshold current at 25 ºC is found reducing to 1.33 mA with an 

increment of slope efficiency to 0.53 mW/mA. When the device temperature raises to 95 

°C, the threshold current increases by only 0.27 mA and the slope efficiency drops by only 

24.5%. Numerical simulation is also done to analyze the effect of the electron-blocking 

layer on the output performance of 850-nm VCSEL, and the results show that the output 

performance is improved by the reduction of electron leakage current. 

In the research of 1.3-µm InGaAsN/GaAsN EEL, there has been several works 

investigating using strain GaAsN as direct barrier. Using GaAsN in the epitaxial growth 

can balance the highly compressive strain in InGaAsN QW and reduce the phenomenon of 

nitrogen out-diffusion from the well. However, it is a small bandgap material system, 

which indicates that the electron leakage may become more serious if adding more nitrogen 

into GaAsN barrier. Therefore, in the first instance, the temperature effects on the optical 

gain properties of single In0.4Ga0.6As0.986N0.014 QW with GaAsN barrier of different 

nitrogen compositions are studied for optimization. Theoretically, we suggest using 

GaAs0.995N0.005 as direct barrier can be a better choice with the considerations of epitaxial 

growth and electron confinement. Then we choose In0.4Ga0.6As0.986N0.014/GaAs0.995N0.005 as 

active region in the epitaxial growth of 1.3-µm EEL structure. After standard process as 

4×100 µm2 size chip, this device can provide a threshold current of 84 mA with a slope 

efficiency of 0.09 mW/mA. When the device temperature increases to 105 °C, the 

threshold current becomes 188 mA and a characteristic temperature value (T0) of 118 K is 

obtained. To improve the operation performance of 1.3-µm 
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In0.4Ga0.6As0.986N0.014/GaAs0.995N0.005 EEL, we also try to insert a GaAs0.9P0.1 layer as 

electron blocking layer in the epitaxial growth of 1.3-µm EEL. The threshold current of the 

device at 25 °C becomes 99 mA and a slope efficiency of 0.11 mW/mA is obtained. The 

threshold current at 105 °C only increases to 172 mA with a T0 value of 155 K and the 

reduction of slope efficiency becomes less. Numerical simulation is done to analyze the 

effect of the electron blocking layer on the output performance of 1.3-µm EEL. The results 

show that the electron leakage current is reduced with the use of a high-bandgap 

GaAs0.9P0.1 layer. Further theoretical simulation work of investigating the effect of 

increasing the phosphide composition in GaAsP electron-blocking layer on the T0 value is 

also done. And, we find that increasing the phosphide composition in GaAsP to 15–20% 

can provide a better T0 value. 

In a summary, the III-V optoelectronic semiconductor light emitting devices, which 

include 370-nm UV LED, 660-nm RCLED, 850-nm VCSEL, and 1.3-µm EEL, are 

experimentally demonstrated and theoretically analyzed for a purpose of reducing the 

electron leakage current and thus improving the operation performance. We hope those all 

will turn into useful information in the design and epitaxy of optoelectronic semiconductor 

light emitting devices.
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CChhaapptteerr  11      IInnttrroodduuccttiioonn  

Since the first demonstration of high electroluminescence radiation from GaAs p-n 

junction in the early 1960s [1–5], compound semiconductors have functioned constantly 

in being promising materials in optoelectronic devices. So far, the optoelectronics has 

become an important part of our lives. Wherever converting current into optical signal 

or vice versa, the optoelectronic semiconductor devices all have a unique advantage, 

that is, they are tiny, and providing a high conversion efficiency that meets the steadily 

increasing mankind’s requirements. Examples include light-emitting diodes (LEDs) in 

illumination and other applications, photo-detectors in remote control sensors, and laser 

diodes (LDs) for digital disk storage system. While considering using the optoelectronic 

devices as active light sources, it is indubitably that group III-V compounds are the 

most excellent candidate because of their physically direct bandgap property. The 

devices such as LEDs, resonant-cavity light-emitting diodes (RCLEDs), edge-emitting 

laser diodes (EELDs), and vertical-cavity surface-emitting lasers (VCSELs) have been 

commercialized for several decades. These emitters can be used in the application of 

solid-state lighting, outdoor displays, laser pointer, printer, DVD players, and fiber 

communication etc. While selecting a suitable material to be the active media, a wide 

emission wavelength range covering untraviolet–blue–green–red–infrared region of the 

spectrum can be obtained. As an illustration, the devices made by GaN-based material 

can provide high efficient illumination in ultraviolet to green wavelength range and 

white emission. For high efficient yellow–red emission, the choice of the active media 

material grown on GaAs substrate is InGaP/InGaAlP. As extending the emission 

wavelength to infrared, the active media material can be InGaAlAs, InGaAsP, and 

InGaAsN. 

These semiconductor light emitting devices have indeed made our living 
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environment colorful and brilliant. The unmitigated research efforts worldwide have 

resulted in making these emitters having better output performances. However, with an 

aim to improve the emitting power and efficiency of the semiconductor light emitting 

devices, substantial works are still needed. In which, further experimental 

demonstrations and theoretical simulation are both intensively required. The 

experiments facilitate the growth of high quality films that reduce the internal loss 

caused by the defects. The theoretical simulation can provide a more detailed 

understanding of device physics and simultaneously give a qualitative analysis to 

optimize the existed device structures. As these efforts continue, it is expected to 

enhance the output performances of the optoelectronic semiconductor devices. 

In this dissertation, the improvement in operation performance of III-V 

optoelectronic semiconductor light emitting devices, which included UV-LED, 650-nm 

red RCLED, 850-nm VCSEL, and 1.3-µm EELD, were studied. The respective devices 

were fabricated. As well, in order to better understanding the device physics so as to 

improve the output performances, three advanced simulation programs developed by 

Crosslight Software, Inc. (APSYS, LASTIP, PICS3D) [6] were employed. Specifically, 

the physical discussion of reducing electronic leakage current in the fabricated devices 

was focused to improve the high temperature and high current injection device output 

performances. The following subsections in this chapter were intended to give an 

investigation and historical review of the nitride based LED, RCLED, and 

semiconductor lasers including EELD and VCSEL devices. The physical models in the 

software, regarding band structure calculation, drift-diffusion model, spontaneous and 

stimulated emissions, heat flux equations, and etc. were described in Chapter 2. 

Characteristics of the fabricated devices and the theoretical analysis were described in 

Chapters 3 to 6, respectively. Finally, conclusions were given in Chapter 7.
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1-1 Historical review of nitride based LEDs 

In the history of III-nitride materials, GaN binary alloy was first synthesized by 

Juza and Hahn with passing ammonia over hot gallium, and produced small needles and 

platelets for the purpose of studying its crystal structure and lattice constant. In 1958, 

small crystals of GaN were produced with the same technique by Grimmeiss and 

Koelmans to measure their photoluminescence (PL) spectra. Ten years later, a large 

layer of GaN grown on sapphire (Al2O3) substrate by using chemical vapor deposition 

technique was demonstrated by Maruska and Tietjen [16]. As regarding the fabrication 

of GaN-based LED devices, the first demonstration was reported by Pankove et al. in 

1971. However, the early works were eventually forsaken because of the lack of 

advanced epitaxial technique and especially encountering the fundamental material 

problems. As shown in Figure 1.1, the lattice constant of GaN is 3.189 Ǻ with an energy 

bandgap of 3.39 eV. At present, sapphire has become the most commonly used 

substrate for the growth of III-nitride materials. This substrate has several advantages 

such as cheaper than SiC, high hardness, high heat-resistance, and particularly the free 

of absorption for green, blue, and ultraviolet photons. However, despite these 

advantages, there are still some disadvantages; e.g., the interface between GaN and 

sapphire substrate exists a large lattice mismatch of 15% [8], [9], resulting in a very 

high dislocation density. Besides, sapphire is a dielectric material, so that both n and p 

contacts shall be on top of the devices, and etching techniques are inevitably required. 

Even the sapphire can be the substrate for growing III-nitride materials, the noticeable 

lattice mismatch, which results in the poor crystal quality, obstructs the early 

development of III-nitride LEDs. 

This high dislocation problem was not solved until 1983 when Dr. Yoshida 

improved the crystal quality of GaN films with the use of AlN-coated sapphire substrate 
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[11]. Later, high-quality optically flat surfaces of GaN thin films had been successfully 

grown by using AlN nucleation buffer layer with metal-organic chemical vapor 

deposition (MOCVD) technique by Prof. Akasaki et al. [12]. In 1991, S. Nakamura 

changed AlN thin films with low-temperature growing amorphous GaN thin films as 

nucleation layer, and mirror-flat GaN thin films were obtained under high-temperature 

growing [13]. 

 
Figure 1.1 Lattice constant of semiconductor materials as a function of their bandgap 

energy. 

Nevertheless, the high n-type background doping in intrinsic GaN film also causes 

another incapability in fabricating GaN p-n junction LEDs. As many conformation of 

semiconductor devices, a p-n junction is always required. For n-type GaN, it could be 

easily achieved with an n-doping level of 1×1017 ~ 2×1019 cm-3 by Si or Se dopant 

atoms. For forming p-type GaN layer, even various types of acceptor atoms including 

Mg and C were tried, it only led to compensated high resistivity material. This 

bottleneck was first broken through by Akasaki et al. [14] by low energy electron beam 

irradiation (LEEBI) treatment. A hole concentration of 1×1017 and a low resistivity of 

12 Ω·cm were obtained, respectively. Three years later, the Mg-doped GaN with 

p-doping level of 3×1018 cm-3 and a resistivity of 0.2 Ω·cm was found more conductive 

by Nakamura with a treatment of thermal annealing in a N2 ambient [15]. 
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To achieve high-brightness GaN-based LED, another breakthrough of high-quality 

InGaN films came. In 1990s, a blue InGaN/GaN double-heterostructure LED was 

fabricated by Nakamura et al. for the first time. With the use of two-flow MOCVD 

technique, the substrate was heated to 1050 ºC in a stream of hydrogen. Then the 

temperature was lowered down to 510 ºC for the growth of GaN nucleation layer. Next, 

the substrate was reheated to 1020 ºC to grow 4-µm n-type GaN film, followed by the 

20-nm-thick Si-doped InGaN active layer when the temperature was decreased to 800 

ºC. The temperature was then increased to 1020 ºC to grow p-type Mg-doped GaN film. 

The total thickness was about 4.8 µm, and the surface of p-type GaN was partially 

etched until the n-type layer was exposed. Finally, a Ni–Au contact was evaporated onto 

the p-type GaN layer and a Ti–Al contact onto the n-type GaN layer. The peak 

wavelength was 440 nm with a full width at half maximum (FWHM) of 20 nm at 

forward current of 20 mA [16]. 

 The first candela-class blue LEDs were fabricated with the use of Si and Zn 

codoped InGaN active layer. A relatively low indium composition in InGaN layer was 

used as a result of high-indium InGaN layer might cause the degradation of 

luminescence intensity. The thickness of InGaN active layer was 50 nm, and the active 

layer was sandwiched between two 150-nm-thick Al0.15Ga0.85N cladding layers. The 

output power and external quantum efficiency at 20 mA were 1.5 mW and 2.7% [17]. 

Soon afterward, the InGaN/InGaN multiple-QW structures and several novel designs 

were employed in GaN-based LEDs, and the first commercial GaN-based LEDs were 

commercialized by Nichia Chemical Company in 1990s. To date, it is less than fifteen 

years that high-brightness GaN-based LEDs are used throughout the world, for example, 

in the applications of full-color displays, traffic signals, and other promising areas of 

high-definition DVD optical storage, chemical processes, and medical applications 

[18–20].  
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III-nitride and their alloys represent a very special class of material. They are 

indeed the best chosen for short wavelength emission due to their wide and direct 

energy bandgap. Unlike the arsine or phosphide materials, there is not a suitable 

substrate for their growth, and they are in the hexagonal (wurtzite) crystal system. 

Mostly, the polarization effect in GaN-based materials has been found much stronger 

than other III-V compounds [21]. Next, the material properties of wurtzite GaN and its 

relevant alloys are investigated. 

1-1-1 Wurtzite GaN material property 

 Most III-V compound semiconductor materials are belonged to zinc-blende-type 

crystals. For GaN and its relevant alloys, they can be zinc-blende type; however, they 

are commonly grown as wurtzite crystal, which exhibits a hexagonal Bravais lattice, as 

depicted in Figure 1.2. In crystallography, the wurtzite structure is closely related to the 

zinc-blende structure, and in fact it is a member of hexagonal crystal system. For most 

epitaxial GaN growth film, the optic axis (c-axis) [0001] is typically oriented normal to 

the surface. The strain tensor components are evaluated by specifying five distinct, 

nonvanished elastic constants for wurtzite crystals: 11C , 12C , 13C , 33C , and 44C . The 

nondiagonal strain-tensor components vanish while ,
lc

lcGaN
yyxx a

aa −
== εε  

.2
33

13
xx

lc

lcsub
zz C

C
c

cc εε −=
−

=  

 For the band structure of wurtzite GaN based materials, it is often characterized by 

the zone-center pk ⋅  method. The spin-degenerate conduction band is described by the 

anisotropic, parabolic form with wave functions comprised of the s-orbital (angular 

momentum 0=l ) states: 

)(
22 21*

22

*
//

2
//

2

yyxxzz
z

cc aa
m
k

m
k

EH εεε +++++=
⊥

hh
 (1.1) 

in which //k , zk  are the wave vectors and *
//m , *

⊥m  are the effective masses along 
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the in-plane and c-axis directions. 1a  and 2a  are the conduction band deformation 

potentials. The valence band is described by a 6×6 Hamiltonian transfer matrix 

including heavy-hole (HH), light-hole (LH), and crystal-field split-off hole (CH) bands 

[22–24] as follows: 
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The iA  parameters are related to the hole effective masses. The crystal field splitting 

1∆=∆cr , and the spin-orbit splitting is 321 33 ∆=∆=∆ so . As shown in Figure 1.3, the 

band structure of wurtzite GaN near the top of valence band is schematically plotted. 

The bottom two pair bands are the CH splitting bands. The top four bands are split by 

the spin-orbit interaction into two pairs with heavy and light hole effective masses in the 
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plane. 

      

Figure 1.2 (a) Wurtzite crystal with lattice constants c and a. (b) The unit cell of 
wurtzite GaN crystal. 

 
Figure 1.3 Valence-band structure of wurtzite GaN. 

1-1-2 Band parameters 

Binary alloy 

Unlike III-V arsenide and phosphide semiconductor materials, the physics related 

to GaN based materials has not been well developed. The troubled growth technique 

and the potentials in GaN based materials are both very attractive that much effort is 

paid for realizing its material properties. For optoelectronic semiconductor devices, the 
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bandgap energy of each semiconductor material is undoubtedly one of the most 

important parameters. As expressed by the Varshni formula [25], the bandgap energy of 

III-V semiconductor material at temperature T can be: 

β
α

+
⋅

−=
T

TET g

2

g )0()(E  (1.5) 

where )(TEg  is the bandgap energy at temperature T, )0(gE  is the bandgap energy 

at 0 K, α  and β  are material-related constants. The value of β  is approximately 

equal to the Debye temperature at 0 K. Several kinds of measurements such as optical 

absorption, photoreflectance, photoluminescence are employed to determine these 

constants. In the GaN based materials, binary GaN, AlN, and InN can also be expressed 

by the Varshni formula accurately within a few meV. 

Since the early 1970s, a bandgap energy of 3.5 eV for wurtzite GaN has been 

realized [26], [27]. To determine the bandgap energy more accurately, a luminescence 

measurement of the exciton lines is preferred. The research has shown that the actual 

gap is recovered by adding the estimated binding energy to the observed exciton 

transition energy. The free A exciton (EA) transition energy, which can be determined 

quite precisely, is the most reliable indicator in relatively-pure GaN. A range of 

A-exciton transition energies at 0 K, 3.474–3.496 eV, has been indicated [28–30], while 

with A-exciton binding energies range from 18 to 28 meV [31–34]. These values have 

been critically reviewed by I. Vurgaftman [35], and a value of 3.510 eV for the 

zero-temperature energy gap is recommended. In the mean time, An average values of 

the Varshni parameters α =0.909 meV/K and β =830 K are given, while they believe 

that GaN device characteristics tend to be relatively insensitive to the precise values of 

the Varshni parameters owing to the small relative change in the energy bandgap (72 

meV between 0 and 300 K). 

Among the III-V semiconductor materials, AlN alloy has in fact the highest energy 
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bandgap. As well being a direct-bandgap material the AlN alloy tends to be 

technologically significant because of its high bandgap property in playing a role of the 

barrier or cladding layers in the GaN-based devices. The Varshni parameters for AlN, 

summarized by I. Vurgaftman, obtained with variant measurements such as 

cathodoluminescence (CL), spectroscopic ellipsometry, and photoreflectance have been 

obtained. The room temperature energy bandgap of AlN can be in a range of 6.11–6.2 

eV. The Varshni parameters α =1.799 meV/K, β =1462 meV for wurtzite AlN are 

recommended. 

As regards wurtzite InN, its bandgap energy determined by optical absorption was 

early determined to be in a range of 1.7–2.2 eV [36–40]. In stead of using an advanced 

growth technique to obtain high crystal quality, the thin InN film was sputtered, which 

in term results in an uncertainty. Before 2001, most has believed that the energy 

bandgaps of wurtzite InN at low temperature and room temperature are 1.997 and 1.97 

eV, respectively. The Varshni parameters are α =0.245 meV/K, β =624 meV [41]. 

This InN energy bandgap value is repudiated in 2001 since single crystal InN film is 

successfully obtained. The re-evaluated wurtzite InN bandgap energy is in the 0.7–0.8 

eV range [42], [43]. The Varshni parameters are regarded unchanged as prior. Other 

significant band parameters such as effective masses, splitting energies, and 

deformation potentials etc. for GaN, AlN, and InN binary alloys are listed in Table 1.1 

[35]. 

Table 1.1 Band parameters of wurtzite binary GaN, AlN, and InN alloys. 

Parameters GaN AlN InN 
lca (Ǻ) at T=300 K 3.189 3.112 3.545 
lcc (Ǻ) at T=300 K 5.185 4.982 5.703 

gE (eV) 3.51 6.25 0.78 
α (meV/K) 0.909 1.799 0.245 

β (K) 830 1462 624 
cr∆ (eV) 0.010 -0.169 0.040 
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so∆ (eV) 0.017 0.019 0.005 
//
em  0.2 0.32 0.07 
⊥
em  0.2 0.30 0.07 
1A  -7.21 -3.86 -8.21 
2A  -0.44 -0.25 -0.68 
3A  6.68 3.58 7.57 
4A  -3.46 -1.32 -5.23 
5A  -3.40 -1.47 -5.11 
6A  -4.9 -1.64 -5.96 

7A (eV Ǻ) 0.0937 0 0 
1a (eV) -4.9 -3.4 -3.5 
2a (eV) -11.3 -11.8 -3.5 
1D (eV) -3.7 -17.1 -3.7 
2D (eV) 4.5 7.9 4.5 
3D (eV) 8.2 8.8 8.2 
4D (eV) -4.1 -3.9 -4.1 
5D (eV) -4.0 -3.4 -4.0 
6D (eV) -5.5 -3.4 -5.5 

11c (GPa) 390 396 223 
12c (GPa) 145 137 115 
13c (GPa) 106 108 92 
33c (GPa) 398 373 224 
44c (GPa) 105 116 48 

13d (pm/V) -1.6 -2.1 -3.5 
33d (pm/V) 3.1 5.4 7.6 
15d (pm/V) 3.1 3.6 5.5 

 

Ternary InGaN and AlGaN alloys 

For nitride based ternary alloys, due to the smaller bandgap energy of InGaN 

material than that of GaN, InGaN ternary alloy can be used as a promising active 

heterostructrue or QW material to emit in the violet and blue region of the spectrum 

with a carrier confinement layer of AlGaN. The In and Al content in each respective 

layer is commonly less than 20% when consider having a high quality film. In 1990, 

there has been significant process in the growth and characterization of the InGaN 

material [44–46]. The bandgap energy of InGaN measured by Osamura et al. [47] 
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across the entire compositional range has a smooth variation with some bowing by 

)1()()1()()( vvbGaNEvInNEvInGaNE InGaNgg
v
g −⋅⋅−⋅−+⋅=  (1.6) 

. The bandgap energy of the ternary alloy is assumed with linear combination of two 

binary alloys with a second-order correction. The b value is so-called bowing parameter 

which is accounted for the deviation from the linear interpolation between the two 

binary alloys. A bowing parameter value of 1.0 eV for InGaN is early found either by 

experimentally fit to the PL data or numerical calculations [48–52]. A large bowing 

value in a range of 2.4–3.5 eV is also proposed, while I. Vurgaftman recommends that a 

bowing parameter value of 1.4 eV for InGaN [35], which bases on several prior works 

and the consideration of recent growth of high-quality high In content epitaxial film. 

 For AlGaN ternary alloys, Yoshida et al. observed that the band gap energy of 

AlGaN deviates upwards with increase in AlN composition [53]. Hagen et al. and 

Koide et al. observed that the bandgap energy of AlGaN deviated downward with the 

increase of AlN composition [54], [55]. They all believed that the bandgap energy could 

be described with linear combination of AlN and GaN binary alloys with a second-order 

correction by 

)1()()1()()( wwbGaNEwAlNEwAlGaNE AlGaNgg
w
g −⋅⋅−⋅−+⋅=  (1.7) 

Even a large number of bowing parameter values is proposed, most researchers believes 

that the bowing parameter for AlGaN is positive, corresponding to be in a range of 

0.353–1.38 eV [56–60]. A bowing parameter value of 0.7 eV for AlGaN, based on the 

consistent finding of the relatively small bowing parameter by the theories and 

experiments, is recommended by I. Vurgaftman [35]. 

 Despite of the bandgap energy of ternary alloy can be expressed in linear 

combination of binary alloys with a bowing, other band parameters such as effective 

masses, splitting energies, and deformation potentials etc. for ternary alloy can be 
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calculated from the linear interpolation between the two binary alloys but with zero 

bowing parameter. 

Quaternary InGaAlN alloy 

 While considering an optoelectronic light emitting device emitting in ultraviolet 

wavelength region, quaternary InGaAlN is preferred to be the active region material due 

to the lattice constant of InGaAlN can be tuned match, either tensile or compressive to 

GaN. That the design in QW active region can be more optimized therefore obtaining 

better output characteristics. Prior studies have found that the lattice mismatch is 

reduced by the incorporation of In with an In/Al ratio close to 1/5 and match to GaN 

[61]. Mostly, the band parameters of quaternary alloys can be expressed in linear 

interpolation formula as 

)()()1()()( 1 AlNPyGaNPyxInNPxNAlGaInP yyxx ⋅+⋅−−+⋅=−−  (1.8) 

For the energy bandgap of InGaAlN, some has reported with rather small In fraction. M 

Asif Khan found that the energy bandgap of InGaAlN reduced almost linearly when In 

<2% [61]. A relationship for the calculation of composition dependent parameters by a 

weighted sum of ternary alloys has also been permitted, for instance, the bandgap 

energy of InGaAlN can be [62] 

zxyzxy
AlGaNEzxInGaNEyzAlInNExy

InGaAlNE
w
g

v
g

u
g

g ++
⋅+⋅+⋅

=
)()()(

)(  (1.9) 

with 

)1()()1()()( uubAlNEuInNEuAlInNE AlInNgg
u
g −⋅⋅−⋅−+⋅=  (1.10) 

2
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2
1

2
1 zxwzyvyxu +−

=
+−

=
+−

=  (1.11) 

where x , y , and yxz −−=1  represent the compositions of Al, In, and Ga in the 

InGaAlN alloy. The bandgap energy of ternary InGaN and AlGaN are depicted in 

expressions (1.6) and (1.7). 
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1-1-3 Spontaneous and piezoelectric polarizations 

 Built-in electric fields in semiconductors can be caused by spontaneous 

polarization spP and by strain-induced polarization piezoP . In c-face nitride-based 

materials, these polarization effects were found much stronger when compared to other 

semiconductor materials [21]. In this situation, electrons and holes are separated in the 

quantum well, as indicated in Figure 1.4, the transition energy is reduced by the built-in 

field, leading to a red-shift of the emission wavelength. The wider the quantum well 

thickness, the more separated electrons and holes, and the less overlap of electron and 

hole carrier density distributions, which leads to a smaller optical gain and less 

spontaneous emission. 

 
Figure 1.4 Band edges of conduction and valence bands 

 Fiorentini et al. has developed a way to estimate the interface charge density [63]. 

The spontaneous polarization of ternary nitride alloys can be expressed by 

)1(071.0)1(042.0090.0)(
)1(038.0)1(034.0042.0)(

)1(019.0)1(034.009.0)(

1

1

1

xxxxNInAlP
xxxxNGaInP

xxxxNGaAlP

xxsp

xxsp

xxsp

−⋅⋅+−⋅−⋅−=

−⋅⋅+−⋅−⋅−=

−⋅⋅+−⋅−⋅−=

−

−

−

 (1.12) 

As yet, there is no investigation on polarization properties focusing on the quaternary 

InGaAlN alloy. Only a similar way to that shown in expression 1.9 can be used for the 

calculation. The piezo-electric polarization can be calculated by 
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 (1.13) 

where ε  is the basal strain of the binary compound considered. Linear interpolation 

formula is used for the calculation of ternary and quaternary nitride alloys. The total 

built-in polarization is the sum of spontaneous and piezo-electric polarizations. 

1-1-4 Band alignment discontinuity 

 The value of band-offset is quite significant for the design of heterostructure 

devices. This value also plays a very important role in the analysis of energy band 

diagram. It is obvious that when two different materials are grown next to each other, 

both the conduction and the valence bands of the two materials will possess 

discontinuities at the interface. Quality and even feasibility of heterojunction device 

concepts often depend crucially on values of these band offsets. Several researchers 

determined the band-offset values of II-VI and III-V heterostructures experimentally by 

growth techniques such as MBE and MOCVD. Theoretical calculation indicated that 

the electronic structure in each layer of a heterojunction became nearly bulklike even a 

single atomic layer away from the interface, lending credence to the idealized notion of 

an abrupt band edge discontinuity. To determine band-offset values of semiconductor 

materials, X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron 

spectroscopy (UPS) are primarily used by means of electron core level energies. Optical 

techniques, such as excitation PL and reflectivity, also present a more accurate tool to 

determine band-offset values. However, the devotion of the determination of the 

band-offset values in semiconductor heterojunction from experimental measurements 

and theoretical calculations exist large discrepancies, which may be related to the 
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difficulty of obtaining high quality epitaxial films. 

Various types of band alignments can arise in semiconductor interfaces depending 

on the relative adjustment of energy bands with respect to each other. For 

semiconductor heterojunctions, there are two most common types of alignments. Type I 

alignment shows that the bandgap of one semiconductor lies completely within the 

bandgap of the other. This type is the most useful one for optoelectronic devices 

because the carriers are well confined in the smaller bandgap region. Type II alignment 

is the bandgaps of two materials overlap but not completely covering the other. For 

nitride-based materials, they all belongs to type I, and six different kinds of 

heterojunction combination, such as AlN/GaN, InN/GaN, GaN/AlN, InN/AlN, AlN/InN, 

and GaN/InN (A/B represents that A thin film is grown on top of B material) list. Table 

1.2 lists some band-offset values of wurtzite nitride binary alloys reported by Martin et 

al. InN/GaN–GaN/InN and InN/AlN–AlN/InN heterojunctions show a significant 

forward-backward asymmetry. AlN/GaN–GaN/AlN heterojunctions give almost 

identical values. The asymmetric nature may be provided by strain induced 

piezoelectric fields [64] due to that the lattice constant of InN alloy is much larger than 

those of AlN and GaN, and the lattice mismatch between AlN and GaN is relative 

smaller than that between GaN and InN. 

Table 1.2 Valence band-offset values of wurtzite nitride binary alloys (Unit: eV). 

Reference AlN/GaN InN/GaN GaN/AlN InN/AlN AlN/InN GaN/InN
[65] 0.8±0.3 ~ 0.8±0.3 ~ ~ ~ 
[66] 0.57±0.22 0.93±0.25 0.60±0.24 1.71±0.20 1.32±0.14 0.59±0.24
[67] ~ ~ 0.5±0.5 ~ ~ ~ 
[68] 1.36±0.07 ~ ~ ~ ~ ~ 
[69] 0.81 0.48 0.81 1.25 1.25 0.48 
[70] 0.84 0.26 0.84 1.04 1.04 0.26 
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1-2 Historical review of RCLEDs 

 Novel concept of RCLED is first proposed and demonstrated by Schubert et al. in 

1992 [71]. The active region of the device is placed in a resonant optical cavity, and the 

cavity is defined by a highly reflective (99%) and a moderately reflective mirror. As 

shown in Figure 1.5, the optical cavity mode can be in resonance with spontaneous 

emission of the active region. As a typical design of the optical cavity, it often has a 

thickness of 1/2- or 1-λ of the light emitted by the active region. The optical mode 

density can be strongly enhanced for on-resonance wavelengths. As a consequence, 

on-resonance transitions of the RCLEDs are enhanced. With the help of bottom highly 

reflective mirror, emission of light through the top side is enhanced, typically by a 

factor of two. 

 
Figure 1.5 A schematic layer consequence of the RCLED device. 

The placement of an active region inside a resonant cavity results in several 

improvements of the device characteristics. In comparison to typical LEDs, RCLEDs 

enjoy improved spectral purity, highly directional light output, less chromatic dispersion 

and improved modulation bandwidth. The spectral emission linewidth of a typical LED 

is determined by the thermal energy kT. However, the emission linewidth in RCLED is 

DBRs 
High reflector

Moderate reflector

Optical cavity

DBRs 
1 λ 
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determined by the quality factor (Q factor), which is defined as 
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where cL  is the cavity length, ν∆  and ν  are the linewidth and frequency of the 

Febry-Pérot resonance mode. R  is the respective top and bottom reflectivity. As a 

result, the spectral linewidth of the RCLED can be a factor of 2–5 narrower to typical 

LED. Moreover, the emission wavelength shit with temperature is determined by the 

temperature coefficient ( dTd cavity /λ ) of the optical cavity, not by the energy gap of the 

active region. This results in a higher temperature stability of the RCLED emission 

wavelength compared with typical LEDs. As compared with vertical-cavity lasers, the 

epitaxial complexity of RCLED structure is reduced since the reflectivity of upper 

distributed Bragg reflectors (DBRs) has to be less than 90%, and thus the RCLEDs 

provide thresholdless operation and better fabrication reliability. 

1-2-1 RCLED design rules 

 A fundamental structure of an RCLED is plotted in Figure 1.6. Two mirrors with 

reflectivity R1 and R2 comprise a cavity and the active region is embedded. The 

reflectivity of the two mirrors is chose to be unequal so that the light exits the cavity 

predominantly through one of the mirrors. The active region shall be located preferably 

at the antinode location of the optical standing wave of the cavity. The active region has 

a thickness of activeL  and an absorption coefficient of α . The cavity shows a 

one-wavelength cavity with a length of cavityL . Owing to the light extraction, a 

fundamental design criterion for RCLED is that the light-exit reflector, 1R , should be 

lower than the reflectivity of the bottom reflector, which to make sure that the light can 



 19

emit in one direction. This is important for the light coupling into the small-core fiber, 

and in the application of display RCLED, where light should be emitted towards the 

observer. 

R1 R2Active 
region

Lactive

Lcavity
R1 R2Active 

region

Lactive

Lcavity

 
Figure 1.6 Schematic illustration of a resonant cavity consisting of two mirrors with 

reflectivity R1 and R2. 

 Secondly, the criterion arises from the design of the cavity length, cavityL , which 

shall be as shorter as possible. As an expression of the integrated enhancement ratio, 

also called suppression ratio, given by 

πσ
λπ

2
1

2int ⋅∆⋅⋅= eGG  (1.15) 

where it is assumed that the emission spectrum is in Gaussian distribution with a peak 

value of 12/1 ))2(( −πσ  and a linewidth of 2/1)2ln2(2σλ =∆ n . eG  is an enhancement 

factor at the resonance wavelength given by the ratio of the optical mode densities with 

and without a cavity as 
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where the enhancement factor ξ  has a value of 2 if the active region is located exactly 

at an antinode of the standing wave inside the cavity, and equals to 1 if the active region 

is smeared out over many periods of the standing wave. When the active region is 

located at a node, 0=ξ . cavityτ  and 0τ  represent the spontaneous emission lifetime 

with and with cavity, while the ratio ensures that the enhancement decreases if the 
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cavity lifetime is reduced as a result of the cavity. λ∆  is the cavity resonance 

bandwidth. 

Finally, the integrated enhancement ratio can be 
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where λ  and cavityλ  are the active region emission wavelength in vacuum and inside 

the cavity. One can easily observe that the light intensity can be enhanced by the 

minimization of the cavity length. The importance of a short cavity length is elucidated 

in Figure 1.7. The respective optical mode densities of two different cavities are shown 

in Figure 1.7(a) and (b). The natural emission spectrum of the active region is shown in 

Figure 1.7(c). A good overlap between the resonant optical mode and the active region 

emission spectrum is obtained for the shortest cavity. In the end, it means that a largest 

enhancement can be achieved if the fundamental cavity mode is in resonance with the 

active region emission. 

 
Figure 1.7 Optical mode density for (a) a short and (b) a long cavity. (c) Spontaneous 

emission spectrum of an LED active region. 

While the emission from the active region resonates in the cavity, the phenomenon 

of self-absorption in the active region comes. It is in criterion that the re-absorption 

probability of photons emitted from the active region into the cavity mode shall be 
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much smaller than the extraction probability of photons, which can be written as 

)1(2 21RRLactive −<⋅⋅⋅ αξ  (1.18) 

As an example of 650-nm RCLED with InGaP/InGaAlP active region, the reflectivity 

of two mirrors are design as %70~1R  and %100~2R , and the active region is 

assumed to be located well in the antinode of the optical standing wave with 2=ξ . The 

absorption coefficient for InGaP at 650 nm is assumed 10000 cm-1. This criterion can be 

fulfilled if the active region thickness is less than 75 nm. That means the period of QWs 

in the active region is limited. If the criterion of expression 1.17 can not be fulfilled, 

photons will be re-absorbed by the active region, which in turn results in the re-emission 

along the lateral direction, not into the cavity mode or a possibility of non-radiation 

from the generated electron-hole pairs [72]. 

1-2-2 RCLED applications 

The characteristics of RCLED shown above are desirable for local-area medium bit 

rate optical communication systems. In short-distance communication systems, 

polymethyl methacrylate plastic optical fibers (POFs) are increasing used as it provides 

a relatively low cost. Figure 1.8 shows the attenuation loss as a function of the 

wavelength in PMMA core fiber. At 650 nm, the preferred communication wavelength 

for POFs exists a relatively minimal attenuation loss of 0.15 dB/m [73]. Recently, the 

application of POFs has been extended to the automotive industry, such as media 

oriented systems transport (MOST), which needs to carrier 50–250 Mbps of data over 

POFs. MOST is a networking standard intended for interconnecting multimedia 

components in automobiles and other vehicles. It differs from existing vehicle bus 

technologies in that it's intended to be carried largely on an optical fiber bearer, thus 

providing a bus-based networking system at bit-rates far higher than available on 
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previous vehicle-bus technologies. MOST technology provides an environment where 

hardware is no longer the limiting factor to new multimedia application development. 

By approaching the network from a full system standpoint, all layers required for 

application development and system management have been defined and standardized. 

 
Figure 1.8 Attenuation of a PMMA step-index POF. 

 

Figure 1.9 MOST technique concepts in home and automotive multimedia networking. 

As depicted in Figure 1.9, entertainment functions can be distributed around the 

system with MOST. For example, a DVD player sends audio and video around the 

network for playback at several locations simultaneously. Intelligent but very low cost 
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audio devices can be strategically placed around a house or a vehicle, allowing the user 

to issue voice commands and control the system without having to be at a specific 

control terminal. Dynamic equalization and active noise cancellation on all audio 

signals flowing around a car is possible because digital data is available to all devices 

on the network in high quality. 

1-3 Historical review of semiconductor lasers 

 Abbreviating “Light Amplification by the Stimulated Emission of Radiation” to a 

word, LASER, can be physically illustrated as photon multiplication when a single 

photon generated from the active region, traveling through a semiconductor, generates 

an identical second photon by stimulating the recombination of an electron-hole pair. 

The second photon exists the same wavelength and the same phase as the first photon, 

doubling the amplitude of their monochromatic wave. Such process repeats 

subsequently and leads to light amplification in the long run. However, the competing 

process is the absorption of photons by the generation of new electron-hole pairs. As a 

criterion of laser action, the population inversion shall be satisfied, that is, stimulated 

emission prevails when more electrons are present in the conduction band than in the 

valence band. As shown in Figure 1.10, the population inversion can be achieved by 

providing electrons from the n-doped side in the conduction band and holes from the 

p-doped side in the valence band. Continuous current injection or optical pump into the 

device leads to a continuous stimulated emission process but only if enough photons are 

unceasingly generated in the cavity oft the device. Because of this, a resonant cavity for 

optical feedback and two facet mirrors for providing a suitable reflectivity are required. 

 Laser action in semiconductors is initially demonstrated in 1962 by several groups. 

A forward-biased gallium arsenide (GaAs) p-n junction is performed and the optical 

gain is provided by the recombination of electrons and holes in the depletion region of 
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the p-n junction. The polished facets perpendicular to the junction plane forming a 

resonant cavity provide the optical feedback. A schematic p-n junction (homostructure) 

semiconductor laser in early stage is shown in Figure 1.11(a). This device exhibits a 

very high threshold current density (Jth ≥ 50 kA/cm2) due to a very poor confinement of 

carriers. To reduce the threshold current density, the p-n junction semiconductor laser is 

converted into heterostructure lasers, which consist of a layer of one material 

sandwiched between two cladding layers of another wider bandgap material. 

Heterostructure lasers can be further categorized as single-heterostructure or 

double-heterostructure devices, depending on whether the active region is surrounded 

on one or both sides by a higher bandgap cladding layer. 
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Figure 1.10 Band diagram of a p-n junction LD with triple-QWs illustrating carrier 
transport process 

 

Figure 1.11 Schematic illustration of (a) p-n junction, and (b) heterostructure lasers with 
their typical physical dimensions. 

 A schematic heterostructure laser is shown in Figure 1.11(b). The first 
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room-temperature operation of a heterostructure laser (GaAs/AlxGa1-xAs) is 

demonstrated by Kressel [74], Hayashi [75], and Alferov [76], etc. with the technique of 

liquid-phase epitaxy (LPE) in 1969. These lasers can only operate in pulse mode with a 

restriction of device heating. By 1975 the threshold current density is reduced when 

using a 0.1 µm thin active layer to two orders of magnitude over the first-made simple 

homostructure lasers in 1962. These efforts make the semiconductor laser to become a 

useful, practical, compact, coherent light source; however, the emission of early GaAs 

lasers usually operates in the wavelength range of 0.8–0.9 µm. 

As shown in Figure 1.12, several direct-bandgap materials are also used to obtain 

semiconductor lasers for the purpose of obtaining various emission wavelengths. Early 

development of semiconductor lasers is done as well to another promising application in 

optical fiber communication. Long wavelength semiconductor lasers operating at the 

wavelengths of 1.31 and 1.55 µm are especially fascinating due to the relative low 

attenuation loss windows, as can be found in Figure 1.13, in silica fiber. In 1980s, 

quaternary indium gallium arsenide phosphide (InGaAsP) alloys turns out to be the 

more suitable material on the basis of lattice matching to InP substrate, and 

room-temperature operation InGaAsP semiconductor lasers for the requirement of 

commercialization are demonstrated [77–80]. 
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Figure 1.12 Various choice of the active region material for different range of emission 
wavelength. 



 26

 

Figure 1.13 Attenuation in silica fibers (solid line) and theoretical limits (dash lines) 
given by Rayleigh scattering and molecular vibration (infrared absorption). 

 The semiconductor laser with visible red emission, using InGaP/ImGaAlP material, 

can be traced in 1980s. The InGaP/ImGaAlP material attracts much attention because 

the shortest emission wavelength of AlGaAs material can only be achieved to 680 nm 

while one would like to obtain a shorter red room temperature continuous-wave 

operation semiconductor laser. Also, the InGaP/InGaAlP material is developed because 

it can be grown onto the GaAs substrate with a lattice match condition of the indium 

composition in InGaAlP equaling to 50%, i.e., In0.5(Ga1-xAlx)P. In 1982, the pioneering 

red InGaP/InGaAlP semiconductor laser is demonstrated under low temperature 

photoluminescence excitation [81]. One year later, Hino, Ashai, Kawamaru, et al. 

[82–84] successfully demonstrate a room temperature pulse current injection 

Al0.5In0.5P/Ga0.5In0.5P/Al0.5In0.5P double heterostructure semiconductor lasers. Room 

temperature continuous-wave operation red InGaP/InGaAlP semiconductor laser is then 

developed in 1985 by MOCVD technique [85–87]. The structure is schematically 

plotted in Figure 1.14(a), and Figure 1.14(b) shows the temperature dependent light 

output versus current (L-I-V) characteristics. The lasing wavelength is 679 nm and the 

threshold current at room temperature is 109 mA. 



 27

 
Figure 1.14 (a) A schematic plot of the first room-temperature continuous-wave 

operation red InGaP/InGaAlP semiconductor laser. (b) is the lasing characteristic.  

Semiconductor laser with an emission wavelength less than 632.8 nm (He-Ne laser) 

in InGaP/InGaAlP system can be achieved by adding aluminum into InGaP active 

region, by using the misoriented GaAs substrate (001) with an off angle towards (111), 

or embedding quantum wells into the active region to degenerate the quantum-confined 

states that increases the transition energy. Even the first way is not preferred because 

adding aluminum into the active region during the crystal growth may cause an increase 

of oxide defect then degrading the crystal quality of active region and operation lifetime; 

in 1991, a lasing emission wavelength of 631 nm in InGaP/InGaAlP semiconductor 

laser is demonstrated by adding an aluminum composition of 15% into InGaP active 

region with a 7º misoriented GaAs substrate. The lasing characteristics could be 

comparable to the laser structure with QW active region on that time. As for QW 

semiconductor lasers, it is not until 1980s while the epitaxial techniques of 

molecular-beam epitaxy (MBE) and MOCVD are rapidly developed, the semiconductor 

lasers with quantum well active region can be well fabricated. Semiconductor lasers 

with QW active region design are very important because they provide a low threshold 

current operation, high power output, and high temperature operation characteristics. In 

1990s, the semiconductor lasers with QW active region are vastly developed to fill in a 

(b) 
(a) 
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wide variety of ranging from the optical pick-up head in compact disk player to the 

transmitters optical fiber communication system, new applications in high-density 

compact disk storage system, local area data communications as well as consumer 

products. More reliable and manufacturable semiconductor lasers are demanded. 

Various types of semiconductor lasers with QW active region such as typical in-plane 

edge emitting lasers, grating based DFB and DBR lasers, and VCSELs are developed to 

be applicable in the specific applications, and to the present, most commercial 

semiconductor lasers are designed with QW active region. Next, a brief investigation of 

VCSEL and 1.3-mm InGaAsN/GaAs EELDs are given. 

1-3-1 VCSELs 

 Unlike the first and still most common in-plane semiconductor lasers, VCSEL 

provides a laser emission normal to the plane of the wafer. As shown in Figure 1.15, 

VCSELs are made by sandwiching an active region between two highly reflective 

mirrors. The photons generated from the active region, oscillating in the cavity, and 

finally laser emits normal to the plane of the wafer with a circular beam shape. Unlike 

an in-plane laser, the resonant cavity of a VCSEL is commonly constructed during the 

epitaxial growth with a thickness of one or several wavelengths, and its magnitude is 

two orders smaller than that of an in-plane laser (typical to 250 µm). The mirrors of a 

VCSEL can be created in a number of ways. The trends include incorporating a 

sequence of distributed Bragg reflectors directly into the epitaxial growth of the laser 

structure. The DBR is constructed by two quarter-wave layers with different refractive 

index. For instance, varying the aluminum composition in AlGaAs material with lattice 

matching to GaAs allows a range of refractive index change (∆n~0.7). Alternatively, 

dielectric (SiO2, TiO2, Ta2O5) or even metal mirrors can be deposited onto the epitaxial 

structure. As well as a result of the highly reflective mirrors and the smaller active 



 29

region volume, the threshold current of a VCSEL can be ~mA or even smaller. These 

unique advantages hasten the development of VCSELs being in applications of optical 

fiber communications, local area networks, laser printing, consumer electronics, optical 

sensors, barcode scanners, digital displays, spatial light modulators, backplanes and 

smart pixels, and microscopes [88–91]. 

 

 

Figure 1.15 Schematic illustrations of (a) an in-plane laser and (b) a VCSEL. 

 In 1979, the first VCSEL structure was originated by Dr. Iga et al [92]. An 

InGaAsP material was used as active region and laser action occurred at 1180 nm under 

low temperature pulse operation. A threshold current density of 44 kA/cm2 was 

obtained on that time. This is high due to that a large volume of active region, the poor 

crystal quality and carrier confinement, and the reflectivity of two mirrors, which were 

made by metallic reflectors, was not so high as to be >99%. So, with an aim to reduce 

the threshold current of a VCSEL, Ogura et al. initiatively used the DBR structure into 

the epitaxial structure, while the reflectivity of the mirrors can be >99%. The 

demonstrated VCSEL characteristics showed a reduced threshold current density of 1 

kA/cm2 at room temperature [93]. In 1989, the VCSEL with high reflectivity DBR 

(a) in-plane laser    (b) VCSEL  
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mirrors combining the QW design in the resonance cavity was demonstrated by Lee et 

al [94]. The VCSEL could be operated at room temperature continuous wave operation 

with a threshold current density of 1.8 kA/cm2. Hereafter, the epitaxial structure of a 

VCSEL was almost fixed as schematically plotted in Figure 1.16. 

 
Figure 1.16 A schematic plot of a VCSEL epitaxial structure. The reflectors are formed 

by DBRs with reflectivity above 99%. 

Short cavity characteristics 

 From the physics of semiconductor lasers, it is well-known that the cavity length is 

quite sensitive to the laser output characteristics. A laser with large cavity length always 

has higher threshold current, lower slope efficiency, and temperature insensitivity. As 

for the lasing mode control, we know that the longitudinal mode separation is equal to 

)2/(2
0 Lneffλλ =∆ , which indicates that a laser with shorter cavity length can be easier to 

achieve single longitudinal mode operation. A comparison of the cavity mode spectrum 

distributions of an in-plane laser and a VCSEL is shown in Figure 1.17. Due to the 

larger cavity length of an in-plane laser, the mode separation is relatively smaller than 

that of a VCSEL, and it results in that the lasing wavelength shifts to red emission as the 

gain spectrum shifts caused by the increase of current or device temperature. In contrary, 

the cavity length of a VCSEL is about two orders less than that of an in-plane laser, and 
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it is always designed to be one-wavelength-thick. Therefore, it is possible to have single 

longitudinal mode operation in the range of gain spectrum. 

 
Figure 1.17 Lasing modes of (a) an in-plane laser and (b) a VCSEL change with the 

shift of gain spectrum. 

Gain-cavity detuning 

 As depicted in Figure 1.17, one can know that a better VCSEL output performance 

is obtained if the gain spectrum of the active region matches to the cavity mode. This 

condition only can be obtained in a specific temperature range because the cavity mode 

changes with temperature at roughly 0.8 Ǻ/ºC while the peak of the gain spectrum shifts 

at a rate of 3.3 Ǻ/ºC [95]. As illustrated by Choquette et al., the gain-cavity detuning 

dominates the threshold current of a VCSEL in a particular full wafer mapping. As 

depicted in Figure 1.18, the threshold current of VCSELs located at different position in 

a wafer was different. This phenomenon can be illustrated in such a way that the optical 

thickness of a VCSEL cavity is different across a wafer. Since the gain spectrum of the 

active region is not the key element to affect the VCSELs at different wafer positions, 

the changes in the threshold current are mainly due to the variant optical thickness of 

the cavity which make the spectral misalignment between the gain spectrum and the 

cavity mode [96]. 
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Figure 1.18 (a) Schematic illustration of the spectral misalignment between the cavity 

mode and the gain spectrum. (b) The VCSEL threshold current dependence on the 
position across a wafer. (c) The VCSEL threshold current dependence on the device 

temperature. 

  In such a way, the VCSEL output performance can be less temperature sensitive 

as compared to the typical in-plane laser. With a careful design of the gain-cavity 

detuning in a VCSEL structure, the threshold current of a VCSEL can be stable in a 

specific temperature range. 

Device fabrication varieties 

 In the processes of fabricating VCSEL devices, there are several main techniques, 

including mesa etching, transverse confinement of electrical current or optical fields, 

ohmic contact metal deposition, and dielectric film deposition. Due to the laser light of 

a VCSEL is in vertical emission, the mesa etching is to isolate and form the shape. 

Ohmic contact metal deposition facilitates driving current injecting well into the active 

region with the minimum of electric resistance. The deposition of dielectric film is for 
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the purpose of passivation. As for the transverse confinement, the shape and the way to 

confine current and optical field may strongly affect the electrical output performance 

and the transverse mode pattern. It is undoubted that a well fabrication design of 

electrical and optical confinement will more enhance the natural characteristics of a 

VCSEL. Basically, the fabricated VCSEL structure can be divided into four mechanism 

such as index-guiding, gain-guiding, or hybrid gain/index-guiding. As illustrated in 

Figure 1.19(a), the simplest method to provide electrical and optical confinement of a 

VCSEL is the air-post type. By means of wet or chemical etching to form a smaller 

current injection volume, the current density in the active region becomes higher. As 

well, since the index difference between the air and the posted semiconductor is larger, 

a strong transverse confinement of the optical field is achieved. However, there may 

have diffraction and scattering losses while decreasing the active region diameter. 

Neither, single-mode operation is not stable in this structure, and high thermal 

resistance problem may be serious. 

 
Figure 1.19 Schematic representations of (a) air-post index guide (b) oxide confine 

index guide (c) implant confine gain guide and (d) hybrid index and gain guide confine 
VCSELs. 
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 To confine current effectively in a VCSEL, selective oxide confine technique is 

used to form a smaller current injection region. As shown in Figure 1.19(b), a mesa 

structure must be formed by etching so as to expose the sidewall of the oxide confine 

layer. For VCSELs with 850 nm emission or the VCSEL on GaAs substrate, the oxide 

confine layer is normally to be AlGaAs with high aluminum content (Al=0.98~1.0 

typically). An oxide aperture can be obtained by placing the mesa structure into a 

H2O/N2 steam environment at temperature of ~420 oC, then the Al0.98~1.0Ga0~0.02As layer 

becomes an insulating oxide layer and therefore forming an oxide aperture above the 

active region. Due to the refractive index of the oxided layer (AlOx) is relatively lower 

than that of the surround semiconductor materials, the lateral mode can also be tightly 

confined by the oxide layer. As well, the oxided layer is insulated, the injected current 

can be further confined in a smaller area so that the threshold current can be reduced 

and so as improving the efficiency. 

 A gain-guiding mechanism can be realized by depositing the ring metal contact 

directly onto the wafer near the active region to confine the transverse mode. Laser 

action occurs at the active region where the current injects. Typically, to minimize the 

current injection region of a VCSEL, an ion implantation technique is used. The ion 

implantation is that implanting protons or oxygen ions into the p-DBR region forming a 

high resistance region to block the current without flowing into. As illustrated in Figure 

1.19(c), the flow of the injection current can be well confined in the center of VCSEL 

device, and hence the threshold current can be reduced as compared to the air-post type 

VCSEL. For this type of VCSEL, the advantages include low threshold current 

achievement, easy fabrication, and high yield rate. However, the implantation shall 

prevent the damage of the active region. It is because that an additional optical loss may 

be induced if the active region is damaged. As for the optical lateral mode confinement, 

even the current path can be defined by the implanted areas, inherent transverse optical 
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confinement does not exist in this structure. That means, the transverse mode can 

always be found owing to the spatial hole burning effect in a gain-guide implanted 

VCSEL [97]. 

 In a VCSEL, the output power is quite sensitive to the current aperture gain region. 

Enlarge the current aperture can increase the output power but in term results in the 

increase of transverse mode numbers. Hence, with an aim to obtain a low threshold 

current, high output power, and single mode operation VCSEL, hybrid index/gain guide 

technology is noticed and developed. As shown in Figure 1.19(d), the hybrid index/gain 

guide oxide/implant VCSEL structure is reported by Young et al. The current aperture 

can therefore be made smaller than the index-guide aperture; therefore a relatively low 

threshold current can be achieved. Furthermore, the overlap between of fundamental 

mode and gain spectrum can be kept sufficiently while optical loss of the higher-order 

modes decreases due to the larger mode spreading profile [98]. Other hybrid index/gain 

guide structures such as oxide/surface relief [99] and Zn diffusion/surface relief [100] 

can also have the VCSEL to operate with low threshold current, high output power and 

single mode. 

 To date, VCSEL devices have become the standard in free space optical 

communication and local area networks. These surface emission laser devices possess 

low divergent angle and circular beam, which lead to simple packaging and low 

electrical power consumption. The surface emission from the VCSELs also assists the 

integration of two-dimensional laser array and the facilitation of wafer level testing. 

1-4 Historical review of 1.3-µm InGaAsN EELs 

As depicted in Figure 1.13, the semiconductor layer plays an important role in the 

development of optical fiber communications due to the characteristics of coherent laser 

light emission, pure emission spectrum linewidth, and low divergent angle. Particularly, 
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semiconductor lasers with an emission wavelength of 1.55 µm are significant due to a 

relatively lowest attenuation loss in the silica fiber, and in addition, 1.3-µm 

semiconductor lasers are noticed due to the nearly zero dispersion. Being as the active 

light source in the optical communication system, the semiconductor lasers are 

demanded to be less temperature sensitive, low power consumption, high power 

operation, and high modulation speed. Due to the early and well-developed epitaxy and 

process techniques, the semiconductor lasers made by InGaAsP/InP material have 

become the standard active light sources. However, there always exists a major 

disadvantage in the InGaAsP/InP material system; that is, the conductor band offset 

ratio (∆Ec/∆Ev) is lower as 0.4/0.6 [101–104]. Even the InGaAsP semiconductor lasers 

can provide a laser performance with low threshold current and high output power 

operation, the high temperature dependent laser output characteristics are found poorer 

as compared to the InGaAs/GaAs semiconductor lasers. It can be realized that the low 

conduction band offset always indicates a poor carrier confinement in the active region. 

When the lasers are at high current or high temperature operation, the probability of 

carrier leakage may increase; therefore, the photon generation rate decreases. To clarify 

the temperature dependent characteristic of a semiconductor laser, a characteristic 

temperature ( 0T ) value, defined by )/exp( 00 TTIIth ⋅= , was used. It can be realized 

that less threshold current variation with elevated device temperature in a 

semiconductor laser leads to a higher T0 value, which in other words indicates that the 

device becomes temperature insensitive. For InGaAsP/InP based semiconductor lasers, 

the T0 value is typically in a range of 50–70 K [105]. While other material systems such 

as InGaAlAs/GaAs and InGaAsN/GaAsN based 1.3-µm semiconductor lasers can have 

a T0 value exceeding 100 K. Specifically, the InGaAsN/GaAsN material is preferred 

due to the large conduction band offset (∆Ec/∆Ev = 0.7/0.3) [106]. 
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InGaAsN material 

In 1990, the material of GaAs incorporated with nitrogen was studied by Liu et al. 

It was the first observation of different nitrogen pair complexes in GaAs. The 

luminescence of excitons bound to nitrogen pairs as well as to isolated nitrogen in GaAs 

was studied. The bandgap energy of the GaAs incorporated with nitrogen was found 

decreased and it was though as a result of the inducing a exciton bonding state within 

the bandgap energy of GaAs [107]. Continued works on the theoretical calculations and 

growth film analysis were done to investigate the GaAs1-xNx material, in which the 

studies showed only a small amount of nitrogen could be incorporated into GaAs [108] 

and a large bowing parameter was found [108–111]. As shown in Figure 1.20, the 

bandgap energy of GaAs1-xNx functioned by nitrogen composition has a bowing 

parameter as high as 20 eV. Based on Van Vechten’s model (solid line), a theoretical 

calculation also obtains a large bowing parameter, and negative bandgap energy of 

GaAs1-xNx alloy is indicated. 

 
Figure 1.20 Bandgap energy of GaAs1-xNx as a function of nitrogen composition. 

As shown the open squares are the experimental data and the solid line is the theoretical 
calculation.  
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Theoretically, GaAs1-xNx material is attractive because it provides a lower bandgap 

energy, which can emit with a wavelength longer than GaAs characteristic wavelength 

(0.87 µm). However, the emission wavelength in the experiment when increasing 

nitrogen composition in the GaAs1-xNx material seems to be distant from the theoretical 

trend. By incorporating 14.8% nitrogen into GaAs1-xNx material, the bandgap energy 

changes slowly to 1.029 eV (1.205 µm). This phenomenon observed from experiment is 

suggested due to the variation of bowing parameters with variant nitrogen composition 

in GaAs1-xNx material. Nevertheless, GaAs1-xNx material is preferred to be an active 

region material due to the large bowing parameters. In 1996, GaAs1-xNx material has 

again received great attraction when Kondow et al. successfully create the incorporation 

of indium into GaAs1-xNx material. For long wavelength emission, InGaAsN material is 

much preferred because it can be grown on the GaAs substrate, a type I band lineup, 

and thus very deep quantum well structures can be fabricated. 

 
Figure 1.21 A schematic diagram of the band lineups for GaAsN, InGaAs, and 

InGaAsN materials. 

As shown in Figure 1.21, GaAs material is located at center with bandgap energy 

of 1.42 eV and zero lattice mismatch as a template. Increasing In composition in 

InGaAs material results in a compressive strain, while increasing the nitrogen 
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composition in GaAs1-xNx results in a tensile strain. If a small amount of nitrogen is 

added into InGaAs to form InGaAsN, the conduction and valence bands will move from 

A to B and from D to E, respectively. At the alloy composition in which the InGaAsN is 

lattice matched, the conduction and valence bands will be located at C and F. Therefore, 

a type I band lineup is easily achieved, which indicates that choosing InGaAsN as active 

region material can provide a better confinement of carriers. 

Growth of InGaAsN 

In early development of growing InGaAsN material, the most challenge has been 

how to achieve high quality quantum well structure. No one had grown InGaAsN until 

Kondow et al. did. In 1997, the key to obtain large nitrogen composition in GaAs1-xNx 

material is the use of plasma-activated nitrogen source. In spite of M. Sato et al. 

developing a unique ultra-low-pressure MOCVD apparatus that utilized 

dimethylhydrazine (DMHy) as the nitrogen precursor, Kondow et al. had chosen the use 

of a commercial nitrogen radical cell that could be attached to a conventional gas-source 

molecular beam epitaxy (GS-MBE) system [113]. Both two ways were the sole method 

for InGaAsN growth in the late 1990s. The GS-MBE system used by Kondow et al. is 

schematically plotted in Figure 1.22. Metal-Ga, metal-In, arsine gas, and nitrogen gas 

were used as precursors. It is an advantage that using GS-MBE to grow InGaAsN 

produces more reactive-nitrogen and fewer reactions between the sources. By using 

GS-MBE to grow, the surface morphology of InGaAsN was mirror-likely smooth. After 

X-ray diffraction determination, the quantum well was found to be In0.3Ga0.7As0.996N0.004, 

and an emission wavelength of 1.17 µm was obtained for the first time. 

Afterward the first demonstration of InGaAsN QW and the fabrication of InGaAsN 

laser in 1997, the research have been focused on the achievement of high-performance 

long wavelength InGaAsN/GaAs semiconductor lasers. Specifically, extending the 
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emission wavelength by increasing indium or nitrogen compositions in the InGaAsN 

quantum well but simultaneously keeping a feasible film quality is the most crucial 

issue. As a result of the InGaAsN is a solid solution with a large size mismatch of 

constituents on the group-V sublattice, this material brings a number of unusual optical 

properties, such as a large bandgap bowing as mentioned previously, a large Stokes shift 

between absorption and emission [113], and a blue-shift of the emission with 

post-growth annealing. Nitrogen incorporation into InGaAs beyond about 1% causes 

strong quenching of the luminescence and a broadening of the luminescence linewidth. 

Even post-growth annealing can improve the luminescence significantly and improve 

the optical properties but leads to a blue-shift of the PL peak [114–116]. The blue-shift 

of the PL on annealing is found due to the homogenization of the indium composition 

and to diffusion of nitrogen out of the active region [117]. 

 

Figure 1.22 A schematic diagram of GS-MBE growth apparatus. 

 To date, a 1.55-µm InGaAsN quantum well with a GaAsN or an InGaAsN barrier 

and space layer is presented. By increasing nitrogen composition in GaAsN barrier and 

space layer instead of increasing nitrogen composition in InGaAsN quantum well, a 

stronger improvement of photoluminescence efficiency is observed [118]. As a result, 

by means of successful demonstration of high-quality quantum well structures, long 

wavelength InGaAsN/GaAsN semiconductor lasers with high output efficiency can be 
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fabricated. 

InGaAsN/GaAs semiconductor laser 

 As illustrated in the beginning of this subsection, 1.3-µm or 1.55-µm 

semiconductor lasers are used as light sources to minimize the transmission loss at the 

silica optical fiber window in optical fiber communication system. These diodes consist 

mostly of InGaAsP alloy semiconductors formed on an InP substrate; however, their 

lasing characteristics remain unsatisfactory at high temperature operation. Compared to 

a typical InGaAs/GaAs semiconductor laser with 980 nm laser emission, which has a T0 

value of 150 K, the T0 value of InGaAsP/InP semiconductor laser is much low as 60 K. 

Therefore, it always requires thermoelectric cooler in most practical uses. In order to 

drastically improve the high temperature characteristics of long wavelength lasers, the 

InGaAsN material is proposed due to a large conduction band offset value. Based on the 

calculation of T0 value as a function of ∆Ec value with thermoionic emission model by 

Suemune et al., while the quasi-Fermi levels for electrons are assumed to be 50 and 70 

meV at 300 and 360 K, a maximally achievable T0 value of 180 K is predicted with a 

∆Ec value over 300 meV, which completely suppress electrons from overflowing [119]. 

 Recently, substantial works on InGaAsN/GaAs semiconductor lasers have showed 

an improvement in the T0 values of 70–110 K over those achievable by the conventional 

InP technology under CW mode operation [120–124]. Improvement of lasing 

characteristics and high-temperature operation performance by 

anti-reflection–high-reflection facet coating that obtains a CW output power of 210 mW 

[125], and fabrication of laser chips that are bonded p-side-down onto copper heat-sink 

with pulsed anodic oxidation (PAO) technology, which can operate in CW mode up to 

130 °C with a high T0 value of 138 K [126] by Qu et al. is also found. In the case of 

laser structure design for improving lasing characteristics or obtaining better T0 value, 
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Tansu et al. utilized tensile-strain GaAs0.85P0.15 layers on both sides of the 

InGaAsN/GaAs active region to reduce the strain in quantum wells for achieving better 

crystal quality [127–129]. Even the relatively low and unexpected low T0 values when 

compared to the theoretical prediction are found due to the large Auger recombination 

and nitrogen penalty [130, 131], InGaAsN/GaAsN based design in the active region is 

still preferred in the development of long wavelength semiconductor lasers. 
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CChhaapptteerr  22      PPhhyyssiiccaall  aanndd  nnuummeerriiccaall  mmooddeellss  

In this chapter, a description of the fundamental theories in the all of the simulation 

programs (APSYS, LASTIP, and PICS-3D) used in this dissertation is applied. Since 

the drift-diffusion model is though to be the governing model of semiconductors and the 

most basic equations to illustrate the electric behaviors of a semiconductor device, it is 

shown in advance. The QW models with relevant interband optical transition such as 

optical gain/absorption calculation, self-consistent carrier density and optical gain with 

many-body coulomb interaction in wide-bandgap nitride-based materials are 

investigated. Thermal effects in semiconductors are included. At last, the specific 

models used in each of the three simulation programs are given. 

2-1 Drift-diffusion model 

To describe the semiconductor device behavior, Poisson’s equation, in which can 

be shown in a typical form as ερ /2 −=∇ V , is though to be the basic. As considered in 

the semiconductors, this equation to describe the electric field shall be revised as 

( ) ( ),10 ∑ −+−−++−=⎟⎟
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where V∇  represents the electric field, dcε  is the relative dielectric constant, n and p 

are the electron and hole concentrations, AN  and DN  are the acceptor and donor 

doping concentration with respective Fermi levels of Af  and Df , jδ  is a 

delta-function that equals to zero when acceptor is considered and equals to one when 

donor is considered. Also, based on the current continuity equation, 0/ =∂∂+∇ tJ ρ , it 

can be 
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to describe the electron and hole continuities in semiconductors, where the carrier flux 

density is equal to fnnn EnJ ∇⋅⋅= µ  and fppp EpJ ∇⋅⋅= µ . In equation (2.1), the 

recombination rates in each confined energy deep level traps, spontaneous emission, 

stimulated emission, and Auger are represented, respectively, and are illustrated 

subsequently. 

The carrier recombination due to deep level traps (Shockley-Reed-Hall, SRH 

recombination), which is one of the main nonradiative recombination processes, can be 

illustrated in the following expressions: 

tntjtjjnjtjtjnj
tj
n GfNncfNncR −⋅⋅⋅−−⋅⋅= 1)1( , (2.4) 

,)1(1 tptjtjjpjtjtjpj
tj
p GfNpcfNpcR −−⋅⋅−⋅⋅⋅=  (2.5) 

with the trap occupancy 10 << tf . jn1  is the electron concentration when the electron 

quasi-Fermi level coincides with the energy level tjE  of the jth trap. Under transient 

condition, the dynamic variation of the trap occupancy can be tj
p

tj
ntjtj RRtfN −=∂∂⋅ / , 

and because the capture coefficient is related to the carrier lifetime and carrier 

concentration as jjj Nc ⋅=τ/1 , which can be further expressed by 

)/(8 nnjnj mkTc ⋅⋅= πσ , (2.6) 

)/(8 ppjpj mkTc ⋅⋅= πσ . (2.7) 

Each last term in expressions (2.4) and (2.5) can be though as the photon-carrier 

generation to emission. Because it is still possible to generate photo-carriers if deep 

level traps are sensitive to light whose energy is less than the semiconductor bandgap, it 

shall be taken into account. In general, this term is proportional to the trap density and 
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carrier occupancy, as given by 

,xntjtjgtn fNSvG σ⋅⋅⋅⋅=  (2.8) 

,)1( xptjtjgtp fNSvG σ⋅−⋅⋅⋅=  (2.9) 

for trapped electrons and holes where gv  is the group velocity of light, S is the photon 

density, xσ  is the unit of area. 

Another main nonradiative recombination, which is shown by the terms of auR  in 

equations (2.2) and (2.3), is the Auger recombination. The rate can be determined by 

),()( 2
ipnau nnppCnCR −⋅⋅+⋅=  (2.10) 

with the Auger coefficients nC  and pC . As for the electron and hole concentrations in 

semiconductors, Fermi-Dirac distributions and a parabolic density of states which, when 

integrated, yield 
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where 2/1F  is the Fermi integral of order one-half. The occupancies Df  and Af  are 

used to describe the degree of ionization of shallow impurities in semiconductors. It is 

assumed that the shallow impurities are in equilibrium with the local carriers, and 

therefore can be 
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where dg  and ag  are the donor and acceptor wave functions. 

 The carrier mobilities nµ  and pµ , which account for the scattering mechanism 

in electrical transport, is typically as a function of the electric field. In the simulation 
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program, a commonly used mobility model has the following forms for electrons and 

holes: 
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where β  is used to define a unitless parameter appearing in the field dependent carrier 

mobility function of the semiconductors. 

2-2 Optical gain/absorption calculation for quantum well 

 In the simulation programs, the QW models assume the QW having a single, 

symmetric, flat-band, and step-wise potential profile. Parabolic subbands are assumed, 

and non-parabolic subbands appear while the valence mixing model is taken into 

account. The calculation of QWs always starts from the QWs without external applied 

field. All the confined levels in QWs for the subbands of Γ , L, light holes, and heavy 

holes (and crystal field holes for wurtzite) are computed from well-known formulas in 

quantum mechanics for a square QW [1]. As external filed is applied, the quasi-Fermi 

levels are allowed to vary as a function of distance. The density of states and quantum 

levels are assumed to be the same as if there is no applied filed. The density of electrons 

and holes in a QW is revised from expression (2.11), and can be expressed by 
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where the subscript i denotes all confined states for the different hole bands, and j 

denotes those for the Γ  and L bands. The number of unconfined carriers is calculated 

using Fermi-Dirac distributions. 

As the QW is strained, the valence band of III-V semiconductors splits into 

separated light-hole and heavy-hole bands. The bands become strongly non-parabolic. 
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To treat this, an anisotropic parabolic band structure is approximated to simplify the 

calculation of gain, spontaneous emission, and carrier concentration. For zinc-blende 

structure, a simplified analytical band structure of a strained QW is developed [2], and 

is based on the pk ⋅  theory. Typically, by using the Luttinger-Kohn model [3], the 

valence band structure can be described by a 6×6 Hamiltonian in the envelope function 

space [4] as 
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where 
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)(zVh  is the unstrained valence band edge, tk  is the wave factor in the plane of QW. 

va  and b are the deformation potentials. )(z∆  is the spin-orbit split-off energy. 1γ , 

2γ , and 3γ  are the Luttinger parameters. In general, the reference energy is taken to be 

the top of the unstrained valence band. For QW, zk  is replaced by ( )dzdi /− . The 
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valence band structures are obtained by solving the expression (2.15). Within the 

effective mass approximation, the wave function of a QW can be though in the 

Schrödinger equation by adding an appropriate potential )(zVqw  to the periodic 

potential )(rV r  of the crystal lattice, and is given by )()()( ruzr no
rr

Φ=Ψ . The 

envelope function )(zΦ  is the solution to the one-dimensional Schrödinger equation: 
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where the periodic crystal potential )(rV r  is represented by the effective mass )(zmz
n , 

which is different for well and barrier material. The subscript n is band index. 

The optical gain spectrum is then calculated by taking the valence band mixing 

into account over tk  as [3]  
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where t is QW thickness, scatτ/h=Γ  is broadening due to intraband scattering 

relaxation time, cjE  is the jth conduction subband, kpiE  is the ith valence subband 

from the pk ⋅  calculation, n  is the refractive index. bM  is the bulk dipole moment 

given by 
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jf  and if  are the Fermi functions expressed by 
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The evaluation of spontaneous emission rate when a laser is under threshold can be 

expressed by 
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where )(ED  is the optical mode density in the material which has a refractive index of 

n, given by 33223 /)( cEnED hπ= . ijM  is a transition matrix element being averaged 

over all polarization directions. The Fermi factor )1( ''
ij ff −  gives the probability that 

the conduction band level is occupied and the valence band level is empty at the same 

time [5].  

2-3 Self-consistent carrier density in nitrides 

 To solve the quantum confined states in uneven band condition when the local 

potential well is under strong piezoelectric effect in nitride-based materials, it is 

assumed in the simulation program that the well is tilted to one side, as well as the wave 

function, the optical transition between conduction and valence bands will have a 

different dipole moment. The two-dimensional self-consistent electron density is given 

as 
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where )(yg j
n  is the electron wave function assuming the well is parallel to x-axis. j

oρ  

is the 2D density of states. 

 The confined hole density can be written as an integral over the non-parabolic 

subbands )(kE j , 
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2-4 Many-body Coulomb interaction in nitrides 

 It has been reported that the inter-band Coulombic enhancement of the optical 



 60

transitions, together with a bandgap renormalization result in an increase in gain and a 

reduction in the antiguiding or linewidth enhancement factor [6]. Especially, the 

Coulomb enhancement is stronger in short wavelength ZnCdSe and nitrides due to the 

lower values of dielectric constant in wide bandgap materials. Many-body 

carrier-carrier Coulomb interaction can be though as it attracts the electrons and holes in 

the QW active region so closer that the radiative recombination rate is enhanced. As a 

result, the spontaneous emission increases with a shift of gain peak towards to lower 

energies. The Coulomb interaction effects the bandgap to renormalize and the 

inter-band recombination of electrons and holes. Often, it is called bandgap narrowing 

effect because of the screening of conduction band electron-electron Coulomb repulsion 

by positively charged valence band holes available near electrons. If think the 

renormalization bandgap as ggreng EEE ∆+=− , the total bandgap narrowing is given 

by gE∆  with gSXgCHg EEE ∆+∆=∆ , where gCHE∆  is called the Coulomb Hole 

bandgap renormalization and gSXE∆  is called self-energy correction to electron-hole 

plasma due to exchange interaction. The Coulomb Hole contribution to the bandgap 

reduction can be given in two-dimension by 

]/321ln[2 0
3

200 nCNkaEE plDCH κπ+⋅−=∆  (2.24) 

where 0a  is the Bohr radius of QW electron-hole exciton given by rjb me2
0

22 /4 εεπ h , 

and 0E  is corresponding effective Rydberg energy given by 2
0

2 2/ amrjh . κ  is the 

inverse screening length for electrons and holes confined in the QW. plC  is a unitless 

constant typically n a range of 1–4. The reduction of bandgap energy due to 

electron-hole plasma exchange interaction is given by 
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The effected gain spectral function derivation after including interaction becomes 
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in which 
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where where θ  is the angle between in-plane vectors k and k’; g0(Ecv) is the spectral 

wave function, which consists of a sum of gji(Ecv) contributions from transitions 

between jth-subband electrons and ith-subband holes; Γcv represents the Lorenzian width 

and equals to cvτ/h , which is simplified without considering the dependence upon wh  

and Ecv energies in the calculations; a0 is exciton Bohr radius given by 

rjb me2
0

2 /4 εεπh ; E0 is the corresponding Rydberg energy; Ecv is specified by 

vikcjkggcv EEEEkE ++∆+=)( where Ecjk and Evik are electron and hole energies from 

jth-subband of conduction band and ith-subband of valence band in the QW active region; 

2
jiM  is the transition matrix element. 

2-5 Thermal effects 

For the treatment of device heating, the thermoelectric power and thermal current 

induced by temperature gradient are solved utilizing the method provided by Wachutka 

[7]. Various heat sources, including Joule heat, generation/recombination heat, 
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Thomson heat, and Peltier heat, are taken into account in this dissertation. 

Joule heat 

 In Joule heating, the heat sources can be from two parts, which are the steady state 

or low frequency part of the electric field and the optical frequency. In which, 
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The heating caused by the optical frequency can be regarded as the absorption by the 

impure material, which the internal loss is the cause. A simple derivation of this term is 
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where the optical field opF  is the root mean square of the oscillating field. 

Generation/recombination heat 

The generation/recombination heat comes from an assumption that the photons emitted 

by spontaneous radiative recombination are eventually absorbed by the semiconductor 

and are converted into heat. The heated is released from the difference between the 

quasi-Fermi levels as 

))(( fpfnsponAugtraprec EERRRH −++=  (2.30) 

Thomson and Peltier heat 

 The Thomson heat comes from the change in thermoelectric power when an 

electron-hole pair recombines: 

)( nptotalT PPTqRH −=  (2.31) 

where pP  and nP  are thermoelectric power for holes and electrons. The Peltier heat is 

related to the spatial variation in thermoelectric power: 

)( ppnnp PJPJTH ∇+∇−=  (2.32) 
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2-6 Specific models in APSYS 

 APSYS is a simulation program that to model almost devices, except for 

semiconductor lasers, such as silicon MOSFET’s, HBTs, and LEDs, etc. It is a 

two-dimensionally powerful simulation program, which mainly solve, self-consistently, 

the Poisson’s equations, current continuity equations, carrier energy transport equations, 

and heat transfer equations. Mainly, the APSYS simulation program used in this 

dissertation is to model and optimize our fabricated ultraviolet InGaAlN/InGaAlN LED. 

Based on the semiconductor physics, it is well-known that the LEDs are quite different 

from laser devices because LEDs operate well below laser threshold and no stimulated 

emission is observed. Continuous emission spectrum have to be considered for LEDs 

while longitudinal modes of laser only require a limited number of lasing wavelength. 

The spontaneous emission power shall be calculated by the integral of all mode 

spontaneity: 
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where in the APSYS simulation program, the LED is regarded as a special case of 

Fabry-Peröt laser with cavity length of L , and the waveguiding is in the z -direction. 

While at the same time, it is assumed that the extraction efficiency is concerned in only 

one facet with a factor of 1/6. 1γ  is set from the wave function in a Fabry-Peröt cavity, 

and can be though as a value of facet reflectivity. A  is the active region cross section 

in the LED. The extracted output power from the LED top surface can be: 
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where n  and gn  are the indices, and lg  is a integral constant. The ratio of PL/Pspon 

gives the LED external efficiency. 

2-7 Specific models in LASTIP 
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LASTIP (LASer Technology Integrated Program) is a simulation tool to model the 

electrical and optical behaviors in a semiconductor laser in two dimensions. Typical 

laser emission L-I-V curves, 2D potential, electric field, and current distribution, special 

electron and hole concentrations, band diagram, optical field distribution, gain spectrum, 

and far-field patterns can be obtained. It is a useful simulation program to give a 

qualitatively theoretical analysis and to provide a way to realize the physics of the 

optoelectronic semiconductor lasers. Typically, LASTIP is used to simulate an edge 

emitting laser by solving the photon rate equation of stimulated recombination and 

typical drift-diffusion equations etc. The stimulated emission rate, stR  defined in 

LASTIP is as the rate of photon emission per unit volume as a result of material gain 

enhanced by traveling waves. The modal gain can be 

∫= dxdyR
P

g stm )(1 ωh  (2.35) 

where P  represents the power, can be further replaced by SvP gωh=  under using 

group velocity as the traveling speed of the optical power; gv  is the group velocity and 

can be ω∂∂= //1 kvg . S  gives the photon number in the 2D simulation plane. By 

normalizing a 2D optical wave function W  as ∫ =12 dxdyW , we can have 

∫= dxdyWyxggm
2),( . (2.36) 

Combining equations (2.35) and (2.36), we therefore can have an expression of stR  as 

 2),( WSyxgvR gst ⋅⋅⋅=  

Therefore the stimulated emission can be SgvdxdyR mgst =∫ . 

2-8 Specific models in PICS-3D 

PICS-3D (Photonic Integrated Circuit Simulator in 3D) is a program to simulate 
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laser diodes and related waveguiding photonic devices, such as VCSELs, DFB lasers 

etc., in three dimensions. PICS-3D usually combines solutions of the semiconductor 

equations in multiple 2D cross sections of a waveguiding device with the longitudinal 

mode solution to construct a quasi-3D model of a photonic device. It to model a VCSEL 

device, a cylindrical coordinate system shall be set up to treat the drift-diffusion model 

in 3D characteristics. As well, a multiple longitudinal mode must be solved. The 

differential equations in drift-diffusion models shall be revised by converting the 

gradient parts into cylindrical symmetry coordinate system: 

z
r

r e
z
ue

r
uu

∂
∂

+
∂
∂

=∇  (2.37) 

and the divergence by 
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For the calculation of lateral optical modes of a VCSEL, an effective index method 

approximation [8] is utilized. This method is useful if the VCSEL structure becomes 

more complex, especially when a oxide confine layer is existed. Based on the solution 

of scalar wave equation in VCSELs, the laterally optical modal filed distribution is 

solved in 
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where iε  is the relative permittivity of a region in the transverse direction in which the 

effective index is calculated. ck /00 ω= , mnω∆  is the deviation of the LPmn mode 

from the angular oscillation frequency 0ω . mnΨ  represents the modal field 

distribution function as φφ im
mnmn etrtr ),(),,( Ψ≡Ψ . 
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Chapter 3   Ultraviolet AlGaInN/GaN LEDs   

During the past few years, greatly impressive development of III-V nitride based 

light emitting devices have been witnessed for illuminated devices, laser diode light 

sources for high-density optical storage system, full-color display, and medical 

applications. High-efficiency GaN-based LEDs between the UV and amber spectral 

regions are now commercially available [1–6]. Especially, UV LEDs have recently 

attracted much attention to be strong candidate in biological agent detection, air cleaner, 

and transceivers for convert nonlinear-of-sight optical communications. As well, using 

UV LEDs as light emitters to excite phosphor can achieve white fluorescence for solid 

state lighting. The LEDs with an emission wavelength less than 370 nm are specifically 

significant due to most of the phosphors can absorb and provide a more effective 

down-conversion quantum efficiency. To date, the UV LEDs in a spectral region of 

267–370 nm have been successfully fabricated [7–10]. However, as decreasing UV 

LED emission wavelength to a deeper level in the fabrication of UV LEDs, a rapid 

degradation of light output power is observed. The reason had been found to be 

attributed to the large threading dislocation, poor carrier confinement in the QW active 

region, and self absorption in the thick GaN contact layers [11]. 

As expected to be a replacement of conventional incandescent and fluorescent 

lamps, high-efficiency UV LEDs are strongly demanded. In particular, the UV LED 

with an emission wavelength between 365–370 nm is more favorable due to it can 

provide relatively higher output performance to pump phosphors [3].  

3-1  Literature survey 

To fabricate an UV LED with 365–370 nm emission, InGaN, AlGaN or quaternary 

AlGaInN are expected to be applied as QW active region in UV LEDs due to the 
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naturally direct high-bandgap transition. However, as compared with those of the visible 

LEDs, the illuminated power and efficiency of the UV LEDs are extremely worse. 

While, the reasons had been observed due to some factors, including defects in the 

quantum well active region, device heating under continuous-wave operation, and 

especially carrier leakage from the active region. 

Significant progress of UV LEDs had been made in emission wavelength region of 

325–400 nm with mW output [12–15]. For UV LEDs with an emission wavelength of 

267 nm, AlGaN-based LEDs with a pulse operation output power of 4.5 mW and 165 

µW at 435 mA under CW operation for an array of four LEDs in parallel had been 

demonstrated by Yasan et al. [16]. For 365 nm UV LEDs, with the use of laser-induced 

liftoff and polishing technologies, Morita et al. had obtained an output power of 100 

mW with an external quantum efficiency of 5.6% at 500 mA [17]. On the other hand, 

with an emission wavelength shorter than the characteristic wavelength corresponding 

to the GaN bandgap, Nishida et al. adopted a short period alloy superlattice as p-type 

cladding and p-type contact layers to have a transparent 348–351 nm LED with 7 mW 

output at 220 mA [18]. 

These efforts had made the UV LEDs to have an acceptable output characteristic; 

however, it needs to be mentioned that substantial work is necessitated with an aim to 

improve the emitting power and efficiency. For 370 nm UV LED, the use of quaternary 

AlGaInN QW active region is beneficial for obtaining better material quality and higher 

internal quantum efficiency [19]. Zhang et al. had also pointed out that the use of 

quaternary AlGaInN as barriers could drastically improve the heterostructure quality 

[20]. In this chapter, we presented the growth and fabrication of UV LEDs operating at 

370 nm based on quaternary AlGaInN QW active region. To create more efficient UV 

LED, we further theoretically investigated the relationships of the Al composition in 

AlGaN electron-block layer and the QW number to the LED output performance, with 
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an aim to reduce the electron leakage current. 

3-2  Device fabrication and characteristics 

The LEDs used in this study were grown on c-face sapphire substrate by 

low-pressure horizontal-flow MOCVD system using a 30-nm-thick low-temperature 

GaN nucleation layer at 550 °C, followed by a 2-µm-thick high-temperature undoped 

GaN buffer layer and a 1-µm-thick Si doped GaN to form the n-contact layer at 1050 °C. 

Next, a 50-nm-thick graded n-type AlxGa1-xN (x=0.1 to 0.14) was deposited for 

cladding. Then, the growth temperature was linearly decreased to 850 °C to grow the 

active region of the UV LED. The active region was consisted of three quaternary 

Al0.06Ga0.85In0.09N multiple QWs sandwiched by four Al0.05Ga0.94In0.01N barriers. The 

temperature was afterwards increased to 1050 °C for growing a 25-nm-thick p-type 

Al0.19Ga0.81N electron-block layer, followed by a 125-nm-thick p-type Al0.09Ga0.91N and 

a 10-nm-thick p-GaN contact layer to complete the structure. 

 
Figure 3.1 A schematic plot of the UV LED device. 

After MOCVD growth, the fabrication process began from partially etching by 

reactive ion etching from the surface of the p-type GaN contact layer until the n-type 

GaN exposed. Ni/Au metal was evaporated onto the p-type GaN, and Ti/Al metal was 
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evaporated onto the n-type GaN. The chip size was 300×300 µm2 and was formed by 

packing into 5 mm lamps with a standard process for output characteristic measurement. 

A schematic plot of the UV LED device was shown in Figure 3.1. 

The device characteristics were obtained with a probe station, Keithlyn 238 current 

source, and Newport 1835C power meter module. Electroluminescence (EL) spectrum 

was measured by Advantec optical spectrum analyzer (OSA) with a 0.1 nm spectrum 

resolution. Figure 3.2 showed the EL spectrum of the UV AlGaInN LED under 

continuous-wave operation when the input current was in a range of 10–100 mA. The 

main peak of the emission wavelength designed slightly longer than 365 nm was for the 

purpose of preventing strong internal absorption by the bulk GaN, and it shifted from 

368 nm to 372 nm with increased input current from 10 mA to 100 mA. 
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Figure 3.2 EL spectrum of the UV AlGaInN LED under continuous-wave operation 

when the input current was in a range of 10–100 mA. 

Figure 3.3 showed the output characteristics of the UV LED when the device 

temperature was varied in a range of 300–380 K. During the measurement of the 

temperature dependent output characteristics, the UV LED was mounted on a hot plate, 

and the device temperature was monitored with a thermal coupler. The 

room-temperature UV power of the LED was near 0.8 mW at 20 mA with 3.6 V 
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operation voltage and increased to 4 mW when the LED was driven at 125 mA under 

CW operation. The wall plug efficiency was approximately 1.1% and the external 

quantum efficiency was 1.2%. When the device temperature was operated at 380 K, the 

UV LED could still provide 0.5 mW output when the input current was 20 mA. A 

maximum output power of 2.1 mW could be achieved at 380 K when the input current 

was 100 mA. 
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Figure 3.3 Output characteristics of the UV LED when the device temperature was 

varied in a range of 300–380 K. 

For blue and green LEDs, which were made by III-nitride materials, the reports 

had shown that the main peak of the emission wavelength decreased first and increased 

afterward as the input current was increased. This phenomenon was found to be 

attributed to the localized states resulting from indium inhomogeneity. However, there 

was no short-wavelength shift in our UV AlGaInN LED, and it was supposed that the 

indium composition in the AlGaInN QWs was much less than that in the blue or green 

LEDs and the segregation of indium could not dominate under this situation. 
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3-3  Theoretical analysis 

It is universally known that qualitatively theoretical analysis can advantageously 

provide a way to realize the output characteristic of the optoelectronic semiconductor 

device. Numerical simulation is always required to model and optimize the output 

characteristic of the device. In this study, the numerical simulation was executed with 

the use of an advanced physical model of semiconductor devices (APSYS) [21], which 

was utilized as a full two-dimensional simulator that solved the Poisson’s equation, 

current continuity equations, photon rate equation and scalar wave equation, and 

accounts for current spreading in this specific study. 

 For this specific simulation, the temperature dependent bandgap energies of binary 

InN, GaN, AlN alloys were governed by Varshni equation and the bowing factors of 

ternary GaInN, AlGaN and AlInN alloys were 2.4, 0.7, and 2.5 eV respectively [22, 23]. 

Most Luttinger-like valence band parameters we used in this study such as A1, A2…A6 

for nitrides and the deformation potentials, elastic constants, etc. were also obtained 

from Ref. 13, as listed in Table 1.1, excepted that the electron and hole mobilities were 

taken from the default database values given in the APSYS material macro file [21]. 

For the treatment of device heating, the thermoelectric power and thermal current 

induced by temperature gradient were solved utilizing the methods provided by 

Wachutka et al. [24–26]. Various heat sources, including Joule heat, 

generation/recombination heat, Thomson heat and Peltier heat, were taken into account 

in this specific study. The boundary temperature between the LED contacts and the 

ambiance was solved assuming that the contacts were connected to a thermal conductor 

with a fixed temperature set by the simulator. The calculation of the interface charge 

density including spontaneous and piezoelectric polarization in the ternary III-nitride 

material as a function of composition and microscopic structure was by the use of ab 
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initio density-functional techniques and Berry phase method [27], while we assumed the 

charges at multiple QWs were with partial 85% screening. For the interface charge of 

quaternary AlGaInN QW, it was predicted by ternary interpolation formulas [28]: 
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while the calculated interface charge densities in the fabricated UV AlGaInN/GaN LED 

structure were summarized in Table 3.1. 

Table 3.1 Net surface charge density at each interface of the UV LED. 

Interface  Surface charge density 
   GaN/Al0.1Ga0.9N     +5.50×1015 m-2 

   Al0.14Ga0.86N/Al0.05Ga0.94In0.01N     –6.60×1015 m-2 
   Al0.05Ga0.94In0.01N/Al0.06Ga0.85In0.09N     –1.13×1016 m-2 
   Al0.06Ga0.85In0.09N/Al0.05Ga0.94In0.01N     +1.13×1016 m-2 
   Al0.05Ga0.94In0.01N/Al0.19Ga0.81N     +9.50×1015 m-2 
   Al0.19Ga0.81N/Al0.09Ga0.91N     –5.80×1015 m-2 
   Al0.09Ga0.91N/GaN     –4.90×1015 m-2 

 

 The numerical spontaneous emission rate spectrum of the UV AlGaInN LED as a 

function of the input current was shown in Figure 3.4. The inset in Figure 3.4 depicted 

the main peaks of the numerical spontaneous emission rate spectra and the experimental 

EL spectra. It was clearly seen that the main peaks of the numerical spontaneous 

emission rate spectra and the experimental EL spectra were of great agreement. The 

spontaneous emission rate calculated in this study was given by [29]: 
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and fi, fj represented the Fermi functions for the ith and jth levels. D(E) was the optical 

mode density. 
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Figure 3.4 Numerical spontaneous emission rate spectrum of the UV AlGaInN LED as 

a function of the input current. The inset shows the main peaks of the numerical 
spontaneous emission rate spectra and the experimental EL spectra. 

 The spontaneous emission power (Pspon) was calculated by the integral of all 

modes spontaneity: 

 ,))(()( 0 EErwdzAwwP L qw
spsspon ∆⋅=∆ ∫ h  (3.5) 

and the extracted output power from the LED top surface was 
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where A was the active region cross section in the LED and we regarded the LED as a 

special case of Fabry-Perot laser with cavity length of L. n and ng were the indices, and 

gl was a integral constant. We wished to underscore that the package loss assumed in 

this study was zero, and therefore the ratio of PL/Pspon gave the LED external efficiency. 

Besides, a current efficiency could also be obtained from the ratio of the spontaneous 

recombination current (Ispon) to the total current, which was the sum of the spontaneous 

recombination current, nonradiative recombination current (Inr), and leakage current 

(Ileak): 
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To fit the experimental LED output characteristic, some parameters were used such 

as the radiative recombination coefficient for the bulk AlGaInN, AlGaN, GaN was 

2.9×10−15 m3/s, the auger coefficients for n and p carrier were both set to 4×10−40 m6/s, 

and the carrier lifetime was 1 ns [30]. A large internal loss value of 1000 m−1 was 

assumed due to the large defect density in III-V nitride material. It was clearly seen that 

the temperature dependent light output versus current (L-I) characteristic obtained 

numerically was fit in with the experiment despite that the differential resistance was 

slightly inconsistent. Practically, the characteristics of the UV AlGaInN LED could be 

quantitatively analyzed by the simulator with the parameters shown above, which 

remained unchanged throughout the study. To enhance the output power of the UV 

AlGaInN LED, we further investigated the effects of the aluminum composition in 

AlGaN electron-block layer and the QW number on the UV AlGaInN LED. The 

purpose was with an aim to reduce the electron leakage current and therefore improved 

the output performance. 
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Figure 3.5 Numerical temperature dependent output characteristics of the UV AlGaInN 
LED. 
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Several reports had shown that the electron leakage current played an important 

role in the III-V nitride material due to the large discrepancy of electron and hole 

effective masses and the low p-type doping concentration [31–36]. For UV LEDs with 

emission wavelength of 305–365 nm, the Al composition in AlGaN electron-block layer 

was typically in a range of 23–70% [37–40]. When the emission wavelength was 

shorter, the Al composition in AlGaN electron-block layer should be increased 

accordingly because the conduction band offset was decreased and more electrons 

overflowed to the p-type layers. Figure 3.6 showed the L-I characteristics of the UV 

AlGaInN LED with variant Al compositions in AlGaN electron-block layer when the 

device temperatures were 300 K and 380 K. It was observed that the output power was 

enhanced when the Al composition in AlGaN electron-block layer was increased, and 

the output power at 300 K was limited when the Al composition in AlGaN 

electron-block layer was higher than 19%. For the UV LED operated at 380 K, 

increasing the Al composition in AlGaN electron-block layer to be higher than 19% 

could also effectively prevent the electrons overflow, and the output power remained 

unchanged when the input current was lower than 110 mA. 
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Figure 3.6 L-I characteristics of the UV AlGaInN LED with variant Al compositions in 

AlGaN electron-block layer when the device temperatures were 300 K and 380 K. 
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 Figure 3.7 showed the current efficiency of the UV AlGaInN LED as a function of 

the input current for variant Al compositions in AlGaN electron-block layer when the 

device temperature were 300 K and 380 K. Increasing device temperature with 

decreased internal efficiency was found due to the increase of recombination loss and 

carrier leakage from the active region. With higher input current and higher device 

temperature, the electron leakage current and the nonradiative recombination increased 

which in turn resulted in reduction in current efficiency. The simulated results suggested 

that the low internal efficiency might be limited by the electron leakage current and the 

large nonradiative recombination we assumed for the purpose of fitting the experimental 

output characteristics. 
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Figure 3.7 Current efficiency of the UV AlGaInN LED as a function of the input current 
for variant Al compositions in AlGaN electron-block layer when the device temperature 

were 300 K and 380 K. 

To further reduce the electron leakage current and improve the output 

characteristics, we subsequently investigated the QW number effect on the output 

characteristics of the UV AlGaInN LED. In this specific study, the Al composition in 

AlGaN electron-block layer was 19% since our numerical analysis indicated that the 

relatively better output characteristics were indicated when the Al composition in 
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AlGaN electron-block layer was 19%. The internal loss value was set and remained 

unchanged at 1000 m−1 when varying the QW number in a range of 1–11, without 

contemplating the increased defects by increasing QW number during crystal growth. 

Figure 3.8 showed the L-I characteristic of the UV AlGaInN LED with variant QW 

numbers when the device temperatures were 300 K and 380 K. Figure 3.9 showed the 

percentage of electron leakage current as a function of the device temperature when the 

QW number was in a range of 1–11. It could be observed that the lowest output power 

was obtained when the QW number was one. As the QW number increased, the output 

power was enhanced respectively; however, we wished to underscore that the output 

power at lower injection current was decreased as the  QW number was more than five, 

and the hole leakage was much small in the numerical analysis. Nevertheless, more 

QWs in the active region could undoubtedly reduce the electron leakage current and 

provide higher output power for higher injection current operation. Thus, numerical 

results suggested that the optimized QW number in the UV AlGaInN LED was in a 

range of 5–7. 
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Figure 3.8 L-I characteristic of the UV AlGaInN LED with variant QW numbers when 

the device temperatures were 300 K and 380 K. 
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Figure 3.9 Percentage of electron leakage current as a function of the device 
temperature when the QW number was in a range of 1–11. 

3-4  Summary 

We had fabricated high-performance 370-nm AlGaInN UV LED. The AlGaInN 

LED could provide an output power of 0.8 mW at 20 mA with 3.6 V operation voltage 

and 4 mW at 125 mA under continuous-wave operation. With the help of numerical 

analysis, we further investigated the effects of the Al composition in AlGaN 

electron-block layer and the QW number on the 370-nm AlGaInN LED. The results 

obtained numerically suggested that the 370-nm AlGaInN LED could provide better 

output characteristics when the Al composition in AlGaN electron-block layer was in a 

range of 19%–21% and the AlGaInN QW number was in a range of 5–7. The 

qualitative analysis was significant for improving the output characteristics of the UV 

LED. 
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CChhaapptteerr  44      TTeemmppeerraattuurree  IInnsseennssiittiivvee  666600--nnmm  RRCCLLEEDD  

RCLEDs are promising light emitters when compared to typical light emitting 

diode for the application of data communication due to they provide higher extraction 

efficiency, improved spectral purity, highly directional light output, less chromatic 

dispersion and improved modulation bandwidth [1]. As compared with vertical-cavity 

surface-emitting lasers, the epitaxial complexity of RCLED structure is reduced since 

the reflectivity of upper DBRs has to be less than 90%, and thus the RCLEDs provide 

thresholdless operation, less temperature dependence and better fabrication reliability. 

RCLEDs with visible red emission are suitable candidates for short-distance data 

communication applications due to a minimum attenuation loss (0.15 dB/m) at 650 nm 

in the polymethyl methacrylate plastic optical fibers (PMMA POFs) [2]. Recently, the 

application of POFs has been extended to the automotive industry, such as MOST, 

which needs to carrier 50–250 Mbps of data over POFs. In a RCLED, the Fabry-Pérot 

cavity, sandwiched between upper and lower DBRs, is generally designed with 1-λ 

thickness, and the QWs are embedded at the antinode of the standing wave cavity mode. 

The gain cavity detuning (∆λdetuning=λFP-λqw) is often designed to be positive to have a 

higher optical gain. Most importantly, to obtain better characteristics under high 

temperature operation the careful design of ∆λdetuning is required because the maximal 

modal gain red-shifts and matches the resonance dip as the device temperature increases. 

Hild et al. had reported the RCLEDs were less temperature sensitive over 15–75 ºC 

temperature range by a large gain cavity detuning [3]. However, the high temperature 

output performance was still restricted by carrier leakage [3]–[5]. In the field of 650-nm 

RCLEDs, the researchers had reported a high output power of 8.4 mW operated at 120 

mA with 202 µm device diameter [6], a peak external quantum efficiency of 10.2% for 

large area device [7], low voltage operation [8], a maximum emission in the normal 
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direction [9], and high modulation bandwidth [10]–[13]. 

These efforts have made the RCLEDs to have better output characteristics under 

room temperature operation and improving modulation bandwidth; however, it needs to 

be mentioned that substantial work is still necessitated with the aim of stabilizing output 

performance in RCLEDs with elevated device temperature and injection current. In this 

chapter, the design and fabrication of temperature insensitive InGaP/InGaAlP RCLEDs 

by means of widening the resonant cavity to 3 λ, where the number of QWs was 

increased by a factor of three and the QWs were separated into three parts to reduce 

electronic leakage current, were reported. As compared with conventional RCLED of 

1-λ-cavity design, the temperature dependent light output and voltage (L-I-V) 

characteristics, 3 dB modulation bandwidths, and far-field patterns are characterized 

and discussed. To further investigate the device physics of the RCLED devices, a 

theoretical analysis of the structure dependent RCLED output characteristics was 

presented. An advanced physical model of semiconductor devices (APSYS) program 

[14] was utilized for a main purpose of specifying the electronic leakage current. 

4-1  Fabricated device characteristics 

The RCLED structures in the specific study were grown by a low pressure (50 torr) 

Veeco D180 metal-organic chemical vapor deposition (MOCVD) system on n-type 

GaAs substrates. Methyl-organometallics, phosphine, and arsine were used as the 

sources for epitaxy. SiH4, CBr4, and DEZn were the n- and p-type dopants. A schematic 

plot of device structures was shown in Figure 4.1. Two structures were prepared, in 

which the bottom DBR was identically comprised of 35 pairs of n-type quarter-wave 

Al0.95Ga0.05As/Al0.5Ga0.5As layers for both devices to provide a ~99% reflectivity, and 

the top DBRs was identically comprised of 7 pairs of p-type Al0.95Ga0.05As/Al0.5Ga0.5As 

layers. 
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Figure 4.1 A schematic plot of device structure. Device A was designed with a 

conventional 1-λ resonant cavity. Device B was designed to have a 3-λ resonant cavity, 
while the number of QWs was tripled and separated into three parts. 

600 620 640 660 680 700 720

Q
W

 P
L 

an
d 

re
fle

ct
iv

ity
 sp

ec
tru

m

Wavelength (nm)

QW PL

Device B

Device A

 
Figure 4.2 Spectra of QW photoluminescence and reflectivity of devices A and B. 

A separate-confinement-heterostructure strained multiple QWs active region, 

which contained In0.52Ga0.48P wells and In0.5(Ga0.5Al0.5)0.5P barriers, and 

In0.5(Ga0.3Al0.7)0.5P cladding layers formed the resonant cavity. For device A, the cavity 

was standardized to 1 λ, and the cavity for device B was widened to 3 λ and the number 

of QWs was tripled. The ∆λdetuning was designed to be 8~10 nm, as could be found in 

Figure 4.2. The doping levels of n- and p-type DBRs, determined from ECV 
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measurement, were 2×1018 and 4×1018 cm-3. After epitaxial growth, standard fabrication 

processes, including photolithography, implantation, metallization, and bonding 

techniques, were used to fabricate the devices with surface emission. The light 

extraction window of both devices in this study was 80 µm in diameter. The RCLED 

chips were mounted onto TO-46 headers and the chip size was in 250×250 µm2 square. 

The direct current characteristics of RCLEDs were measured using a Keithly 238 

current source, a Newport 1835C power meter module, and an Advantec optical 

spectrum analyzer (OSA) with a 0.1 nm spectral resolution. As a result of Joule heating, 

the peak emission wavelength increased with increased bias current at a redshift of 

0.083 nm/mA for device A, 0.082 nm/mA for device B, and the devices exhibited a 

peak of 656.8 and 659.4 nm when the bias current was 40 mA, respectively. 

Temperature dependent L-I-V characteristics of devices A and B are shown in Figure 

4.3. The highly C-doped p-type DBRs and high quality ohmic contacts resulted in a low 

operating voltage of 2.1 V at a current of 20 mA in device A, while the thicker undoped 

cavity in device B gave a higher voltage of 2.37 V at 20 mA. An output power of 1.9 

mW in device A at 20 mA under RT operation was achieved, and it reached to a 

maximum of 3.1 mW output when the device was biased at 57 mA. For device B, even 

though the output power at low current was not higher than that in device A, the output 

characteristic was stable, which indicated that the temperature effect on device B was 

much less sensitive. The power variation between 25 and 95 ºC for devices A and B at 

20 mA were approximately -2.1 and -0.6 dB. We supposed that the improved stable 

output performance under high current injection and high temperature operation in 

device B was from the increased number of QWs that decreased the carrier leakage. 
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Figure 4.3 Temperature dependent L-I-V characteristic of the fabricated (a) device A 
and (b) device B. The curve was obtained in a device temperature range of 25–95 ºC. 

 The temperature dependent external quantum efficiency (ηext) normalized to the 

value obtained at 20 mA was depicted in Figure 4.4. The inset showed the ηext value 

versus current at RT. For device A, a maximum ηext value of 6% was achieved when the 

device was biased at 5.8 mA. As shown in previous studies, the highest ηext value of 

RCLEDs was often obtained at a low current level, typically less than 10 mA, and 

consequently decreased at higher current levels by internal heating effect. In red 

emitting devices, this phenomenon was more serious because the conduction band 

offset value in InGaP/InGaAlP material is relatively low compared to the InGaN/GaN 

and AlGaAs/GaAs materials [15, 16]. The increased device temperature at higher 

current level would induce more leakage current, resulting in less radiative 

recombination, and therefore decreased the output performance. To reduce the induced 
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leakage current at high current level injection and under high temperature operation, the 

resonant cavity in device B was increased to 3 λ and the number of QWs was tripled 

simultaneously, which was a direct way to confine more carriers in the QWs of the 

resonant cavity. This approach should be effective since the normalized ηext value for 

device B dropped only 14% with elevated device temperature to 95 ºC. In addition, the 

decrease of ηext at high current levels, shown in the inset of Figure 4.4, was also less 

pronounced. The lower ηext for device B than for device A might be due to the number 

of QWs was tripled that induced more absorption in QWs, and a less optimally tuned 

cavity due to the thicker emission region. 
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Figure 4.4 Normalized external quantum efficiency (ηext) value obtained at 20 mA with 

elevated device temperature from 25 to 95 ºC. The inset was the ηext value versus 
current at room temperature for both devices. 

 Dynamic properties of the RCLED devices were studied by using a calibrated 

vector network analyzer (Agilent 8720ES) and 50-µm multimode optical fiber 

connected to a Si photodetector. A light extraction window diameter of 80 µm was used 

for POF-based communication. However, there is a trade-off between light extraction 

output power and small signal 3 dB frequency bandwidth (f-3 dB). A smaller light 

extraction window diameter will bring on a lower capacitance, resulting in the 
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decreased RC time constant, but a weak output power performance. The measured f-3 dB 

frequency bandwidth for devices A and B as a function of bias current were shown in 

Figure 4.5. In our devices, the f-3 dB value was found to increase with increased bias 

current with a slope of 0.44 MHz/mA for device A, 0.2 MHz/mA for device B, and 

achieved to a maximum of 116, and 87 MHz at 70 mA, respectively. The lower f-3 dB 

value for device B than for device A might be attributed to that the number of QWs is 

tripled. Hence, the current density in each QW of the device B may be relatively lower 

than that of the device A. In addition, the thicker resonant cavity might cause the 

increase of series resistance that reduced the f-3 dB value. Further minimization of the 

capacitance at the pn junction and adjustment of the bonding pad to reduce the parasitic 

capacitance will be required. 
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Figure 4.5 f-3 dB frequency bandwidth for devices A and B as a function of bias current. 
The current aperture for both devices A and B was 80 µm in diameter. 

 The evolution of far field patterns under room temperature with increased bias 

current of 10–50 mA was shown in Figure 4.6. For device A, the emission took place at 

the angle of ±33º, and the angle became ±20º when the device was biased at 50 mA. 

Narrowing far field angle was undoubtedly required under the consideration of fiber 

coupling efficiency. In conventional 1-λ-cavity RCLEDs, while increasing bias current 

could narrow the far field emission angle, the output power often rolled over at high 

current level injection. By widening the resonant cavity to 3 λ, we found that the angle 
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of the lobe was zero and the small divergence angle of the far field pattern remained 

almost unchanged over the entire measured bias current range. 

 

 
Figure 4.6 Evolution of far field patterns for both devices under room temperature 

operation with increased bias current of 10–50 mA. The slightly unsymmetrical patterns 
could be attributed to the TO package. 

4-2  Theoretical analysis 

It is universally known that qualitatively theoretical analysis can provide a way to 

realize the physics of the optoelectronic semiconductor devices. The numerical 

simulation in this study was executed with the use of an advanced physical model of 

semiconductor devices (APSYS) [14], which solved the Poisson’s equation, 

three-dimensional drift diffusion and photon rate equations, and scalar wave equation 

inside RCLEDs. In the optical mode model, all modes were treated as possible since 

they all contribute to the non-coherent spontaneous emission power [17]. Photon 

recycling effect was rigorously taken into account by accurately determinate photon 
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power density. In the gain model, material gain and loss for both bulk and QW as 

functions of wavelength and carrier density were computed. For the numerical 

simulation, based on the k⋅p theory, a Hamiltonian matrix of the Luttinger-Kohn type 

and an envelope function approximation were used to solve the QW subband structures 

[18]. Except for the unstrained bandgap energies, in order to obtain the numerical 

parameters required for k⋅p calculations for the InGaAlP materials, a linear interpolation 

among InP, GaP, and AlP was utilized in this study [19], [20]. The material parameters 

of the binary semiconductors used in this study were taken from the values reported by 

Vurgaftman et al. [21]. The formula for the calculation of unstrained InGaAlP bandgap 

energies were considered in accordance with the model provided by Mbaye et al. [22]. 

The temperature dependent bandgap energies of the relevant binary semiconductors 

were calculated using the commonly employed Varshni formula and the Varshni 

parameters were taken from Ref. 22. The conduction to valence band offset ratio was 

chosen as 65:35 according to the latest measurement results [23]. The spontaneous 

emission rate, with the valence-band-mixing effect being taken into account, could be 

expressed by [24] 
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where q was the free electron charge, ħ was the reduced Planck’s constant, n was the 

index of refraction, ε0 was the free-space dielectric constant, c was the speed of light, Lz 

was the thickness of QW, E was the photon energy, Mnm(kt) was the momentum matrix 

element in the strained QW, Γ = ħ/τ was the broadening due to intraband scattering 

relaxation time τ, Ecn was the nth conduction subband, Ekpm was the mth valence subband 

from the k⋅p calculation, n
cf  and m

vf  were the Fermi functions for the conduction 

band states and the valence band states respectively. The indices n and m denoted the 
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electron states in the conduction band and the heavy hole (light hole) subband states in 

the valence band. To account for the broadening due to scattering, it was assumed that τ 

= 0.1 ps [25]–[27] during the calculations. 

 The effect of self heating has a major impact on the performance of RCLED 

devices. The increased internal temperature caused by current injection limits the 

maximum output power due to the increase of nonradiative carrier recombination, the 

spread of gain spectrum, and the temperature-induced gain-cavity misalignment at 

higher operation current. For the treatment of device heating, the thermoelectric power 

and thermal current induced by temperature gradient were solved by utilizing the 

methods provided by Wachutka et al. [28]. Various heat sources, including Joule heat, 

generation/recombination heat, Thomson heat and Peltier heat, were taken into account 

in this specific study. The random distribution of alloy atoms in quaternary AlGaInP 

compounds caused strong alloy scattering of phonons, which lead to a significant 

reduction in the thermal conductivity. The thermal conductivity of quaternary alloys of 

the type ABxCyD1−x−y could be estimated from binary values using [29] 
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with the empirical bowing parameters CABC, CABD, and CACD.  In our calculation, the 

thermal conductivities of the binary AlP, GaP, and InP were 1.3, 0.77, and 0.68 W/Kcm, 

respectively [29], [30]. The empirical bowing parameters of AlGaP, AlInP, and GaInP 

were 30, 77, and 19.9 Kcm/W, respectively [29], [30]. 

 The calculations of carrier capture and escape from the QWs are considered in 

accordance with the model provided by Romero et al. [31]. As for the parameter of 

refractive index, Adachi model is employed to calculate the refractive index values of 

the AlGaInP materials [32]. More description about the physical models utilized in 

APSYS simulation program, which is a useful tool to access new designs or to optimize 
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existing devices after calibrating with specific materials, can be found in [29], [33], [34]. 

During numerical simulation, the device structures, including the active regions and 

DBRs were considered in accordance with the experimental device structures. Device A 

(1-λ cavity) and device B (3-λ cavity) were numerically analyzed for investigating the 

internal physical mechanism. Figure 4.7 showed the vertical profile of refractive index 

and optical intensity for device A [Figure 4.7(a)] and device B [Figure 4.7(b)]. The 

position of QWs was designed to be located at the peak of optical standing wave. This 

design can enhance the spontaneous emission and photon recycling in 

microcavity-based system [35], [36]. 
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Figure 4.7 Vertical profile of refractive index and optical intensity for (a) device A and 

(b) device B. 

 The simulation results of temperature dependent L-I characteristics of devices A 

and B were shown in Figure 4.8. It was clearly seen that the results obtained 
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numerically were approximately fit in with the experiments, and the same tendency that 

device B provided a relatively temperature-insensitive L-I characteristics was obtained. 

For the design of device B, the positions of the twenty one pairs of QWs were separated 

into three parts, and each period of QWs were also individually located at the peak of 

the optical standing wave. Basically, a good overlap between the optical standing wave 

and the position of QWs could provide a better emission output performance. However, 

it could not be prevented that an external optical loss occurred when device B was 

biased at low input current. Because the distribution of electrons and holes in the special 

QW regions was inhomogeneous, the QWs that did not contribute spontaneous emission 

might absorb photons. Thus, the output power in device B could not be comparable to 

device A. The optimal design of position and number of QWs in the 3-λ cavity might be 

important for obtaining better temperature dependent L-I characteristics and large 

output power. 
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Figure 4.8 Numerical results of temperature dependent L-I characteristics of devices A 

and B. 



 96

0

200

400

600

800

1000

1200

13.54 13.56 13.58 13.6 13.62 13.64

El
ec

tro
n 

cu
rr

en
t d

en
si

ty
 (A

/c
m

2 )

Vertical distance (µm)

Electron leakage 
current 

Device A
cavity: 1 λ

(a)

70 mA

 

0

200

400

600

800

1000

1200

13.52 13.6 13.68 13.76 13.84 13.92 14

70 mA

(b)

Device B
cavity: 3 λ

El
ec

tro
n 

cu
rr

en
t d

en
si

ty
 (A

/c
m

2 )

Vertical distance (µm)

7 QWs 7 QWs 7 QWs

 
Figure 4.9 Vertical electron current distribution at 70 mA injection current within the 

active regions of devices A and B. 

To further investigated the effects of electronic leakage current on RCLED 

performance, the vertical electron current distributions at 70 mA injection current 

within the active regions of devices A and B were plotted in Figure 4.9. The positions of 

QWs are marked with gray areas. The left-hand side of the figure was the n-side of the 

device. The electron current was injected from n-type layers into quantum wells and 

recombined with holes in quantum wells; therefore, the electron current density was 

reduced in the quantum wells closed to the right-side (p-side) of the figure. Electron 

current which overflows through quantum wells was viewed as leakage current, while in 

this study, the percentage of electronic leakage current was defined as the ratio of 

electronic leakage current to the total current pouring into the QW active region. For 

InGaAlP materials, since the limited barrier height in the InGaP/InGaAlP quantum-well 
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structures and larger thermal resistivity due to the large mass difference between 

gallium and indium, the electronic leakage current was more due to the poor electron 

confinement and the serious self-heating effect. For device A, as indicated in Figure 

4.9(a), the electronic leakage current was observed more when compared to device B. 

Less electronic leakage current was found in device B, and we supposed that it was as a 

result of tripling the QW numbers to be twenty one pairs. Increasing more QWs in the 

resonant cavity was found to beneficially reduce the electronic leakage current. 

Figure 4.10 depicted the percentage of electronic leakage current as a function of 

the bias current in devices A and B when the device temperatures were 25 and 95 °C, 

respectively. When the devices were at an input current range of 0–75 mA, the 

percentage of electron leakage current of device A was about twice larger than that of 

device B. As the device temperature was increased to 95 °C, the electronic leakage 

current in device A became more serious with increased bias current. In the mean time, 

it was noteworthy that the percentage of electronic leakage current in device B was 

apparently reduced. Therefore, the temperature dependent L-I characteristics in device 

B showed more stable. 
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Figure 4.10 Percentage of electronic leakage current as a function of the bias 

current in devices A and B when the device temperatures were 25 and 95 °C. 
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4-3  Summary 

 In summary, we have fabricated visible InGaP/InGaAlP RCLEDs with low 

temperature sensitivity of the output performance. By widening the resonant cavity to 3 

λ, the degree of power variation was apparently reduced to -0.6 dB, and the ηext value 

dropped only 14.1% when the device was biased at 20 mA with elevated temperature 

from 25 to 95 ºC. The current dependent far field patterns also showed that the emission 

of the 3-λ RCLEDs always took place perfectly in the normal direction. The results 

indicate the 3-λ RCLEDs can provide stable output characteristics and are suitable for 

data communication applications. The results obtained numerically also suggested that 

the temperature insensitive light output characteristics of the 3-λ RCLED was due to the 

reduced electronic leakage current by tripling the QW numbers. 
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CChhaapptteerr  55      885500--nnmm  IInnAAllGGaaAAss//AAllGGaaAAss  VVCCSSEELL  

Vertical-cavity surface-emitting lasers with 850 nm emission had become standard 

in local area interconnects and free-space optical communications. The advantages, 

including relatively low threshold current, low divergent angle, and circular beam, 

which lead to simpler packaging, of these surface emission devices had been found to 

provide the low-cost short-distance data links [1]–[4]. To emit at 850 nm, the choice of 

the active region grown on GaAs substrate had been conscious of the materials 

including (In)GaAs/AlGaAs [5], [6], InAlGaAs/AlGaAs [7]–[9], and InGaAsP/InGaP 

[10], [11]. The incorporation of In into GaAs QWs had been demonstrated to provide 

compressive strain, which in turn resulted in lower threshold current and higher 

modulation speed [12], [13]. Previous research also showed that the InGaAsP, which 

was used during most of the initial development of long wavelength VCSELs, could 

provide comparable laser performance [5], [14]–[16]. 

It is well known that low transparency current achievable with strained QWs is 

required for providing low threshold current in a semiconductor laser. For laser devices 

with an emission wavelength of 850 nm, the incorporation of Al into InGaAs QWs with 

higher In composition can possess a desired strain level that beneficially reduces the 

threshold current densities of the devices [17], [18]. However, qualitative analysis of 

varying Al and In contents in approximately 850 nm InAlGaAs QWs is rarely reported 

in literature. In this study, we first theoretically study the gain-carrier characteristics of 

InGaAs and InAlGaAs QWs with variant In and Al compositions in order to investigate 

the In and Al compositional effect in InAlGaAs QWs. Then, an InAlGaAs QW is 

prepared by low-pressure MOCVD (VEECO D180), and the optical properties are 

studied by temperature dependent PL. The device characteristics of 850-nm 

InAlGaAs/AlGaAs VCSELs are then investigated. To improve the high temperature 
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performance, we propose to incorporate a high-bandgap 10-nm-thick Al0.75Ga0.25As 

electronic blocking layer into the InAlGaAs/AlGaAs VCSELs for the first time. The 

threshold current and slope efficiency of the devices with a high-bandgap 10-nm-thick 

Al0.75Ga0.25As electronic blocking layer are found to be less sensitive to the substrate 

temperature, and the output performance is enhanced in the mean time.  

5-1 Theoretical analysis on InAlGaAs QWs 

 All the well widths of InGaAs and InAlGaAs QWs are designed to be 7 nm. 

Numerical parameters, required for k·p theory, used in this calculation are taken from 

Ref. [19]. The energy bandgaps of binary InAs, AlAs, GaAs alloys at room temperature 

are 0.354 eV, 3.004 eV, 1.423 eV, respectively, and the temperature dependent energy 

bandgaps are governed by Varshini equation. Specifically, the temperature dependent 

energy bandgaps of the binary alloys are calculated by following expressions: 
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For the energy bandgaps of ternary GaInAs, AlInAs and GaAlAs, and quaternary 

InAlGaAs alloys, the interpolation formulae are adapted from the composition 

dependent properties [20]: 
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where x, y, and z = 1−x−y represented the compositions of Ga, Al, and In in the 

InAlGaAs material system respectively. The bandgap bowing parameters of AlGaAs, 

InAlAs, and InGaAs were −0.127+1.310y, 0.70, and 0.477 eV, respectively. The 

temperature dependent bandgap energies of the binary semiconductors were calculated 

using the Varshni formula. The conduction band offset for the compressively strained 

InAlGaAs/AlGaAs QW was assumed to be 67% of the total band offset [21]. 

During the simulations, the VCSEL devices were built up layer by layer except for 

the stepped Al0.15Ga0.85As/Al0.9Ga0.1As DBRs which were assumed to be a bulk layer 

having an averaged Al content with the same thickness under simulation efficiency 

concern. It was convenient and might not influence the qualitative simulation results in 

this study because we specifically focused on the carrier blocking effect on the VCSEL 

devices by employing a high bandgap layer on the p-side of the QW active region. 

For the InGaAs QWs and InAlGaAs QWs with variant In and Al compositions, the 

gain spectra and optical gain as a function of carrier density were calculated using the 

k·p theory with valence band mixing effects. For a fixed QW emission wavelength of 

838 nm, the In composition in InGaAs QW is theoretically determined to be 2%, and a 

series design of InAlGaAs QWs with various In and Al compositions of (In, Al)=(8.5%, 

4%), (15%, 8%), (21%, 12%), and (27%, 16%) are performed with unchanged 

Al0.3Ga0.7As barriers. The induced compressive strains in In0.02Ga0.98As, 

In0.085Al0.04Ga0.875As, In0.15Al0.08Ga0.77As, In0.21Al0.12Ga0.67As, and In0.27Al0.16Ga0.57As 

QWs are 0.143%, 0.611%, 1.053%, 1.498%, and 1.918%, respectively. The material 

gain available from a QW can be affected by a number of factors that need to be taken 

into account. It is well known that the QWs have to be designed with a low density of 

states and a closely matched density of states in the valence and conduction bands 
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[22]–[24]. However, a low density of states will cause the rapid rising of Fermi level 

with increased temperature; that is, more carriers may escape from the QW at elevated 

temperatures. Therefore, a large conduction band offset is required to secure the carrier 

confinement. Figure 5-1 shows the calculated material gains of the In0.02Ga0.98As and 

InAlGaAs QWs with Al0.3Ga0.7As barrier at 25 ºC when the input carrier concentration 

is 6×1018 cm−3. The InAlGaAs QWs with variant Al compositions of 4%, 8%, 12%, and 

16% are calculated and compared with the In0.02Ga0.98As QW. In the calculation of the 

radiative currents, the thickness of the AlGaAs barriers is assumed to be three times that 

of the QWs. Moreover, the material of the barriers is Al0.3Ga0.7As throughout the 

numerical analysis. It is found that the InAlGaAs QWs can provide higher material gain 

than the In0.02Ga0.98As QW. It is also noteworthy that the material gain of the InAlGaAs 

QWs can be enhanced when the Al composition in InAlGaAs QW is increased. The 

material gain tends to saturate when the Al composition in InAlGaAs QW is higher than 

8%. 
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Figure 5.1 Calculated material gains of the In0.02Ga0.98As and InAlGaAs QWs with 

Al0.3Ga0.7As barrier at 25 ºC when the input carrier concentration is 6×1018 cm−3. The 
material gain tends to saturate when the Al composition in InAlGaAs QW is higher than 

8%. 

 Figure 5.2 shows the peak material gain as a function of (a) carrier concentration 

and (b) radiative current density of the In0.02Ga0.98As and InAlGaAs QWs with 
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Al0.3Ga0.7As barrier at 25 ºC. The radiative current density is obtained from the integral 

of spontaneous emission spectrum and the thickness of QW [25], [26]. Both the 

transparencies of carrier concentration and radiative current density of the InAlGaAs 

QWs are lower than those of the In0.02Ga0.98As QW. The transparency carrier 

concentration depends primarily on the band curvatures, which is sensitive to the 

effective masses and the amount of strain. When the Al composition in InAlGaAs QW 

increases with increased In composition, the transparency carrier concentration 

decreases. Numerical results indicate that the density of states and the effective mass 

decrease with increased Al composition in InAlGaAs QW. The decrement in 

transparency carrier concentration is less apparent when the Al composition is higher 

than 8%. 

 
Figure 5.2 Peak material gain as a function of (a) carrier concentration and (b) radiative 

current density of the In0.02Ga0.98As and InAlGaAs QWs with Al0.3Ga0.7As barrier at 
room temperature. 

 Figure 5.3 shows the curves of valence band for the In0.02Ga0.98As and InAlGaAs 

QWs with variant In and Al compositions at room temperature. The y axis of the figures 

represents the valence band QW potential. It is found that there are four confined hole 

levels in the InAlGaAs QWs, and the In0.02Ga0.98As QW has another confined hole level 
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(LH2) in addition to the four HH1, HH2, LH1, and HH3 confined levels. The number of 

confined hole levels may be influenced by the amount of strain in QWs and the 

effective masses of electrons and holes. With the increase of In and Al compositions in 

InAlGaAs QW, the amount of strain in QWs increases, and the effective mass of holes 

decreases. The reduction of the density of states in the valence band is desirous because 

low transparency carrier concentration can be achieved. 

 

Figure 5.3 Curves of valence band for the In0.02Ga0.98As and InAlGaAs QWs with 
variant In and Al compositions at 25 ºC. The y axis of the figures represents the valence 

band QW potential. 

 When the QW is at a temperature of 95 ºC, the spectra of material gain, and the 

peak material gain as a function of carrier concentration and radiative current density of 

the In0.02Ga0.98As and InAlGaAs QWs with Al0.3Ga0.7As barrier are shown in Figures 

5.4, and 5.5, respectively. The InAlGaAs QW with more In and Al compositions is also 

found to provide higher material gain, and the gain tends to saturate when the Al 

composition is higher than 12%. The red shift of the peak emission wavelength is 0.25 

nm/K, which is approximately the same for all In0.02Ga0.98As and InAlGaAs QWs. The 

decrement of the peak material gain with increased temperature from 25 to 95 ºC in 

In0.02Ga0.98As and InAlGaAs QWs is also approximately the same when the input 

carrier concentration remains unchanged at 6×1018 cm−3. As indicated in Fig. 5, lower 
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transparency carrier concentration and radiative current density are observed when the 

In and Al compositions in InAlGaAs QW increase. Due to the relatively incremental 

compressive strain, higher differential gain is also obtained over the temperature range 

under study. In this study, it is prognosticated that the transparency carrier concentration 

of the In0.02Ga0.98As QW is increased by approximately 26.8% as temperature increases 

from 25  to 95 ºC. For InAlGaAs QWs, the transparency carrier concentrations are 

increased by 26.3% (Al=4%), 25.2% (Al=8%), 23.8% (Al=12%), and 21.7% (Al=16%) 

as temperature increases from 25  to 95 ºC, which are smaller than those of the 

In0.02Ga0.98As QWs because more compressive strain in QW can reduce the 

transparency carrier concentration and the relatively large conduction band offset, 

which is increased with the increase of In and Al compositions in InAlGaAs QW, can 

prevent carriers from escaping from the QW. In addition, the increase of transparency 

carrier concentration with increased temperature is attributed to the increment of 

nonradiative recombination and the poor electron confinement; namely, large amount of 

electrons can pile up from the QW and overflow without attributing to the radiative 

recombination, when the temperature is high. 
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Figure 5.4 Calculated spectra of material gains of the In0.02Ga0.98As and InAlGaAs QWs 
with Al0.3Ga0.7As barrier at 95 ºC when the input carrier concentration is 6×1018 cm−3. 
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Figure 5.5 Peak material gain as a function of (a) carrier concentration and (b) radiative 
current density of the In0.02Ga0.98As and InAlGaAs QWs with Al0.3Ga0.7As barrier at 95 

ºC. 

5-2 Optical properties of fabricated QWs and device fabrication 

 After investigating the numerical gain-carrier characteristics of the In0.02Ga0.98As 

and InAlGaAs QWs, the next step is to fabricate the 850-nm VCSELs. The numerical 

results suggest that the InAlGaAs QWs with Al composition higher than 8% can 

provide better gain-carrier characteristics. However, although crystal quality concerns 

cannot be taken into account in numerical calculations, it is noteworthy that increase of 

In and Al concentrations will result in a larger amount of strain in InAlGaAs QW and a 

higher strain level in QW may have crystal quality concerns. Thus, the In and Al 

concentrations in InAlGaAs QWs cannot be too high. In fact, degradation in higher Al 

content QW PL has been experimentally observed.  Therefore, the 

In0.15Al0.08Ga0.77As/Al0.3Ga0.7As with a compressive strain of 1.053% is chosen and 

grown to form the QW active region of the 850-nm VCSEL. The temperature dependent 

PL of the In0.15Al0.08Ga0.77As triple-QW structure is shown in Figure 5.6. The QW was 

grown by low pressure MOCVD on GaAs (100) substrate with group-V precursors of 

arsine (AsH3). Trimethyl (TM–) sources of aluminum (Al), gallium (Ga), and indium 
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(In) were used for group-III precursors. The thickness of QW is 7 nm, which is identical 

to that used in numerical calculation. The thickness and Al composition of barriers are 8 

nm and 0.3, respectively. The growth rate is about 0.75 nm/s and the growth 

temperature is 720 ºC. The composition in QW is characterized by the rocking curve of 

high-resolution x-ray diffraction. Temperature dependent PL measurement is performed 

by a 325-nm He-Cd laser with 20 mW output over a temperature range of 17–300 K. 

The laser power is 20 mW and the spot size is about 100 µm in diameter. Luminescence 

is analyzed by a 320-mm grating monochromator and detected by a charge couple 

detector. 
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Figure 5.6 Temperature dependent PL peak emission wavelength of the 

In0.15Al0.08Ga0.77As triple-QW structure. The inset is the optical spectrum obtained at 
300 K. 

 In Figure 5.6, the dots represent the peak emission wavelength obtained from PL 

measurement, and the curve represents the numerical spontaneous emission rate of the 

In0.15Al0.08Ga0.77As/Al0.3Ga0.7As QW that is obtained when the input carrier 

concentration is 5×1015 cm−3, which is calculated based on the excited power density 

and laser spot size. The peak emission wavelength at 300 K is 838 nm, and the FWHM 

is 13.5 nm, which is comparable to the (In)GaAs/AlGaAs material systems. When the 

temperature decreases to 20 K, the peak emission wavelength shifts to 793 nm with a 

FWHM of 6.6 nm. Figure 5.7 shows the normalized integrated PL intensity plotted as a 
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function of reciprocal temperature for the In0.15Al0.08Ga0.77As triple-QW structure. 

Fitting our data to the classical Arrhenius law, I=I0/{1+cexp(–Ea/KT)}, according to the 

thermal carrier transfer mechanism, the activation energy (Ea) of the In0.15Al0.08Ga0.77As 

QW is determined to be 39.8 meV. 

 

Figure 5.7 Normalized integrated PL intensity plotted as a function of reciprocal 
temperature for the In0.15Al0.08Ga0.77As triple-QW structure. 

 As investigated in the numerical discussion, it is observed that the InAlGaAs QWs 

can provide a lower transparency carrier concentration and a higher differential gain. 

The transparency carrier concentration of the InAlGaAs QWs increased with elevated 

temperature up to 95 ºC is also less sensitive than the In0.02Ga0.98As QW. However, 

more than 20% increment of the transparency carrier concentration is too high to be 

ignored for the InAlGaAs QWs. Therefore, methods for reduction of temperature 

sensitivity need to be sought. To reduce the electronic leakage current and the 

temperature sensitivity of semiconductor lasers, a high bandgap layer is regularly 

embedded into the active region before the growth of p-type layers [27]–[29]. In this 

paper, we propose to employ an AlGaAs electronic blocking layer to improve the high 

temperature performance for the 850-nm VCSELs under study. 

 A schematic plot of the VCSEL devices with and without a high bandgap electron 

blocking layer is shown in Figure 5.8. The devices were assumed to be on the GaAs 
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substrate with a 0.5-µm-thick GaAs buffer layer having an n-doping level of 1×1018 

cm−3. The bottom and top DBRs were consisted of 39 pairs and 21 pairs 

Al0.15Ga0.85As/Al0.9Ga0.1As, which had 99.93% and 99.73% reflectivity, respectively. 

The active region, which was surrounded by one-wavelength-cavity Al0.6Ga0.4As 

claddings, was formed by three 7-nm-thick In0.15Al0.08Ga0.77As QWs and four 

8-nm-thick Al0.3Ga0.7As barriers. A 30-nm-thick Al0.97Ga0.03As was introduced on the 

upper cavity spacer layer to form an oxide confinement. A one-wavelength-thick 

Al0.15Ga0.85As current-spreading layer (p=5×1018 cm−3) and a heavily doped GaAs 

(p=2×1019 cm−3) contact layer were ultimately put to complete the structure. Three 

VCSEL devices A, B, and C were presented and compared in this study, in which 

device A was in a conventional design, without containing a high bandgap electron 

blocking layer on the p-side of QW active region. Both devices B and C were designed 

to have an electron blocking layer, in which the material was chosen as AlGaAs with 

higher Al content because of its natural lattice match to GaAs. The electron blocking 

layers in devices B and C were 10-nm-thick Al0.75Ga0.25As and 13-nm-thick 

Al0.9Ga0.1As. For all three devices, the detuning between the QW spontaneous emission 

and the cavity was 12 nm, where the dip of Fabry-Pérot was 850 nm. The oxide aperture 

for the three devices was 7 µm in diameter. 

 The fabrication process began from depositing a 1.3-µm-thick SiNx layer, which 

acted as a hard mask in the following process, onto the wafer by plasma enhanced 

chemical vapor deposition (PECVD) at 300 ºC. Standard photolithography and reactive 

ion etching (RIE) using SF6 with a flow rate of 20 sccm as etching gas were then 

performed to define etching pattern on the hard mask. Trench mesa etching by Cl2 with 

a flow rate of 2 sccm and Ar plasma were performed to transfer the mask pattern onto 

the wafer. The etching depth was cautiously controlled to penetrate the active region, 

and the 30-nm-thick Al0.97Ga0.03As aperture layer was exposed for selective oxidation in 
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400 ºC stream environment. The mesa diameter was 22 µm and the oxide aperture was 

7 µm. After oxidation, the residual dielectric was removed, and a second 150-nm-thick 

SiO2 by PECVD was deposited for passivation, followed by a partially etched process 

for contact window. Ti (30 nm)/Pt (50 nm)/Au (200 nm) were deposited onto the 

heavily p-doped GaAs contact layer for p-contact, and AuGe (50 nm)/Ni (20 nm)/Au 

(350 nm) were deposited for n-contact. 

 

Figure 5.8 A schematic plot of the VCSEL devices with and with a high bandgap 
electron blocking layer. 

5-3  Fabricated device characteristics 

For each design of the fabricated VCSELs, nine devices were randomly selected to 

measure the output characteristics, and the discrepancy of the nine devices for each 

design was negligibly small. Figure 5.9 shows the RT L-I-V characteristic of the 

fabricated VCSELs for devices A, B, and C. The oxide aperture for all the three devices 

was 7 µm in diameter, and was determined from a series of calibration samples having 

similar structure design. In device A, a threshold current of 1.47 mA with a slope 

efficiency of 0.37 mW/mA, and a threshold voltage of 1.85 V were obtained. The L-I 

curve started to roll over at about 2.8 mW as a result of internal heating effect. In device 

B, the laser output performance was found to be improved by inserting a 10-nm-thick 
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high bandgap Al0.75Ga0.25As electron blocking layer, as indicated in the simulations. The 

threshold current of device B was reduced to 1.33 mA with a slope efficiency of 0.53 

mW/mA, while a maximum power of 4.7 mW was achieved. However, it was found in 

device C that the threshold current increased to 1.87 mA and the slope efficiency 

became 0.26 mW/mA when a 13-nm-thick Al0.9Ga0.1As layer was substituted as the 

high bandgap electron blocking layer. The decreased output performance might be 

attributed to the higher resistance during the device process and the small distance 

between the Al0.9Ga0.1As electron blocking layer and QWs that degraded the crystal 

quality during oxidation process. The increase of threshold current in device C might 

also be partially due to the difficulty of hole injection into QWs from numerical 

simulation analysis. The discrepancy of the slope efficiencies between theory and 

experiment may be attributed to the fact that the thermal behavior of a VCSEL is 

difficult to characterize in theoretical calculation. 
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Figure 5.9 RT L-I-V characteristic of the fabricated VCSELs for devices A, B, and C 
with an oxide aperture of 7 µm. 

 Figure 5.10 shows the experimental temperature dependent variation of threshold 

current and slope efficiency of devices A, B, and C. As compared with the standard 
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design of device A, device B showed a less temperature sensitive output performance, 

where the amount of increase in threshold current at an elevated temperature of 95 °C 

was only 0.27 mA and the slope efficiency dropped by only 24.5%. The threshold 

current of device A increased to 2.17 mA with a slope efficiency reduction of 32% 

when the substrate temperature was 95 °C. For device C, the increase of threshold 

current was from 1.85 to 2.01 mA with a slope efficiency reduction of 43% when the 

substrate temperature increased from 25 to 95 °C. 
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Figure 5.10 Experimental temperature dependent variation of threshold current and 

slope efficiency of devices A, B, and C. 
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Figure 5.11 RT relative intensity noise (RIN) value of the three devices in a bias current 
range of 2–5 mA. 

 The measured RIN value of the devices was shown in Figure 5.11, where the solid 

lines are the fitting curves in accordance with the RIN transfer function: 
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where fr represents the resonant frequency, and r is the damping rate. The RIN 

illustrated the maximum available amplitude range for signal modulation and served as 

a quality indicator of a laser. The value of RIN could be thought as a type of inverse 
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carrier-to-noise-ratio measurement, and could be defined as the ratio of the mean-square 

optical intensity noise to the square of the average optical power. The RIN values of the 

three devices were obtained in a bias current range of 2–5 mA. As the bias current 

increased, the peak RIN frequency responses of the three devices increased respectively, 

and a frequency response of 8.5 GHz for device A, 8.9 GHz for device B, and 8.7 GHz 

for device C was obtained when the bias current was 5 mA. The results also suggest that 

the insertion of an electron blocking layer to reduce the electronic leakage current and 

improve the light output performance does not deteriorate the frequency response. 

5-4 Theoretical analysis on devices’ characteristics 

 The room temperature light output and voltage versus current (L-I-V) 

characteristics of the devices A, B, and C studied in simulation are shown in Figure 5.12. 

It was found theoretically that the threshold current was slightly reduced and the laser 

output power at high current injection region was enhanced by inserting a 10-nm-thick 

Al0.75Ga0.25As electron blocking layer in device B. However, when the electron blocking 

layer was substituted to be a thicker (13 nm) and higher Al content Al0.9Ga0.1As layer, 

the threshold current in device C was increased in the opposite way. Nevertheless, the 

slope efficiency and the maximum output power at roll over point in device C were 

improved. The decreased threshold current in device B should be attributed to the 

increase of optical confinement factor value, and hence enhancing the radiative and 

stimulated recombination in the QWs. The values of optical confinement factor for 

devices A, B, and C were 2.812%, 2.853%, and 2.869%, respectively. For device C, 

even the value of optical confinement factor was the highest among the three devices, 

the holes in the valence band would meet a higher and thicker barrier when injecting 

into QWs because of the higher Al content and thicker electron blocking layer. 
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Figure 5.12 Simulation results of the RT light output and voltage versus current 

characteristics of devices A, B, and C. The electron blocking layers for devices B and C 
are 10-nm-thick Al0.75Ga0.25As and 13-nm-thick Al0.9Ga0.1As, respectively. 

0

0.5

1

1.5

2

2.5

0.1 0.15 0.2 0.25 0.3

En
er

gy
 (e

V
)

Distance (µm)

Device C (with Al0.9Ga0.1As)

Electron
blocking layer

Quasi-Fermi levels

 
Figure 5.13 Expanded energy band diagram near the QW active region of device C. The 

diagram was obtained at RT with an applied voltage of 2.1 V. 

 To further explain the difficulty of holes injection into QWs when using a 

13-nm-thick Al0.9Ga0.1As as electron blocking layer in device C, the expanded energy 

band diagram near the QW active region is shown in Figure 5.13. The diagram was 

obtained at RT with an applied voltage of 2.1 V (10 mA). The left-hand side of the 

diagram was the n-side of the VCSEL device, and the dashed lines represented the 
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quasi-Fermi levels. It was shown that the high bandgap Al0.9Ga0.1As layer was on the 

p-side of the QW active region. And, because the electrons have higher mobility than 

the holes, the Al0.9Ga0.1As layer can act as an electron blocking layer to prevent electron 

leakage and hence improve the laser performance at high current injection. However, 

the increased barrier height in the valence band would result in the difficulty of hole 

injection into QWs when the device was at lower current injection and therefore 

increasing the threshold current. 

 Next, the electron leakage current as functions of input current and device 

temperature was discussed. In this study, the percentage of electron leakage current was 

defined as the ratio of the current overflowed to the p-type layer to that injected into the 

devices. As an example of device A, the percentage of electron leakage current as a 

function of input current when the device temperature was in a range of 25–95 ºC is 

indicated in Figure 5.14. More percentage of electron leakage current was found when 

the input current was increased, and the percentage of electron leakage current increased 

rapidly when the device temperature increased. It is reasonable because the electrons 

will have higher kinetic energy and the probability of electrons overflowing away from 

the QWs is increased when the device temperature increases. The percentage of electron 

leakage current as a function of device temperature for devices A, B, and C is shown in 

Figure 5.15. The total input current for all three devices was 10 mA and the device 

temperature under discussion was in a range of 25–95 ºC. We found that the percentage 

of electron leakage current could be apparently reduced using a high bandgap AlGaAs 

layer. Therefore, as depicted from the simulation results, the laser output performance 

of 850-nm VCSEL can be improved by inserting a high bandgap electron blocking layer 

to reduce electron leakage current. Especially, a 10-nm-thick Al0.75Ga0.25As may be 

appropriate because of the reduced threshold current and better laser output 

performance under high temperature operation. 
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Figure 5.14 Percentage of electron leakage current as a function of input current in 

device A when the device temperature was in a range of 25–95 ºC. 
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Figure 5.15 Percentage of electron leakage current as a function of device temperature 
for devices A, B, and C. The curves were obtained when the devices were biased at 10 

mA. 

5-5  Summary 

In summary, the gain-carrier characteristics of the In0.02Ga0.98As and InAlGaAs 

QWs with 838 nm emission are theoretically investigated. The numerical results suggest 

that the incorporation of Al into InGaAs QW is found to provide higher material gain, 

lower transparency carrier concentration and radiative current density due to the 
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increment of the amount of strain and the reduced density of states. The optical 

properties of In0.15Al0.08Ga0.77As QW are also investigated by temperature dependent PL. 

The carrier blocking effect on the output performance of 850-nm InAlGaAs/AlGaAs 

VCSELs are also experimentally and theoretically investigated. With the use of a 

high-bandgap 10-nm-thick Al0.75Ga0.25As layer in the In0.15Al0.08Ga0.77As/Al0.3Ga0.7As 

QW active region, the high temperature characteristics and the output performance are 

found experimentally improved. The results obtained theoretically also approved that 

the improvement in output performance is due to the reduction of the electron leakage 

current. Small-signal frequency response shows that these VCSELs can provide a 

modulation bandwidth of approximately 9.2 GHz.  

 



 122

References 

[1]  J. Gilor, I. Samid, and D. Fekete, “Threshold current density reduction of strained 
AlInGaAs quantum-well laser,” IEEE J. Quantum Electron., vol. 40, pp. 
1355–1364, 2004. 

[2]  J. A. Lehman, R. A. Morgan, M. K. Hibbs-Brenner, and D. Carlson, 
“High-frequency modulation characteristics of hybrid dielectric/AlGaAs mirror 
singlemode VCSELs,” Electron. Lett., vol. 31, pp. 1251–1252, 1995. 

[3]  K. L. Lear, A. Mar, K. D. Choquette, S. P. Kilcoyne, R. P. Schneider, Jr., and K. 
M. Geib, “High-frequency modulation of oxide confined vertical cavity surface 
emitting lasers,” Electron. Lett., vol. 32, pp. 457–458, 1996. 

[4]  F. H. Peters and M. H. MacDougal, “High-speed high-temperature operation of 
vertical-cavity surface-emitting lasers” IEEE Photon. Technol. Lett., vol. 13, pp. 
645–647, 2001. 

[5]  T. E. Sale, C. Amano, Y. Ohiso, and T. Kurokawa, “Using strained 
(AlxGa1-x)yIn1-yAszP1-z system materials to improve the performance of 850 nm 
surface- and edge-emitting lasers,” Appl. Phys. lett., vol. 71, pp. 1002–1004, 1997. 

[6]  H. C. Kuo, Y. H. Chang, F. Y. Lai, T. H. Hseuh, L. T. Chu, and S. C. Wang, 
“High speed performance of 850 nm silicon-implanted AlGaAs/GaAs vertical 
cavity emitting laser,” Solid State Electron., vol. 48, pp.  483–485, 2004. 

[7]  J. Ko, E. R. Hegblom, Y. Akulova, B. J. Thibeault, and L. A. Coldren, 
“Low-threshold 840-nm laterally oxidized vertical-cavity lasers using 
AlInGaAs–AlGaAs strained active layers,” IEEE Photon. Technol. Lett., vol. 9, pp. 
863–865, 1997. 

[8]  O. Tadanaga, K. Tateno, H. Uenohara, T. Kagawa, and C. Amano, “An 850-nm 
InAlGaAs strained quantum-well vertical-cavity surface-emitting laser grown on 
GaAs (311)B substrate with high-polarization stability,” IEEE Photon. Technol. 
Lett., vol. 12, pp. 942–944, 2000. 

[9]  S. L. Yellen, R. G. Waters, A. H. Shepard, J. A. Baumann, and R. J. Dalby, 
“Relaibility of InAlGaAs strained-quantum-well lasers operating at 0.81µm,” IEEE 
Photon. Technol. Lett., vol. 4, pp. 829–831, 1992. 

[10] N. Tansu, D. Zhou, and L. J. Mawst, “Low-temperature-sensitivity, compressively 
strained InGaAsPactive (λ=0.78–0.85 µm) region diode lasers,” IEEE Photon. 
Technol. Lett., vol. 12, pp. 603–605, 2000. 

[11] L. J. Mawst, S. Rulsi, A. Al-Muhanna, and j. K. Wade, “Short-wavelength (0.7 µm 
< λ < 0.78 µm ) high-power InGaAsP-active diode lasers,” IEEE J. Select. Topics 
Quantum Electron., vol. 5, pp. 785–791, 1999. 

[12] H. K. Choi and C. A. Wang, “InGaAs/AlGaAs strained single quantum well diode 



 123

lasers with extremely low threshold current density and high efficiency,” Appl. 
Phys. Lett., vol. 57, pp. 321–323, 1990. 

[13] T. R. Chen, B. Zhao, L. Eng, Y. H. Zhoung, J. O’Brien, and A. Yariv, “Very high 
modulation efficiency of ultralow threshold current single quantum well InGaAs 
lasers,” Electron. Lett., vol. 29, pp. 1525–1526, 1993. 

[14] N. Tansu and L. J. Mawst, “Compressively-strained InGaAsP-active (λ=0.85 µm) 
VCSELs,” IEEE Lasers and Electro-Optics Society 2000 Annual Meeting. LEOS 
2000. vol. 2, pp. 724–725, 2000. 

[15] H. C. Kuo, Y. S. Chang, F. I. Lai, and T. H. Hsueh, “High speed modulation of 
850-nm InGaAsP/InGaP strain-compensated VCSELs,” Electron. Lett., vol. 39, pp. 
1051–1052, 2003. 

[16] Y. S. Chang, H. C. Kuo, F. I. Lai, Y. A. Chang, C. Y. Lu, L. W. Laih, and S. C. 
Wang, “Fabrication and characteristics of high-speed oxide-confined VCSELs 
using InGaAsP–InGaP strain-compensated MQWs,” IEEE J. Lightwave Technol., 
vol. 22, pp. 2828–2833, 2004. 

[17] H. K. Choi, C. A. Wang, D. F. Kolesar, R. L. Aggrawal, and J. N. Walpole, 
“High-power, high-temperature operation of AlInGaAs–AlGaAs strained 
single-quantum-well diode lasers,” IEEE Photon. Technol. Lett., vol. 3, pp. 
857–859, 1991. 

[18] N. A. Hughes, J. C. Connolly, D. B. gilbert, and K. B. Murphy, 
“AlInGaAs/AlGaAs strained quantum-well ridge waveguide lasers grown by 
metalorganic chemical vapor deposition,” IEEE Photon. Technol. Lett., vol. 4, pp. 
113–115, 1992. 

[19] I. Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, “Band parameters for III-V 
compound semiconductors and their alloys,” J. Appl. Phys., vol. 89, pp. 5815–5875, 
2001. 

[20] S. Adachi, “Band gaps and refractive indices of AlGaAsSb, GaInAsSb, and 
InPAsSb: key properties for a variety of the 2–4 µm optoelectronic device 
applications,” J. Appl. Phys., vol. 61, pp. 4869–4876, 1987. 

[21] J. R. Jensen, J. M. Hvam, and W. Langbein, “Optical properties of InAlGaAs 
quantum wells: Influence of segregation and band bowing,” J. Appl. Phys., vol. 86, 
pp. 2584–2589, 1999. 

[22] J. C. L. Yong, J. M. Rorison, and I. H. White, “1.3-µm quantum-well InGaAsP, 
AlGaInAs, and InGaAsN laser material gain: a theoretical study,” IEEE J. 
Quantum Electron., vol. 38, pp. 1553–1564, 2002. 

[23] K. M. Lau, “Ultralow threshold quantum well lasers,” in Quantum Well Laser, P. 
Zory, Ed. San Diego, CA: Academic, 1993. 

[24] D. Ahn, S. L. Chuang, and Y. C. Chang, “Valence-band mixing effects on the gain 



 124

and the refractive index change of quantum-well lasers,” J. Appl. Phys., vol. 64, pp. 
4056–4064, 1988. 

[25] S. Seki, H. Oohashi, H. Sugiura, T. Hirono, and K. Yokoyama, “Study on the 
dominant mechanisms for the temperature sensitivity of threshold current in 1.3 
µm InP-based strained-layer quantum-well lasers,” IEEE J. Quantum Electron., vol. 
32, pp. 1478–1486, 1996. 

[26] J. W. Pan and J. I. Chyi, “Theoretical study of the temperature dependence of 1.3 
µm AlGaInAs-InP multiple-quantum-well lasers,” IEEE J. Quantum Electron., vol. 
32, pp. 2133–2138, 1996. 

[27] G.B. Stringfellow and M.G. Craford, in High Brightness Light Emitting Diodes, 
Academic Press, San Diego, 1997. 

[28] S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Matsushita, and T. Mukai, 
“Blue InGaN-based laser diodes with an emission wavelength of 450 nm,” Appl. 
Phys. Lett., vol. 76, pp. 22–24, 2000. 

[29] Y. K. Kuo and Y. A. Chang, “Effect of electronic current overflow and 
inhomogeneous carrier distribution on InGaN quantum well laser performance,” 
IEEE J. Quantum Electron., vol. 40, pp. 437–444, 2004. 



 125

CChhaapptteerr  66      11..33--µµmm  IInnGGaaAAssNN//GGaaAAssNN  EEEELL  

Recent progress of the semiconductor lasers with emission wavelength of 1.3 µm 

for optical communication system has focused on using InGaAsN/GaAsN materials as 

quantum well active region. Laser performances of InGaAsN/GaAsN EELs have been 

found comparable to or superior to some of the best published results based on the 

conventional InP technology [1]−[11]. High-temperature operation has been anticipated 

in these material systems due to better electron and hole confinement by increased band 

offsets and a more favorable band-offset ratio. Previous research showed that for pulse 

operation of InGaAsN lasers, the characteristic temperature coefficient T0 value of 

exceeding 200 K was demonstrated [12]−[14]; while for continue-wave operation, the 

T0 of 70–110 K was also achieved [15]−[19]. Unfortunately, based on the predicted 

theoretical calculation of the maximal T0 value in InGaAsN laser structures, these high 

performance InGaAsN lasers showed only a slight improvement in T0 values over those 

achievable by the conventional InP technology. Fehse et al. found that the unexpected 

low T0 value of InGaAsN lasers was attributed to the existence of large Auger 

recombination [20]. The difficulty of nitrogen atoms incorporating into InGaAs alloys, 

which lead to poor crystal quality, and the hole leakage problem [21] might be the key 

issues that resulted in the unexpected low T0 value of InGaAsN lasers. 

To achieve a more favorable T0 value and a better output performance of InGaAsN 

lasers, there had been several works investigating the InGaAsN lasers with 

strain-compensated GaAsN as direct barriers. Even GaAsN is a smaller band gap 

material system, using GaAsN barrier instead of GaAs barrier could reduce nitrogen 

outdiffusion from the well and balancing the highly compressive strain in InGaAsN QW 

[22]. The same phenomenon had also numerically obtained by Fan et al [12]. However, 

adding more nitrogen atoms into barrier may decrease barrier potential and the carrier 
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leakage problem follows at high device temperature, even though longer wavelength 

emission can be obtained. This problem was solved by Tansu et al., who utilized 

tensile-strain GaAs0.85P0.15 layers on both sides of the InGaAsN/GaAs active region to 

reduce the strain in QWs for achieving better crystal quality that in turn improved the 

laser performances [15], [16], [21]. Nevertheless, it could be though in the physical 

band alignment that the high bandgap GaAs0.85P0.15 layer on the n-side InGaAsN/GaAs 

active region may obstruct electrons pouring into the active region, while the 

GaAs0.85P0.15 layer on the p-side active region can blocking electrons overflowing to the 

p-side layers. 

To obtain a more favorable characteristic temperature coefficient T0 in 1.3-µm 

InGaAsN/GaAsN lasers, in this chapter, we first investigate the material gain properties 

of InGaAsN/GaAs1-xNx QW lasers with various GaAs1-xNx strain compensated barriers 

(x=0%, 0.5%, 1%, and 2%). It is shown that, in addition to the crystal quality concern of 

InGaAsN QWs during crystal growth, the nitrogen composition of GaAs1-xNx strain 

compensated barrier also plays an important role in the confinement of carriers. Next, to 

better confine carriers in the InGaAsN/GaAsN active region, a high bandgap 

15-nm-thick GaAs0.9P0.1 is proposed to be inserted into the active region before the 

growth of p-type layers of the conventional structure. The demonstrated laser 

characteristics and a theoretical analysis are given in the mean time. Specifically, the 

phenomenon of electronic leakage current is investigated. 

6-1 Method and numerical parameters 

 Based on the pk ⋅  theory with valence band mixing effect, a 6×6 Hamiltonian of 

the Luttinger-Kohn type matrix and an envelope function approximation were used to 

solve the InGaAsN/GaAsN QW subband structures. Detail illustrations could be found 

in Chapter 2. For this specific simulation, the ratio of conduction band to valence band 
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offset in InGaAsN/GaAsN band alignment was estimated to 0.7/0.3 [23]. The bandgap 

energy of InGaAsN material at room temperature was governed by the following 

bilinear terms with two bowing terms: 

GaNgGaAsgg EyxEyxtermE ,, )1()1( ⋅−⋅+⋅⋅=  (6.1) 

InNgInAsgg EyxEyxtermE ,, )1()1()1()2( ⋅−⋅−+⋅⋅−=  (6.2) 

)1(_)1(_)( xxInGaAsbyyyGaAsNbxbowingEg −⋅⋅⋅+−⋅⋅⋅=  (6.3) 

where x and y denoted the gallium and arsenide compositions in InGaAsN alloy, and the 

bandgap energies of GaAs, InAs, GaN and InN were 1.424, 0.355, 3.42 and 0.77 [24] 

eV. The bowing parameters for GaAsN and InGaAs ternary alloys were -18 [25] and 

-0.6 eV. The temperature dependent bandgap energy was as follows: 
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where Eg(T) was the bandgap energy of InGaAsN alloy at temperature T. Therefore, the 

temperature dependent bandgap energy of InGaAsN alloy was: 

)()()2()1()( TEbowingEtermEtermEInGaAsNE ggggg +++=  (6.5) 

The effective mass of electrons used in simulation was as follow: 

GaNeGaAsee myxmyxtermm ,, )1()1( ⋅−⋅+⋅⋅=  (6.6) 

InNeInAsee myxmyxtermm ,, )1()1()1()2( ⋅−⋅−+⋅⋅−=  (6.7) 

)2()1()( termmtermmInGaAsNm eee +=  (6.8) 

where the effective mass of electrons in GaAs, InAs, GaN and InN were 0.064×m0, 

0.023×m0, 0.2×m0 and 0.11×m0 respectively. The effective masses of light holes (LH) 

and heavy-holes (HH) were governed by the same form in Eq. (6), and the effective 

masses of light holes and heavy holes for GaAs were 0.09×m0 and 0.377×m0, 0.027×m0 

and 0.263×m0 for InAs, 0.9767×m0 and 1.3758 for GaN, and 0.5133×m0 and 1.5948×m0 

for InN respectively. The Auger coefficients for InGaAsP and InGaAsN were 3.5×10-42 
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and 1.5×10-41 m2/s. Other material-dependent parameters were taken from the default 

database values given in the material macro file [26]. 

6-2 Optical gain properties of InGaAsN QW with GaAsN barriers 

 Temperature effects on the optical gain properties of In0.4Ga0.6As0.986N0.014 and 

In0.8Ga0.2As0.69P0.31 QW materials were studied in the first instance. For the purpose of 

obtaining an emission wavelength of 1.3 µm, the nitrogen composition in InGaAsN QW 

was assumed 1.4% with an indium composition in InGaAsN QW of 40%. The 

calculated material gain of room-temperature In0.4Ga0.6As0.986N0.014 and 

In0.8Ga0.2As0.69P0.31 QW materials at an input carrier concentration of 2×1018 cm-3 was 

shown Figure 6.1. The barrier materials used under this study for In0.4Ga0.6As0.986N0.014 

and In0.8Ga0.2As0.69P0.31 QWs were GaAs1-xNx with x=0%, 0.5%, 1%, 2% and 

In0.9Ga0.1As0.24P0.76 [27]. It was found that In0.4Ga0.6As0.986N0.014/GaAs1-xNx (x=0%, 

0.5%, 1%, 2%) materials have higher maximum material gain than that of InGaAsP 

material. The highest maximum material gain was obtained when x=0%, i.e. GaAs 

barrier, and the maximum material gain was found to be red shift from 1.3 to 1.34 µm 

by increasing x value from 0% to 2% in GaAs1-xNx barrier. In addition, the maximum 

material gain decreased rapidly with increasing x value in GaAs1-xNx barrier, which was 

suggested as a result of the decreased conduction band carrier confinement potential. 

Nevertheless, the maximum material gain of In0.4Ga0.6As0.986N0.014/GaAs1-xNx was twice 

approximately higher than that of In0.8Ga0.2As0.69P0.31/In0.9Ga0.1As0.24P0.76 when the 

input carrier concentration was 2×1018 cm-3. 

 The maximum material gain of using GaAs1-xNx barriers with x=0%, 0.5%, 1% and 

2% as a function of temperature were shown in Figure 6.2. With increasing temperature, 

an almost linearly drop of maximum material gain was found. A red shift of the 

maximum material gain with x=0% from 1.3 to 1.35 µm and the decrease of the 



 129

maximum material gain value from 2443 to 1575 cm-1, which was due to the wider 

spreading of the Fermi distribution of carriers and stronger Auger recombination losses, 

were numerically obtained when the temperature increased from 300 to 370 K. 

Manifestly, the severe decrease of the maximum material gain value caused by the 

linear increase of x value indicated that increasing nitrogen composition in GaAsN 

barrier might procure the poor laser performance as a result of the relatively low 

material gain. 
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Figure 6.1 Calculated material gain of room-temperature In0.4Ga0.6As0.986N0.014 and 

In0.8Ga0.2As0.69P0.31 QWs when the input carrier concentration is 2×1018 cm-3. 
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Figure 6.2 Maximum material gain of using GaAs1-xNx barriers with x=0%, 0.5%, 1% 

and 2% as a function of temperature. 

 Figure 6.3 showed the transparency carrier concentration as a function of 

temperature when using GaAs1-xNx barriers with x=0%, 0.5%, 1% and 2%. A trend of 
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well, the room-temperature transparency carrier concentrations of 

In0.4Ga0.6As0.986N0.014/GaAs1-xNx materials were lower than that of 

In0.8Ga0.2As0.69P0.31/In0.9Ga0.1As0.24P0.76 material, 1.35×1018 cm-3. The differential gains 

of In0.4Ga0.6As0.986N0.014/GaAs1-xNx materials were also higher than that of 

In0.8Ga0.2As0.69P0.31/In0.9Ga0.1As0.24P0.76 material due to the fact that 

In0.4Ga0.6As0.986N0.014/GaAs1-xNx based material had relatively high conduction band 

offset and more electrons could be confined in the active region effectively. The 

transparency carrier concentrations at room temperature of using GaAs1-xNx barriers 

with x=0% and x=2% are 9.8×1017 and 1.06×1018 cm-3 respectively. For x=0%, the 

transparency carrier concentration increased almost linearly to 1.25×1018 cm-3 when the 

temperature was 370 K. The transparency carrier concentrations of using GaAs1-xNx 

barriers with x=0.5% and 1% were slightly higher than that of GaAs barrier in a 

temperature range of 300-370 K. However, the transparency carrier concentration 

increased apparently when the x value was 2% and it increased rapidly when the 

temperature was higher than 350 K. 
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Figure 6.3 Transparency carrier concentration as a function of temperature when using 

GaAs1-xNx barriers with x=0%, 0.5%, 1% and 2%. 
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GaAs1-xNx barriers with x value ranging from zero to 1% can have better temperature 

dependent optical gain properties. When the x value increases to 2%, the maximum 

material gain and the transparency carrier concentration abate remarkably. It indicates 

that In0.4Ga0.6As0.986N0.014 QW sandwiched between GaAs1-xNx barriers may have better 

laser performance, i.e. lower threshold current density and higher slope efficiency, when 

the x value is zero or less than 2%. Especially, using high potential GaAs barrier 

provides better electron confinement and results in obtaining highest material gain and 

lowest transparency carrier concentration. A highest T0 value may also be obtained as a 

result of reducing the probability of electronic leakage current if the LD structure is 

under high temperature operation. Besides, after the consideration of using GaAsN 

barrier instead of GaAs barrier has several advantages in experiment and longer 

wavelength can easier be obtained, we find in this study that using GaAs1-xNx barriers 

with x=0.5% and 1% can also provide high material gain and low transparency carrier 

concentration. 

6-3  Fabricated device characteristics 

After numerically investigated the material gain as a function of nitrogen 

composition in GaAsN barrier of InGaAsN/GaAaN active region, we further tried to 

fabricate the 1.3-µm InGaAsN/GaAsN edge emitting lasers in this subsection. Based on 

the numerical results in prior subsection, a GaAsN material with 0.5% nitrogen 

composition was chosen as barrier for InGaAsN QW active region because of the 

comparable material gain properties when compared to GaAs and the help of preventing 

nitrogen outdiffusion from InGaAsN QW during crystal growth. As schematically 

plotted in Figure 6.4, the InGaAsN/GaAsN laser structure was grown on the n-type 

Si-GaAs substrate with (001) orientation. The laser structure under study was grown by 

low pressure MOCVD with group-V precursors of arsine (AsH3), phosphine (PH3), and 
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U-dimethylhydrazine (U–DMHy) for N-precursor. Trimethyl (TM–) sources of 

aluminum (Al), gallium (Ga), and indium (In) were used for group-III precursors. The 

dopant sources were SiH4 and CBr4. On top of the GaAs template was a 1.0-µm-thick 

n-type Al0.6Ga0.4As layer, followed by a 0.15-µm-thick n-type Al0.4Ga0.6As with growth 

temperature of 770 ºC. Then, the growth temperature was down to 530 ºC for the 

growth of active region, which contained two In0.41Ga0.59As0.987N0.013 wells. The V/III 

ratio for the growth of active region was kept to 20. The thickness of 

In0.41Ga0.59As0.987N0.013 well and GaAs0.995N0.005 barrier, which were determined by 

X-ray diffraction and growth condition, were 6 nm and 10 nm, respectively. The strains 

of well and barrier were 2.08% in compressive and 0.2% in tensile, respectively. After 

the growth of active region, a 10-nm-thick undoped GaAs layer was grown to cap the 

active region for maintaining better QW quality and a 15-nm-thick undoped high 

bandgap GaAs0.9P0.1 layer was then grown with a purpose of blocking electrons from 

overflowing to the p-type layers. The guiding region was formed by 0.72-µm-thick 

updoped GaAs with growth temperature of 530 ºC, followed by a 0.4-µm-thick p-type 

Al0.4Ga0.6As layer with a doping concentration of 5×1018 cm−3 and a 1.0-µm-thick 

p-type Al0.6Ga0.4As layer with a doping concentration of 5×1018 cm−3. Finally, a p-type 

100-nm-thick GaAs with a doping concentration of 2×1019 cm−3 was grown to complete 

the structure. The device was proposed by photolithograthy and reactive ion-etching 

into narrow stripe ridge waveguide lasers with 4 µm in width and 1000 µm in length. 

The end facets of the laser chips were uncoated and the laser chip was mounted 

p-side-down onto copper heat sinks with indium. 
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Figure 6.4 A schematic diagram of the double-quantum-well InGaAsN/GaAsN laser 

structure. 
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Figure 6.5 Electroluminescence spectrum when the laser device was at an input current 
of laser threshold. 

To better confine carriers in the active region, two structures that were without and 

with inserting an undoped high-bandgap GaAs0.9P0.1 layer into the active region before 

the growth of p-type layers were prepared. The double-quantum-well structure for type 

A was the conventional structure that was without capping the high bandgap GaAs0.9P0.1 

layer on top of the QW active region. Type B was the structure with the high bandgap 

GaAs0.9P0.1 layer. The fabricated laser devices were tested under CW mode operation. 
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Figure 6.5 showed the electroluminescence spectrum when the laser device was at an 

input current of laser threshold. A peak emission wavelength of 1.295 µm was obtained 

for both type A and type B lasers. 

The temperature dependent L-I characteristic of type A laser under CW mode 

operation in a temperature range of 25–105 ºC was shown in Figure 6.6. The threshold 

current and the threshold current density per QW were 84 mA and 1.05 kA/cm2 at 25 ºC. 

Figure 6.7 showed the temperature dependent L–I characteristic of type B laser under 

CW mode operation in a temperature range of 25–105 ºC. The threshold current was 99 

mA and the threshold current density per QW 1.23 kA/cm2 at 25 ºC. The room 

temperature slope efficiencies of type A and type B lasers were 0.09 and 0.11 W/A. 
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Figure 6.6 Temperature dependent L–I characteristic of type A laser under CW mode 

operation in a temperature range of 25–105 ºC. 
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Figure 6.7 Temperature dependent L–I characteristic of type B laser under CW mode 

operation in a temperature range of 25–105 ºC. 
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Despite of the high threshold current density at 25 ºC, which was caused by the 

high strain in the QWs and the nonradiative recombination centers, it was found that the 

slope efficiency was increased in device B, and the threshold current increased from 99 

to 172 mA with a T0 value of 155 K under CW mode operation when the device 

temperature was in a range of 25–95 ºC. The T0 value could achieve to 179 K when the 

device temperature was in a range of 25–85 ºC. In conventional structure of type A laser, 

the T0 value under CW mode operation was 118 K in a temperature range of 25–95 ºC. 

As the device temperature was higher than 105 ºC, the threshold current of type B laser 

was found lower than that of type A laser. We suggested that the reduced threshold 

current was due to the reduction of electronic leakage current and the improvement of 

hole injection into the active region at higher temperature when the high bandgap 

GaAs0.9P0.1 was inserted into the active region before the growth of p-type layers. The 

obtained high T0 value might be partially due to the decreased electronic leakage current 

and the slight increased threshold current at 25 ºC and monomolecular defect 

recombination [12]. 

6-4 Numerical analysis of InGaAsN/GaAsN laser characteristics 

 Founding on the experimental results that the high temperature performance was 

improved by inserting a high bandgap GaAs0.9P0.1 into the active region before the 

growth of p-type layers, we further theoretically investigated the effect of the high 

bandgap GaAs0.9P0.1 layer on the laser performance of the 4×1000 µm2 

In0.41Ga0.59As0.987N0.013/GaAs0.995N0.005 double-quantum-well laser. The threshold 

current and slope efficiency of type A and type B lasers obtained experimentally and 

numerically were depicted in Figure 6.8. For the specific study, the conduction/valence 

band offset ratio of GaAsP to GaAs was assumed 0.58/0.42 [28]. 
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Figure 6.8 Threshold currents and slope efficiencies of type A and type B lasers 

obtained experimentally and numerically. 

It was found that the simulation results could approximately fit in with the 

experiments. Results of numerical simulation also indicated that the use of GaAs0.9P0.1 

could beneficially improve the high temperature performance, and an increased T0 value 

from 107 to 130 K in a temperature range of 25–95 ºC was anticipated. Even though the 

T0 value was not much consistent with the experiments. The discrepancy of the slope 

efficiencies obtained from the simulations comparing to the experiments was due to the 

fact that we assumed the laser device was isothermal in simulation and the thermal 

effects were arduous to be completely considered. 

 The room-temperature energy band diagrams of type A and type B lasers were 

shown in Figure 6.9. The diagrams were obtained when the input current was 250 mA 

and the applied voltage was 1.63 V. The left-hand side of the diagrams was the n side of 

the laser structure and the dashed lines were quasi-Fermi levels. It was shown that the 

high-bandgap GaAs0.9P0.1 was in the p-side of the active region and acted as an 
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electronic blocking layer to prevent the electronic current overflow. However, a barrier 

height in the valence band of inserting the high-bandgap GaAs0.9P0.1, shown in figure 

6.9(b), was found and this might result in the difficulty of hole injection and the 

increased threshold current. The increased threshold current caused by inserting 

GaAs0.9P0.1 might also be attributed to the slight decrease of optical confinement factor 

from 7.4% to 7.2% and the blemished interface between GaAs0.9P0.1 and GaAs in crystal 

growth. 
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Figure 6.9 Room-temperature energy band diagrams of type A and type B laser 

structures near the QW active region. 

 Figure 6.10 illustrated the percentage of electronic leakage current obtained 

numerically as a function of device temperature for type A and type B lasers. The 

results were obtained when the devices were at an input current of 250 mA and the 

percentage of the electronic leakage current was defined as the ratio of the current 

overflowed to the p-type layer to that injected into the active region. Note that the 

percentage of electronic leakage current increased with device temperature for both 
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laser structures. With the help of the increased conduction band offset caused by 

inserting GaAs0.9P0.1, the percentage of electronic leakage current was apparently 

reduced and in turn decreasing the threshold current at higher temperature. When the 

device temperature was 95 ºC, there were 8.2% and 4.7% current overflow for type A 

and type B lasers, respectively, and the percentage of electronic leakage current 

increased more rapidly for the laser structure without the GaAs0.9P0.1. 
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Figure 6.10 Percentage of electronic leakage current obtained numerically as a function 

of device temperature for type A and type B laser structures. 
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Figure 6.11 Percentage of electronic leakage current of the laser structure without 

GaAsP and with GaAsP current blocking layer of P=10%–20% as a function of device 
temperature. 
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Figure 6.12 Numerical T0 value of the laser structure without GaAsP and with GaAsP 
current blocking layer of P=10%–20%. The T0 value was obtained in a temperature 

range of 25–95 °C. 

 To obtain a more favorable T0 value of the In0.41Ga0.59As0.987N0.013/GaAs0.995N0.005 

laser, we further theoretically discussed the effect of the high bandgap GaAsP layer 

with the P composition of 10%–20% on the laser performance. The T0 value might be 

improved if the electrons could be efficiently confined in the active region by the higher 

GaAsP bandgap. The percentage of electronic leakage current of the laser structure 

without GaAsP and with GaAsP current blocking layer of P=10%–20% as a function of 

the temperature was indicated in Figure 6.11. More electronic leakage current 

overflowing to the p-type layers with increased temperature for the laser structures with 

and without the high bandgap GaAsP was found, and the electronic leakage current was 

significantly reduced with increased P composition in GaAsP. As illustrated in Figures 

6.6 and 6.7, the slope efficiency and the high temperature performance were improved 

by inserting a high bandgap GaAs0.9P0.1 into the active region. It was find theoretically 

that the improved characteristics might be due to the reduced electronic leakage current. 
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with GaAsP current blocking layer of P=10%–20% in a temperature range of 25–95 °C. 

A better T0 value could be obtained when the P composition in the GaAsP increased. 

However, we wished to underscore that the better T0 value was obtained from the 

decreased threshold current at 95 °C due to the reduced electronic leakage current and a 

part of slightly increased threshold current at 25 °C. 

6-5  Summary 

The temperature dependent material gain properties of InGaAsN QW with 

GaAs1-xNx barrier of x=0–2% were numerically investigated, while the simulation 

results suggested that using GaAs1-xNx strain-compensated barriers with x value less 

than 0.5% might provide better optical gain properties. To obtain a temperature 

insensitive output performance of InGaAsN/GaAsN laser, a high-badgap 15-nm-thick 

GaAs0.9P0.1 electronic blocking layer was utilized. Experimental results showed that 

high temperature performance of the In0.41Ga0.59As0.987N0.013/GaAs0.995N0.005 lasers could 

be improved by inserting a high-badgap 15-nm-thick GaAs0.9P0.1 electronic blocking 

layer before the growth of p-type layers. While the T0 values of 155 K in a temperature 

range of 25–95 ºC and 179 K in a temperature range of 25–85 ºC for CW mode 

operation were obtained. Numerical simulation also suggested that the percentage of 

electronic leakage current was reduced with the appearance of high-bandgap GaAs0.9P0.1 

layer. The results obtained numerically also suggested that a more favorable T0 value 

could be obtained when the P composition in the GaAsP electronic blocking layer was 

in a range of 15%–20%.
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Chapter 7   Conclusion and future work  

In this dissertation, the improvement in operation performance of III-V 

optoelectronic semiconductor light emitting devices, including ultraviolet 

AlGaInN/GaN LEDs, 650-nm red resonant-cavity LEDs, 850-nm VCSELs, and 1.3-µm 

EELs were experimentally demonstrated and theoretically analyzed. Specifically, by 

optimizing the configuration of quantum well active regions in the four light-emitting 

devices, the respectively fabricated operation performances are expectedly improved. 

The results obtained numerically show that the improvement is mainly attributed to the 

better confinement of carriers in the quantum well active region. It is hoped that the 

works in this dissertation can stimulate the researchers having more inspiration and a 

better understanding in designing the structure of light-emitting devices. 

Future work 

(a) GaN-based RCLEDs and VCSELs 

Based on the well trainings in the MOCVD growth techniques, the semiconductor 

physics background, and the capability in modeling and designing the semiconductor 

device structures during my past engaging Ph.D. degree period, I will turn my research 

field into the design and fabrication of GaN-based RCLEDs and VCSELs. It is quite 

important to develop high-performance green–blue RCLEDs and VCSELs. For green 

RCLED, it can be used in the POFs, in which a minimum attenuation loss is observed at 

510 nm, and the device is much temperature insensitive. For blue RCLED and VCSEL, 

the high-direction and elliptic beam shape properties help the device to be used in the 

applications of optical fiber communication and data storage systems. However, recent 

development in the green–blue RCLEDs and VCSELs shows that there still has room to 

improve the device performance. The structure design and growth condition 
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optimization seem the most important. 

(b) Compound solar cells 

III-V compounds are the basic materials for modern optoelectronic devices. Apart 

from this, they often show superior properties compared to Si in the field of 

microelectronics, for example high-speed transistors. In the field of solar cells, GaAs 

has higher theoretical and practical efficiencies than Si. For multi-junction solar cells 

including InGaP, (In)GaAs, and Ge, they are known as super-high efficiency and are 

now of great significance for space applications and light concentrations. A 

concentrator photovoltaic (PV) system using high-efficiency solar cells is one of the 

important issues for the development of an advanced PV system. The production cost of 

multi-junction solar cells composed of III–V materials is higher than that of Si solar 

cells. However, the necessary cell size decreases with increasing concentration ratio, 

and the total cost of concentrator systems decreases. 

To date, I have made the conversion efficiencies of single p-n junction GaAs and 

InGaP solar cells up to 23% and 16.2%, respectively. The two-junction InGaP/GaAs 

tandem solar cell will have higher conversion efficiency if epitaxially combined by a 

tunnel junction. So, it is quite urgent to optimize the tunnel junction, while the 

constitution of tunnel junction can be p+-GaAs/n+-GaAs and 

p+-Al0.4Ga0.6As/n+-In0.5Ga0.5P. Hopefully, I can improve the efficiency of the 

two-junction InGaP/GaAs up to 27%. In the mean time, the single-junction GaAs and 

InGaP shall be optimized to have higher short-circuit current density (Jsc), open-circuit 

voltage (Voc), and fill-factor (FF) value. 
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