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氮化銦鎵/氮化鎵量子井聯合能態密度的變化及 V型結構對 
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摘 要       

 

由於 III-V 族氮化鎵具有較寬的材料能隙，再搭配銦及鋁成份的調變，其能隙可從

0.7eV 到 6.2eV，涵蓋了所有可見光的部分。因此 III-V 族氮化物適合作為發光二極體的

材料，近年來更被廣泛的應用在指示燈、顯示器的背光源及照明上，然而受限其磊晶基

板的選擇，目前較為普遍使用的藍寶石基板與氮化鎵材料存在著極大的晶格不匹配差

異，因此氮化鎵磊晶結構易形成密度高達 10
8
~10

10
cm

-2 的貫穿式差排。貫穿式差排一般

被認為是非幅射複合中心，會造成元件的發光效率下降，然而實際上氮化鎵藍光二極體

的發光效率並沒有顯著的下降，這些特徵被認為可能來自銦原子群聚現象所產生的影

響，並持續受到矚目。 

本研究是利用有機金屬氣相磊晶機台成長氮化鎵發光二極體元件並針對其複合機制

進行討論。我們引入一套自發性幅射光譜模型可用來描述磷化鋁鎵銦及氮化銦鎵發光二

極體之螢光光譜，並可直接透過元件之螢光光譜，得到其量子井之聯合能態密度分佈，

此方法所取得之聯合能態密度分佈與光電流量測所得到的吸收光譜相符。進一步的利用

聯合能態密度分佈分析不同波長之氮化物發光二極體(紫光、藍光、綠光)隨電流變化的

影響，發現波長隨電流增加所產生之藍移現象與聯合能態密度的變化息息相關。該現象

可以解釋為當外加電流時，量子井的極化現象受到額外注入的載子而產生屏蔽效應，進

而產生波長藍移。而低能態之聯合能態密度則是反應出銦原子群聚所形成之局部能態的

現象，並導致較寬的螢光光譜。 
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另外，透過變溫光激螢光及時間解析螢光光譜分析載子在氮化物發光二極體中之動態

行為。研究發現幅射複合的位置主要發生在銦聚集所形成之局部低能態，此局部低能態

可以有效的捕捉載子防止載子擴散至貫穿式差排的位置產生非幅射複合使得發光效率

下降。 

最後我們研究 V 型結構於量子井對氮化物發光二極體元件的影響。V 型結構是透過貫

穿式差排所形成，其側邊所形成之較窄的多重量子井結構可提供較大的能隙，防止一般

量子井中的載子與貫穿式差排產生非幅射複合。研究並指出，透過磊晶填平 V 型結構可

形成電流阻擋層，進一步抑制電流的注入貫穿式差排，因此氮化物發光二極體可透過此

磊晶結構的調整大幅的改善其發光效率。 
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Abstract 

 

 

The wide range of energy gaps in group-III nitride-based materials allows for adjustment of 

the direct band gap energies from 0.7eV to 6.2eV by varying the compositions of In and Al 

contents, including all visible energy. Therefore, among the many commercial applications of 

nitride-based light-emitting diodes (LEDs) include indicator lights, backlight displays and 

light bulbs. However, these devices typically have a high density of dislocations 

(10
8
–10

10
cm

-2
) that thread through active regions, due to the significant lattice mismatch 

between nitride epilayers and sapphire substrates. Although being identified as efficient 

nonradiative centers, threading dislocations do not significantly degrade the performances of 

LEDs. This feature is recognized as the effects of self-formed In-rich regions in InGaN 

quantum wells and continues to draw considerable attention, thus warranting further study. 

This work studies the recombination mechanism of InGaN LEDs grown by metal organic 

chemical vapor deposition. An analytical method is also developed for determining the optical 

joint densities of states of AlGaInP LEDs and InGaN LEDs. Capable of extracting the optical 

joint density of states, the proposed method can be obtained from photoluminescence (PL) or 

electroluminescence spectrum of the devices, results of which correlate with the absorption 

spectrum evaluated by photo current measurements. Furthermore, the optical joint densities of 
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states of three InGaN LEDs with different emission wavelengths (violet, blue and green) 

operated at various currents are examined. Experimental results indicate that the blueshift of 

the emissions with an increasing current is related to the variation in optical joint densities of 

states and can be attributed to the carrier screening of quantum-confined Stark effect induced 

by the piezoelectric field. Tails at the low-energy end of the density of states, corresponding to 

localized states, is found, and these tails broaden the spectra of the devices. 

Moreover, the carrier dynamic process of InGaN LEDs is investigated by using temperature 

dependence of PL and time-resolved PL. Experimental results indicate that the internal high 

efficiency of InGaN LEDs is mainly related to the spontaneously formed In-rich regions. The 

electron-hole pairs injected into wells typically drift to low-energy locations and then 

recombine radiatively rather than diffuse to dislocations. 

Furthermore, the extent to which V-shaped structures affect the internal quantum efficiency 

of nitride LEDs is investigated. The V-shaped structures are initiated at threading dislocations, 

subsequently enclosing them. Since quantum wells grown on the sidewalls of V-shaped 

structures are thin, electron and hole transition energy is higher than that of normal wells due 

to the quantum confinement effect. This increased energy functions as a potential barrier, 

preventing carriers in normal wells from diffusing into dislocations. Moreover, our sample 

contains an unintentionally formed current blocking mechanism, suppressing the current 

density in the region around dislocations. Since both possible paths have been blocked, 

electrically injected electron-hole pairs cannot generally reach the dislocations, reducing 

drawbacks associated with threading dislocations in nitride LEDs. 
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Chapter 1 Introduction 

 

 

Gallium nitride (GaN) is a wurtzite crystal structure with wide bandgap, 

high heat capacity, high breakdown voltage and high thermal conductivity [1]. 

Therefore, these materials are commonly used in many high power devices, such 

as detectors, high power amplifiers, high electron mobility transistors (HEMTs), 

light-emitting diodes (LEDs) and laser diodes (LDs) [2]. 

GaN of high crystalline quality can be obtained by using low temperature 

deposited buffer layer technology. This technology successfully led to the 

commercialization of high performance of nitride based devices. In recently 

years, nitride LEDs are widely used in many applications due to their special 

properties, such as outdoor display, backlighting, traffic signals and illumination. 

The dramatic increase of the development can be mainly attributed to the 

improvement of the light efficiency of these devices. However, due to the 

significant lattice mismatch between nitride epilayers and sapphire substrates 

(around 13%) [3], these devices typically have a high density of dislocations 

(10
8
–10

10
cm

-2
) that thread through active regions. Although threading 

dislocations have been identified as efficient nonradiative centers, the 

performances of LEDs are not significantly decreased by these dislocations [4]. 

Although much investigation of these structures has been reported in decades, 

the mechanism of emission luminescence is still much left unknown. Therefore, 

we aimed at the recombination mechanism of the nitride LEDs. In chapter 2, we 

introduced the experimental procedures of our research. The InGaN/GaN-based 

LEDs in our work were grown by using metal organic chemical vapor 
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deposition (MOCVD). Following crystal growth, the wafers were processed to 

form standard LEDs for electrical injection measurements. In chapter 3, a model 

for describing the shape of the spontaneous emission spectrum from a 

quantum-well structure [5] was presented. Based on this model, the coexisting 

carrier thermal broadening and effective band gap broadening in the 

spontaneous emission spectrum can be separated from each other. In chapter 4, 

the optical joint densities of states of three InGaN/GaN-based LEDs with 

different emission wavelengths (violet, blue and green) operated at various 

currents was investigated. The results indicate that the blueshift of the emission 

with increasing current is related to the variation in optical joint density of states. 

Thus, the blueshift is ascribed to the screening of the piezoelectric field by 

carriers [6]. A tail at the low-energy end of the density of states, corresponding 

to localized states, was found, and the presence of these tails broadens the 

spectra of the devices. In chapter 5, the recombination process in InGaN/GaN 

LEDs by temperature dependence of photoluminescence (PL) and time-resolved 

photoluminescence (TRPL) was investigated. The decrease of luminescence 

efficiency with temperature is related to the increase of radiative lifetime and 

decrease of nonradiative lifetime. Since threading dislocations which recognized 

as nonradiative center are locally distributed, the diffusion-controlled kinetic 

should be considered. Our results exhibited that the nonradiative lifetime is 

mainly attributed to the diffusion-controlled kinetic rather than 

Shockley-Read-Hall (SRH) theory and in agreement with the theoretical result. 

In Chapter 6, the influences of V-shaped pits on the internal quantum efficiency 

of nitride LEDs were investigated. The V-shaped pits are initiated at threading 

dislocations and, thus, enclose them. Since quantum wells grown on the 

sidewalls of V-shaped pits are thin, electron and hole transition energy is higher 
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than that of normal wells due to the quantum confinement effect. This increased 

energy acts as a potential barrier, preventing carriers in normal wells from 

diffusing into dislocations. Moreover, an unintentionally formed current 

blocking mechanism exists in our sample, and can suppress the current density 

in the region around dislocations. Since both possible paths have been blocked, 

electrically injected electron-hole pairs cannot generally reach the dislocations 

and, thus, the drawbacks associated with threading dislocations in nitride LEDs 

are effectively reduced. 
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Chapter 2 Background 

 

 

2.1 Epitaxial technique 

Many epitaxial techniques are available for growth of semiconductor 

materials, such as liquid-phase epitaxy (LPE), hydride vapor-phase epitaxy 

(HVPE), molecular-beam epitaxy (MBE), chemical-beam epitaxy (CBE) and 

metal organic chemical vapor deposition (MOCVD) [1]. In recent years, high 

quality epitaxial III-V films and heterostructures for devices have been 

accomplished by MOCVD technique. MOCVD is a nonequilibrium growth 

technique relies on vapor transport of the precursors and subsequent reactions of 

group III alkyls and group V hydrides in a heated zone. This technique 

originated from Manasevit (1968) who demonstrated that triethylgallium (TEGa) 

and arsine deposited single crystal GaAs pyrolytically in an open tube 

cold-water reactor. Manasevit (1960) [2-4] and Hess (1979) subsequently 

expanded the use of this technique for growth of GaAsP, GaAsSb, and Al 

containing compound. Today, the MOCVD techniques are frequently used for 

commercial production operations.  

2.2 MOCVD  

In this study, MOCVD Aixtron 200/4 RF-s was used [5], as shown in Fig. 

2.1. It is a system for epitaxial growth of uniform layers of all III-V and nitride 

semiconductors. It can be used in research and development as well as in 

production areas. The chemical reaction of GaN is using triethylgallium (TEGa) 

or trimethylgallium (TMGa) and ammonia (NH3) as source gases for group III 

and V species, respectively. The precursors are carried to the reaction chamber 
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by a carrier gas such as hydrogen (H2) or nitrogen (N2). Figure 2.2 shows the 

basic reaction GaN and can be briefly described as below:  

  4333 3CHGaNNHCHGa   ................................................................ (1.1) 

The precursors do not mix until they reach the chamber, as shown in Fig. 

2.3, and the chemical reaction of precursors can occur at the surface of the 

substrate by controlling the temperature of the substrate. The substrates usually 

rests on a block of graphite called a susceptor (Fig. 2.4) that can be heated by a 

radio frequency (RF) coil, as shown in Fig. 2.5. The reactor of the MOCVD is a 

chamber of a material that does not react with chemicals being used. It must 

withstand high temperatures. This chamber is composed of liner, a susceptor, gas 

injection units, and temperature control units. The cooling water must be 

flowing through the channels within the reactor walls to prevent overheating. In 

chamber, only the susceptor is heated that gases do not react before they reach 

the wafer surface. To enhance the uniformity of the deposited films, a rotating 

susceptor was used. The horizontal reactor permits the handling of up to 1 x 4 

inch wafers and the pressure of the system can be pumped from 1000 to 10
-3

 

mbar. The wafer size we used is 2 inch. Basically, the reactor is operated under 

50~100 mbar. The rotation rate is kept in 100~120 rpm and controlled by gas 

flow while the epilayers were growth. The MO sources enter the reactor 

chamber by carrier gases and stream outward across the deposition zone. In the 

same time, the susceptor is heated and the deposition reactions on the substrate 

occur. It is heated with an RF-Coil using the reaction of RF-Frequency 

generated by an RF-Generator and an oscillator. The temperature can be heated 

to 1150 ℃ and measured by a lightpipe. During growth process, the growth-rate 

and crystalline quality of the epilayers can be observed directly by the In-situ 
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reflectometry, as shown in Fig. 2.6. It is used to monitor the reflectance between 

substrate and epilayers [6,7]. 

2.3 Photoluminescence 

   Photoluminescence (PL) is a process in which a substance absorbs photons 

and then re-radiates photons, as shown in Fig. 2.7. In quantum mechanism, this 

can be described as an excitation to a higher energy state and then a return to a 

lower energy state accompanied by the emission of a photon. Therefore, PL can 

be used as a break-less analysis technology which can reveal the band gap and 

the carrier transportation behaviors of materials. This is an important technique 

for measuring the purity and crystalline quality of semiconductor such as GaAs, 

InP and GaN. In this work, the samples were exited by a 325nm HeCd laser. In 

addition, some variation of PL measurements was used, such as 

photoluminescence excitation (PLE) and time-resolved photoluminescence 

(TRPL). 

2.4 Electroluminescence 

   Electroluminescence (EL) is an optical phenomenon and electrical 

phenomenon in which a material is produced by current injection and usually 

measured on processed samples, as shown in Fig. 2.8. It is produced when an 

electric current is passed through a semiconductor and as excited electrons pass 

over these holes, they are emitted into the free air as particles known as photons. 

EL is the results of radiative recombination of electrons and holes in a material. 

2.5 Scanning electron microscope 

   Scanning electron microscope (SEM) is images a sample by scanning it with 

a high-energy beam of electrons. SEM is one of the widely used tools of modern 

science for studying morphology and composition of biological and physical 

materials. It is used to measure the surface properties such as surface topography, 
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composition and electrical conductivity. Moreover, the images of the 

measurement can magnify up to 100,000x without the need for extensive sample 

preparation and without damaging the sample. In this work, the JSM-7000F 

SEM was used. 

2.6 Transmission electron microscopy 

   Transmission electron microscopy (TEM) is a microscopy technique that 

uses electron beams instead of light to transmit through a very thin film and 

images the resolution of the thin film allowing for magnification of up to 

100,000x and nanometer range. This technique was developed in the 1930s 

when scientists observed that electrons can be used instead of light to "magnify" 

objects or specimens under study. 
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Fig. 2.1 MOCVD Aixtron 200/4 RF-s 

 

 

 

Fig. 2.2 Deposition process 
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Fig. 2.3 Reactor of MOCVD 

 

 

 

 

Fig. 2.4 Sapphire substract and susceptor 

 

 



 

12 

 

 

Fig. 2.5 RF-Coil and lightpipe 

 

 

 

      Fig. 2.6 In-situ reflectometry 
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Fig. 2.7 PL measurement 

 

 

 

 

Fig. 2.8 EL measurement 

 

 



 

14 

 

Chapter3 Spontaneous emission spectrum in light-emitting 

diodes 

 

 

3.1 Introduction 

This work presents a model for describing the shape of the spontaneous 

emission spectrum from a quantum-well structure [1]. A function is introduced 

to specify the probability distribution for the effective band gap. Based on this 

model, the coexisting carrier thermal broadening and effective band gap 

broadening in the spontaneous emission spectrum can be separated from each 

other. Applying this model to the spectra of AlGaInP light-emitting diodes 

(LEDs) reveals that the probability distribution functions are almost obtained by 

Gaussian function. Therefore, the emission spectra can be described by an 

analytical expression with fitted parameters. Possible reasons for this band gap 

broadening are discussed. The determination of the junction temperatures from 

the emission spectra and possible deviations of the results thus determined are 

also elaborated. 

3.2 Optical joint density of state 

   To fully understand the spontaneous emission spectrum, the definition of 

optical joint density of state is described. The optical joint density of state is the 

density of allowable transition states that satisfy the k-selection rule, or 

equivalently, the density of states for electron-hole pairs. Thus, the definition of 

density of states in quantum well should be discussed. First, the density of 

allowed quantum states for a free electron as a function of energy in 

three-dimensional can be written as:   
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To further consider the density of allowed states for electron-hole pair, an 

electron-hole recombination process is discussed. Figure 3.1 shows the 

dispersion relation of electrons in conduction band and holes in valence band. 

Thus, the photon energy can be written as the joint dispersion relation: 
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where rm  is the reduced mass given by 
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using the joint dispersion relation 
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In two-dimensional system, the density of states is a step function, as shown in 

Fig. 3.2, and the optical joint density of states can be calculated 
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Therefore, the optical joint density of states in two-dimensional can be written 

as 
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where rm  is the reduced mass of an electron-hole pair and )( gEhu  is a 

step-function. 

3.3 Spontaneous emission 

For a direct band gap semiconductor, the spontaneous emission rate can be 

written as [2]: 
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where r is the radiative lifetime of electron-hole recombination, )(  h  is the 

optical joint density of state, )( hfe  is the occupancy probability of 

electron-hole pairs [3]. Since the occupancy probability of electrons )( 2Ef  in 

conduction band and the occupancy probability of holes )](1[ 1Ef  in valance 

band are both obtained by the Boltzmann distribution, as shown in Fig. 3.3, the 

occupancy probability of electron-hole pairs can be written as 
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where fpfn EE  is the separation between the quasi-Fermi energies of the electron 

and the hole. Since hEE  12 , the Eq 3.14 can be rewritten as  
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Therefore, we have the spontaneous emission rate in low level injection 
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Using the optical joint density of states in three-dimensional (Eq. 3.8) and 

two-dimensional (Eq. 3.11), the spontaneous emission rate can be rewritten as  
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Therefore, the spontaneous emission spectrum of LEDs can be fully ascribed by 

the multiplying of optical joint density of states and Boltzmann distribution, as 

shown in Fig. 3.4. 

3.4 Absorption 

For a direct band gap semiconductor, the absorption coefficient can be 

written as: 
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Since optical joint density of states is a factor of absorption coefficient, the 

optical joint density of states of LEDs can be obtained from absorption 

spectrum.  

3.5 Emission spectrum  

To verify the theoretical theory, an AlGaInP LED with varying temperature 

(120K to 400K) measured at 10mA was discussed. Figure 3.5 shows the wafer 

structure of the sample which has an n-type GaAs substrate, a 390-nm-thick 

n-type Al0.5In0.5P hole-blocking layer, 65 pairs of multiple quantum wells 

(MQWs), each of which comprises a 3.3 nm (Al0.3Ga0.7)0.5In0.5P well / 2.9 nm 

(Al0.58Ga0.42)0.5In0.5P barrier, a 517-nm-thick p-type Al0.5In0.5P electron-blocking 

layer, and a 9.38-μm-thick p-type GaP current spreading layer. The sample 

made from the wafer had an area of 225×225 μm
2
 and a height of 180 μm. The 

sample was mounted onto a heat sink using a metal solder. The heat sink was a 

Bergquist thermal clad substrate with an area of 3×3 cm
2
 and a height of 0.2 cm. 

The device spectra were obtained by placing the device onto the sample holder 

of a cryostat, electrically driving the device, collecting the top emission using a 

microscope, and then analyzing the wavelength-dependent energy spectral 

density functions P(λ) using a monochromator and a silicon photodetector. The 

overall system wavelength-dependent response comprised of the responsivity of 

the silicon photodetector and the reflectivity of the grating was taken into 

account. Figure 3.6 presents the spectra of the sample that was operated at 10 

mA, at temperatures from 120 to 400 K in steps of 20 K. As the ambient 

temperature increased, the peaks were redshifted and the intensities attenuated. 

As each photon represents a transition event in the active layer, the photon 

density spectrum is more useful than the power spectrum in obtaining 

information about spontaneous emission and the related phenomena. P(λ) was 
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then transformed to the corresponding frequency-dependent energy spectra 

P(hv), according to P(hv)=(λ
2
/hC0)P(λ), where C0 is the speed of light in a 

vacuum and h is Planck’s constant [6].  

The relative photon density spectra r(hv) were then obtained using r(hv)= 

P(hv)/hv, and the results are plotted as solid curves on a semi-log scale in Figs. 

3.7. As indicated by the solid curves in Figs. 4, although the ambient 

temperature covers a rather wide range (from 120 to 400 K), the slopes of the 

low-energy tails of the measured spectra do not change appreciably with the 

temperature. This fact is consistent with Eq. 3.16, which states that the 

low-energy tails of these spectra depend strongly on the broadening of the band 

gap but weakly on the junction temperature. In contrast, the high-energy tails of 

these spectra are accurately described by straight lines whose gradients depend 

strongly on the temperature. Thus, the junction temperatures can be obtained 

from the high-energy tails of the spectra. Figure 3.8 shows the EL spectrum of 

the sample at 300K and the dashed line revealed that the junction temperature is 

around 307.65K, which is very close to the ambient temperature. Figure 3.9 

plots the junction temperatures obtained from the gradients, which are very close 

to the ambient temperatures. This result agrees with the theoretical theory and 

this method can be applied to measure the junction temperatures from emission 

spectra. Furthermore, it was also observed that the optical joint densities of 

states of the sample shift toward higher energy with decreased of temperature, as 

shown in Fig. 3.10. This result indicated that the shift of the emission spectrum 

was obtained by the Varshni equation. 

3.6 Photo current 

Furthermore, the photo-current measurement was used to investigate the 

absorption spectra of LEDs. Three AlGaInP LEDs with different wavelength 
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(red, yellow and yellow-green) were used. The wafer structure of the samples 

which has an n-type GaAs substrate, a 600-nm-thick n-type Al0.5In0.5P 

hole-blocking layer, a 600-nm-thick p-type Al0.5In0.5P electron-blocking layer, 

and a 11μm-thick p-type GaP current spreading layer. The emission wavelength 

and distributed Bragg reflector (DBR) for each sample was to adjust the 

structure of MQWs, as shown in Fig. 3.11, Fig. 3.12 and Fig. 313. 

Figure 3.14 to figure 3.16 shows the photo-current spectrum under varying 

reverse bias (0V, -5V, -10V) and EL spectrum measured at 20mA. The photo 

current spectrum shows independent with reverse bias. It is indicated that the 

MQWs of the samples are in the depletion regions, thus, when laser excited the 

electron-hole pairs in MQWs, both electrons and holes will sweep out toward 

n-type layer and p-type layer, respectively. At low energy tail, the photo current 

spectrum shows similar feature with the EL spectrum. That is due to the optical 

joint density of state is a factor of the absorption spectrum and emission 

spectrum (Eq. 3.12 and Eq. 3.19). On the other hand, the increased of the photo 

current spectrum with interference can be attributed the existence of the DBR 

under n-type layer. Therefore, the penetrated laser form MQWs can be reflexed 

to MQWs and reabsorbed. The intensity of the reflection and the width can be 

simulated from the index of the sample structures, as shown in Fig. 3.17. 

Moreover, both of the intensity of the photo current spectra decreased when 

Eg>2.3eV. The reason of the decrease of the intensity can be explained by the 

absorption of the GaP. As we assumed that the absorption spectrum of the 

MQWs is a step function, the absorption spectrum of GaP can be obtained from 

the dividing the step function and photo current spectrum, as shown in Fig. 3.18, 

Fig. 3.19 and Fig. 3.20. Despite the influence of the DBR and absorption of GaP, 

the photo current spectrum shows the same feature with the optical joint density 
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of states obtained from the EL spectrum. This result indicated that the  

3.7 Conclusion 

This work presents a model for describing the spectra of quantum wells. 

The carrier temperature can be determined from the high-energy tail of the 

spectrum and the probability distribution function can be deduced by further 

numerical processing. This model was applied to an AlGaInP LED, and the 

measured carrier temperatures were found to be very close to the temperatures. 

This finding is important evidence of the validity of the proposed model. Two 

methods are used to obtain the optical joint density of states of the samples. The 

optical joint density of states can be obtained by dividing the emission spectrum 

by the Boltzmann distribution function or measured by the photo current 

measurement. 
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Fig. 3.1 Dispersion relation of electron-hole recombination and phonon emission
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Fig. 3.2 Density of states in two-dimensional 

 

 

 

Fig. 3.3 Theoretical emission spectrum in two-dimensional quantum structure 
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Fig. 3.4 Theoretical emission spectrum of an LED 
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Fig. 3.5 Sample structure of an AlGaInP LED 
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Fig. 3.6 Power spectra of the LED measured at 10 mA, and the temperature 

ranges from 400 to 120 K 

 

 

Fig. 3.7 Photon density spectra measured at 10 mA on a semi-log scale and the 

temperature ranges from 400K to 120K 
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Fig. 3.8 Junction temperature obtained from gradients of high-energy tails in an 

EL spectrum at 300K  

 

 

Fig. 3.9 Dependences of junction temperatures on ambient temperatures 

obtained from gradients of high-energy tails 
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Fig. 3.10 Temperature dependence of optical joint densities of states from 400K 

to 120K 
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Fig. 3.11 Sample structure of the red LED 

 

Fig. 3.12 Sample structure of the yellow LED 
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Fig. 3.13 Sample structure of the yellow-green LED 
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Fig. 3.14 Photo current spectrum and EL spectrum of the red LED 
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Fig. 3.15 Photo current spectrum and EL spectrum of the yellow LED 
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Fig. 3.16 Photo current spectrum and EL spectrum of the yellow-green LED 
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Fig. 3.17 Simulation of the DBR  
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Fig. 3.18 Absorption spectrum of GaP in red LED 
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Fig. 3.19 Absorption spectrum of GaP in yellow LED 
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Fig. 3.20 Absorption spectrum of GaP in yellow-green LED 
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Chapter 4 Optical joint density of states in InGaN/GaN 

multiple-quantum-well light-emitting diodes 

 

 

4.1. Introduction 

Because of the wide range of energy gaps in group-III nitride-based 

materials, InGaN/GaN-based multiple quantum wells (MQWs) have been used 

in a broad range of emission wavelengths, such as blue, green and yellow 

light-emitting diodes (LEDs) [1]. Although the number of applications of these 

devices has increased in the past decade, their special features still attract 

considerable attention. For example, despite their high dislocation density 

(typically in the range 10
8
-10

10
 cm

-2
), their luminescence efficiency is peculiarly 

higher than expected [2]. Also, a large Stokes-like shift occurs between the 

emission peak and the absorption edge, and this shift correlates with indium 

content [3]. Many studies have confirmed that indium atoms are important to 

these phenomena [4]. Since localized states that result from self-organized 

In-rich regions are regarded as quantum dots [5] or quantum disks [6], 

electron-hole pairs are likely associated with the localized states rather than 

being transferred to threading dislocations that act as nonradiative centers [7,8]. 

Additionally, the quantum-confined Stark effect (QCSE) that is caused by the 

piezoelectric field has been found to have a large influence on the emission [9]. 

Because of a large lattice mismatch between GaN and InGaN, a strong 

strain-induced piezoelectric field tends to shift the quantum-confined level to 

lower energy [10]. However, the reasons for the blueshift of the emission peak 

with increasing current and the anomalous broadening of the full width at half 
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maximum (FWHM) are still under debate. Since both the photoluminescence 

(PL) and the electroluminescence (EL) peaks are at the absorption tail, some 

researchers have suggested that the blueshift results mainly from the band filling 

effect of the localized states that correspond to the formed In-rich regions [11]. 

Others have argued that the blueshift is related to the screening of the 

piezoelectric field by carriers [12]. Chichibu et al. [13] argued that the blueshift 

is a combined effect of band filling of localized states and screening of the 

QCSE. Notably, most related studies have used PL excitation (PLE) to obtain the 

absorption spectrum. However, the electrically injected carriers and the 

corresponding emission prevent the absorption spectrum from being obtained 

under large forward bias. Therefore, the band filling effect of localized states 

and the piezoelectric effect with a forward current are difficult to determine, and 

definitive explanations of the blueshift and anomalous increase in the FWHM 

are still unavailable. On the other hand, the reason of S-shift 

(redshift-blueshift-redshift) in InGaN/GaN LEDs with varying temperatures is 

also need more evidence. The explanation of the S-shift has been study for many 

decades [14,15]. The recombination mechanism of the InGaN LEDs in different 

temperature ranges can be explained as follows: (i) For T<50K, since radiative 

lifetime at the lowest temperature is fast and dominant the recombination 

process, carriers should recombination radiatively in quantum states before relax 

down into localized states. Thus, when temperature further increased, carriers 

relax into localized states and induce emission peak decreased. (ii) For 

50K<T<150K, since carriers are recombined in localized states and the 

occupation of probability in each state by an electron-hole pair should obtained 

by Boltzmann distribution function. Thus, when temperature increased, the 

occupation of probability at higher states should increase and induce emission 
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peak increased. (iii) For T>150K, since temperature induced band gap shrinkage 

dominate the emission peak, the emission peak decrease with increasing 

temperature [16-19]. However, the research of these current and temperature 

induced peak shift has left many questions unanswered, more work must be 

done. 

This work presents a method for determining the optical joint density of 

states of nitride-based LEDs using an EL spectrum instead of a PLE. The 

proposed method of extracting the optical joint density of states is to divide the 

EL spectrum by the Boltzmann distribution function, to determine the effect of 

current on the blueshift and the increase in the FWHM [20]. Similar methods, in 

the form of relations among spontaneous emission, absorption and gain spectra, 

have been extensively used in studying the details of InGaAsP, AlGaAs, InGaAs 

and GaAs laser diodes in various aspects [21-28]. Besides, the authors have 

successfully explained the carrier dynamics, the redshift of the edge emission, 

the junction temperature and the broadening of the emission spectrum of 

AlGaInP LEDs by using this method [29,30]. All of these successful precedents 

justify the method used in this paper. The samples investigated herein are 

commercial products that were grown on c-plane sapphire substrates by metal 

organic vapor deposition. Three InGaN/GaN-based light-emitting diodes with 

different emission wavelengths (violet, blue and green) were adopted. To obtain 

their spectra, the devices were placed on a heat sink and operated in pulsed 

mode with a frequency of 1000Hz and a duty cycle of 10% to diminish any 

possible effect of Joule heating. Thus, the junction temperatures of the measured 

devices were determined only by the environment, and the corresponding 

Boltzmann distribution functions are obtained from the ambient temperatures. 

4.2 Current dependent of emission spectra 
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Figure 4.1 presents the normalized EL spectra of the samples under various 

currents at 300K. The peaks shifted to higher energy as the current increased, 

and the degree of shift was correlated with the indium content. From 10mA to 

80mA, the blueshifts for the violet, blue and green LEDs were 0meV, 19meV 

and 37meV, respectively. The FWHM for the violet, blue and green LEDs were 

89meV, 140meV and 160meV, respectively, indicating that the FWHM was 

strongly correlated with the indium content but weakly correlated with current 

density. Similar results concerning the blueshift and the increase in the FWHM 

have been observed in many studies, including those mentioned above. 

To determine how localized states and piezoelectric field affect the spectrum 

under various currents, the optical joint densities of states of these devices are 

determined under various currents from the measured spectra. The spontaneous 

emission spectrum of an LED is [20,29,30] 

    KT
h

ehhr





  .................................................................................... (4.1) 

where   h  is the optical joint density of states, which is the density of 

allowable transition states that satisfy the k-selection rule, or equivalently, the 

density of states for electron-hole pairs, and KT
h

e


 is the Boltzmann 

distribution function, which describes the probability of occupation of each state 

by an electron-hole pair. Generally, the optical joint density of states has the 

same mathematical form as the electron (hole) density of states, except in that 

the effective mass of electron (hole) should be replaced by the reduced mass of 

electron-hole pairs [20]. Thus, when the optical joint density of states is obtained, 

the characteristics of the electron and hole densities of states are also obtained, 

and the optical joint density of states can easily be deduced from the 

spontaneous emission spectrum by merely dividing the emission spectrum by 
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the Boltzmann distribution function. Notably, such a method is preferable to 

PLE, since PLE obtains the optical joint density of states via an absorption 

spectrum, which cannot be obtained at large forward bias. Figure 4.2 shows the 

relative optical joint densities of states obtained from the EL spectra. All of these 

curves show two distinct regions – a low-energy tail and a high-energy region, 

where the density of states increases steeply with increasing energy. Since the 

low-energy tails of all of these samples are independent of current, the tails are 

attributed to the formation of localized states. In contrast, the steep increase of 

the density of states in the high-energy region indicates that these states 

correspond to the unlocalized states of the two-dimensional quantum structure 

[25], and its characteristics depend strongly on the samples. The violet LED 

yields the largest slope among these samples, and its density is independent of 

current; for blue and green LEDs, the curves of densities strongly depend on 

current, and their slopes increase with the current, as revealed by the linear fitted 

dashed lines. These dependences of density on both the sample and the current 

can be explained by the effect of the piezoelectric field and the screening of this 

field by carriers. The large amount of indium in the wells in blue and green 

LEDs makes the piezoelectric field therein wells significant. This field tilts the 

potential of the quantum well, as shown in Fig. 4.3(a), and electrons and holes in 

the same well should be spatially separated on opposite sides of the well. Thus, 

both the electron-hole wave-function overlap and the effective band gap of the 

well are decreased [32]. As the operating current was increased, the number of 

carriers in the wells increased, and the piezoelectric field drove the carriers to 

screen the field itself. Therefore, both the wave-function overlap and the band 

gap energy increased, as shown in Fig. 4.3(b). S. F. Chichibu et al. [33] and C. K. 

Choi et al. [34] reported similar results. Their results reveal that the slope of the 
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absorption edge is determined by the piezoelectric field and can be screened by 

increasing the Si-doping concentrations in the barriers. 

Since the slopes of the densities of states in the high-energy region depend 

on current, the blueshift of the spectra may be attributed to this phenomenon. To 

examine quantitatively this possibility, the densities of states of blue and green 

LEDs at various currents were approximated by the linear fitted dashed lines 

plotted in Fig. 4.2; then, the theoretical emission spectra were obtained by 

multiplying these fitted curves by the Boltzmann distribution function, as shown 

in Fig. 4.4. Figure 4.5 presents the blueshifts that were obtained from these 

theoretical spectra and from the experiment. The agreement between these two 

sets of data clearly demonstrates the proposed cause of the blueshift, and 

provides evidence of the screening of the piezoelectric field by carriers. 

However, the FWHMs of the simulated spectra are lower than those obtained 

experimentally, as shown in Fig. 4.6. This discrepancy results from the linear 

approximations of the densities of states that wholly ignored the existence of 

localized states in the low-energy tails [5]. Although these localized states are 

known to be independent of current, as mentioned above, they still contribute 

appreciably to the emission spectra. In fact, the low-energy sides of the EL 

spectra are determined by the energy distribution of these localized states. Thus, 

as the indium content is increased, the low-energy tail should be further 

extended, and the corresponding FWHM of the emission spectrum should 

increase.  

In summary, the optical joint densities of states of three InGaN/GaN-based 

LEDs with different emission wavelengths were determined at various currents. 

The optical joint density of states has two distinct regions, a high-energy region, 

which corresponds to the unlocalized quantum well states and a low-energy tail, 
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which corresponds to the localized states. As the operating current is increased, 

the slope of the density of states at high-energy region increases with the 

screening of the piezoelectric field. This fact causes the peak of the EL spectrum 

to blue-shift with increasing current. The low-energy tail of the optical joint 

density of states determines the extension of the low-energy side of the EL 

spectrum, and this fact explains the anomalous increase in the FWHM of the 

emission of nitride-based LEDs. Furthermore, both of these effects are enhanced 

by increasing indium content, which relationship is responsible for the increase 

in blueshift and FWHM with the emission wavelength of the device. 

4.3 Temperature dependent of emission spectra 

Figure 4.7 presents the normalized PL spectrum of the sample with varying 

temperatures from 20K to 340K. Figure 4.8 shows the S-shaped variation with 

temperature. The peak energy shifts from 2.76eV to 2.75eV when temperature 

increased from 20K to 80K, and shifts to 2.76eV when temperature increased to 

200K. The peak energy shifts to 2.744eV when temperature further increased to 

340K.  

To further understand the S-shaped shift of the emission peak under various 

temperatures, the optical joint densities of states of the sample are determined 

under various temperatures from the measured spectra. Figure 4.9 shows the 

relative optical joint densities of states obtained from the PL spectra with 

varying temperature. Similar to the optical joint densities of states obtained from 

the EL spectra, these curves also show two distinct regions – a low-energy tail 

and a high-energy region. According to the previous result, the low-energy tails 

are attributed to the formation of localized states and the steep increase of the 

density of states in the high-energy regions are attributed to the unlocalized 

states of the two-dimensional quantum structure. Here, the unlocalized states of 

the two-dimensional quantum structure can be linear fitted as shown in Fig. 4.10. 
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To further consider the effects of the emission peak by these two regions, the 

theoretical emission spectra of these two regions were obtained. The theoretical 

emission spectra of the two-dimensional quantum structure were obtained by 

using the fitted dish lines multiplying the Boltzmann distribution function, as 

shown in Fig. 4.11. On the other hand, the optical joint densities of states of 

localized states can be obtained by divided from the origin optical joint densities 

of states and linear fitted lines as shown in Fig. 4.12. The theoretical emission 

spectra of localized states were obtained by multiplying the Boltzmann 

distribution function, as shown in Fig. 4.13. 

To further compare these two theoretical emission spectra with varying 

temperatures, the theoretical emission peak of the localized states shows 

S-shaped shift, however, the theoretical emission peak of the two-dimensional 

quantum structure shows only redshifts, as shown in Fig. 4.14. This result 

indicates that the S-shaped shift is mainly attributed to the localized states and 

can be explained by the delocalization of excitons out of potential minima. The 

emission spectrum corresponded to the quantum structure is only affected by the 

Varshni redshift of the band gap energy. Furthermore, when the temperature 

increased to 200K, the emission peak positions are contributed by both localized 

states and quantum structure and redshifts with temperature. The value of the 

shifts is smaller than the theoretical emission peak of the localized states, which 

indicated that the emission spectrum corresponded to the unlocalizated 

two-dimensional quantum structures become to dominate the PL emission peak.      

In summary, the optical joint densities of states of a nitride-based LED were 

determined with varying temperatures. The optical joint density of states can be 

divided into two regions, a low-energy tail is attributed to the localized states 

and a high-energy tail is attributed to the unlocalized states of the 

two-dimensional quantum well. The theoretical emission spectra of the two 

regions were obtained by multiplying the Boltzmann distribution function 

separately. Since the Boltzmann distribution can not be used in the lowest range 
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of temperatures due to the thermal equilibrium could not be obtained. Thus, the 

optical joint densities of states in the range of temperature were not discussed. 

As temperature in the range of 80K to 200K, the emission spectrum 

corresponded to localized states dominates the PL emission peak, as shown in 

Fig. 4.15(a). The emission peak energy increased with temperature, which 

results the PL emission peak blue shift. This phenomenon can be explained by 

the delocalization of excitons out of potential minima. As temperature higher 

than 200K, the emission spectrum corresponded to the two-dimensional 

quantum well becomes to dominate the PL emission peak, as shown in Fig. 

4.15(b). The emission peak energy was decreased with temperature, which 

results in the Varshni redshift of the band gap energy. In conclusion, the model 

for describing the spectra of quantum wells can be used not only to explain the 

blueshift of emission with varying currents but also explain the S-shift with 

varying temperatures in nitride LEDs. 
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Fig. 4.1. EL spectra of (a) violet, (b) blue, and (c) green InGaN/GaN-based 

LEDs at various currents from 10 to 80 mA at 300K. Emission peak shifts in 

the three spectra are 0 meV, 19 meV, and 37 meV, respectively 
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Fig. 4.2. Relative optical joint density of states in violet, blue, and green LEDs 

under currents from 10 to 80 mA, calculated by dividing EL spectra by thermal 

distribution 
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Fig. 4.3. Band diagrams and wave functions of elections and holes under (a) 

piezoelectric field and (b) screened piezoelectric field 
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Fig. 4.4. Theoretical emission spectra obtained by two-dimensional quantum 

structure at various currents from 10 to 80 mA at 300K 
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Fig. 4.5. Experimental and theoretical EL peak shifts with current in blue (green) 

LED are denoted by solid circles (solid squares) and open circles (open squares), 

respectively 
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Fig. 4.6. The FWHMs of the experimental spectra and simulated spectra for 

violet, blue and green LEDs 
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Fig. 4.7. PL spectra of an LED at various temperatures from 20 to 340K 
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Fig. 4.8. The emission peak positions of the PL spectra at various temperatures 

from 20 to 340K 
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Fig. 4.9. Relative optical joint density of states under temperatures from 20 to 

340K, calculated by dividing PL spectra by thermal distribution 
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Fig. 4.10. The linear fitted lines of the steep increased of optical joint density of 

states at 140K, 240K and 340K 
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Fig. 4.11. The theoretical emission spectra obtained by two-dimensional 

quantum structure from 20 to 340K 
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Fig. 4.12. The optical joint density of states with eliminating linear fitted lines at 

140K, 240K and 340K 
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Fig. 4.13. The theoretical emission spectra obtained by localized states from 20 

to 340K 
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Fig. 4.14. The peak positions of experimental emission spectrum and theoretical 

emission spectrum obtained by two-dimensional quantum structure and 

localized states from 60 to 340K 
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Fig. 4.15. The experimental emission spectrum and theoretical emission 

spectrum obtained by two-dimensional quantum structure and localized states at 

(a) 140 K and (b) 340K 
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Chapter 5 Diffusion-controlled effects of luminescence 

efficiency in InGaN/GaN light-emitting diodes 

 

 

5.1. Introduction 

In this chapter, the influence of the dislocation in nitride LEDs was 

investigated. Although much investigation of dislocations, which are recognized 

as nonradiative centers, has been reported in decades, the mechanism of 

emission luminescence is still much left unknown. The most attractive feature is 

the peculiarly high luminescence efficiency despite high dislocation density 

(typically in the range of 10
8
-10

10
 cm

-2
) [2,3]. Many studies have addressed that 

the reason for the high efficiency is attributed to the formation of localized states 

which are formed by self-organized of In-rich regions in wells. Therefore, 

excitons are more likely associated with localized states and recombine 

radiatively rather than captured by dislocations and then recombine 

nonradiatively [4]. On the other hand, some groups suggested that the 

dislocation provides an inner potential barrier to prevent carriers to be captured 

into it while it gathers a large number of negative charges and the potential 

barrier can be estimated by using Shockley-Read-Hall (SRH) theory [5,6]. It 

should be noticed that this theory has been widely used to investigate the 

thermal quenching mechanism [7], such as quantum dots, quantum wells or 

point defects. However, P. Ščajev et al. [8] argued that the diffusive flow of 

carriers to grain boundaries may lead to interface recombination at dislocations, 

thus, carriers should diffuse toward the dislocations before captured by 

dislocations. Similar to the chemical reaction process, diffusion of reactants 
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should be involved until they encounter each other in the right stoichiometry and 

from an activated complex. Also, the observed rate of chemical reactions is the 

rate of the slowest step. In diffusion controlled reactions, when the formation of 

activated complex is much faster than the diffusion of reactants, the rate is 

governed by diffusion. Such investigation have been report by Wight et al.[9] by 

using diffusion-controlled kinetics to explain the recombination process for 

line-sink defects (dislocations) in n-type GaP, as shown in Fig. 5.1, and S. Y. 

Karpov et al.[10] used the two-dimensional steady-state diffusion equation to 

estimate the light emission efficiency in GaN. Moreover, this phenomenon, the 

inhomogeneity of dark regions which present the locations of threading 

dislocation, can be observed by cathodoluminescence (CL) images and provides 

that diffusion process may be an important role in the nonradiative 

recombination process [11,12]. Since the investigations of diffusion-controlled 

kinetics on the emission mechanism in InGaN/GaN QWs are rarely discussed, 

more scientific researches in this issue are still needed. 

In this work, the dynamic of recombination process in InGaN/GaN LEDs 

with diffusion-controlled kinetics was investigated by using temperature 

dependence of photoluminescence (PL) and time-resolve photoluminescence 

(TRPL). The influence of localized states and the impact of threading 

dislocations on luminescence efficiency are discussed in detail. 

5.2 Experiments 

The sample studied was a typical LED structure and grown on a c-plane 

sapphire substrate in a vertical Thomas Swan metal organic chemical vapor 

deposition (MOCVD) system. First, a 20 nm thick GaN nucleation layer was 

grown at 620°C, followed by a 0.5μm-thick GaN buffer layer and 3μm-thick 
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n-type GaN grown at 1200°C, respectively. Then, 9 pairs of multiple quantum 

wells (MQWs) consisting of a 2nm InGaN well grown at 885°C and a 8nm GaN 

barrier at 990°C. Thereafter, a 100nm p-type AlGaN electron blocking layer and 

a 200nm p-type GaN were sequentially deposited at 1080°C and 1060°C, 

respectively. Hydrogen was used as carrier gas and switched to nitrogen while 

growing MQWs. The source gases were trimethylgallium, triethylgallium, 

trimethylindium, trimethylaluminum, and ammonia. Silicon and 

biscyclopentadienylmagnesium were used for n-type dopant source and p-type 

dopant source, respectively. The microstructure of the sample and the carrier 

density in QWs were measured by transmission electron microscopy (TEM) and 

capacitance-voltage method, respectively. The temperature dependence of PL 

and TRPL were exited by a 325nm He-Cd laser. 

5.3. Transmission electron microscopy 

Figure 5.2 shows a TEM cross-sectional image of the sample, and a large 

number of threading dislocations threading through the quantum wells can be 

exhibited. Since the average distance between the dislocations is around 500nm, 

the dislocation density can be briefly calculated 282 1027.1)500(/1  cmnm , which 

is a typical value for nitride LEDs. Symbol A and B are present the positions of 

normal well and dislocation, respectively.  

5.4 Photoluminescence 

Figure 5.3 shows the PL intensity for the sample. The PL intensity of the 

sample weakly depended on temperature when temperature was <100K and 

decreased steeply when temperature was >100K. Furthermore, when the 

temperature was increased to 300K, the PL intensity was 23% of that at 20K. 

Figure 5.4 shows the Arrhenius plots of the PL emission and can be fitted by the 
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follow equation: 
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The thermal activation energy AE  in our sample is approximately 20meV 

which is attributed to thermal delocalization of carriers from localized states to 

quantum wells and leading to the decrease of PL intensity. 

5.5 Time-resolved photoluminescence 

To further explain the decrease of luminescence efficiency and the dynamic 

of recombination process with varying temperature, the temperature dependence 

of carrier lifetime PL was measured by TRPL, as shown in Fig 5.5(a) and Fig 

5.5(b). Since the diffusion lifetime is dominated by recombination of holes, the 

diffusion length of the sample can be approximated as, chD  , where 
hD  is 

diffusion coefficient of holes. At the lowest temperature, the diffusion length of 

the sample was estimated to be around 279nm, where nsc 7.11  and 

scmDh

207.0 at 25K. It indicated that the diffusion length is shorter than the 

average distance between dislocations at low temperature, thus, the 

electron-hole pairs will not move toward the dislocations. However, when the 

temperature increased to 300K, the diffusion length of the sample was increased 

to 780nm which is larger than the average distance between dislocations, where 

nsc 16.7  and scmDh

285.0 [16] at 300K. Therefore, the electron-hole pairs 

should move toward the dislocations, and the luminescence efficiency was 

decreased at high temperature.  

Furthermore, since the internal quantum efficiency of the sample can be 

estimated from normalized PL intensity, as shown in Fig. 5.6(a):  
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And since carrier recombination contains radiative recombination and 

nonradiative recombination, the radiative lifetime r  and the nonradiative 

lifetime nr  herein can be separated from 
nrrc  111   [17], as shown in Fig. 

5.6(b).  It shows that the radiative lifetime was temperature independent when 

the temperature was <100K and was linearly increase with temperature when 

temperature was >100K.  On the other hand, the nonradiative lifetime 

decreased rapidly with temperature and mainly dominated the carrier lifetime 

when the temperature was >250K. By comparing with the PL measurement, the 

temperature dependence of luminescence efficiency is correlated with the 

variation of radiative lifetime and nonradiative lifetime with temperature. When 

the temperature was <100K, the weakly temperature dependence of PL intensity 

is attributed to the temperature independence of radiative lifetime and the 

nonradiative is extremely larger than the radiative lifetime. It indicated that 

when temperature was <100K, the electron-hole pairs were mainly associated 

with localized states where are recognized as a zero-dimensional system, and 

since the temperature is low, the diffusion coefficient should very small and the 

electron-hole pairs will not move a long distance before recombining. However, 

when the temperature was >100K, the electron-hole pairs are no longer 

quenched in localized states and recombining in two-dimensional system. 

Therefore, the electron-hole pairs can move a long distance toward dislocations 

and then recombine nonradiatively.  

To investigate the recombination processes in InGaN/GaN LEDs, the 

schematic of the processes are presented in Fig. 5.7. Symbol A and B are the 
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positions of normal well and dislocation, respectively. The electron-hole pairs in 

wells herein is assumed to be optically generated uniformly by a 325nm laser, 

and the recombination rate in the region of normal well (point A) and 

dislocation (point B) is obtained by bimolecular recombination process and SRH 

theory, respectively. Since dislocations are locally distributed and the 

recombination rates in wells are different, the electron-hole pairs in wells are 

non-uniform and then should diffuse from a region of higher concentration 

toward a region of lower concentration. To simplify the investigation of 

recombination processes, some conditions herein are considered; the radiative 

recombination rate in every region of well is equal, and the effects of point 

defects, well width fluctuation, indium composition fluctuation and localized 

states are neglected. Thus, the radiative recombination rate and nonradiative 

recombination rate in this work can be presented and discussed below, 

respectively.  

5.6 Radiative lifetime 

In radiative recombination process, the electron-hole pairs generated at 

point A can recombine radiatively, and the radiative lifetime can be obtained by 

the following expression: 

0

1

Bn
r   ................................................................................................... (5.3)  

where r is radiative lifetime, B  is bimolecular coefficient and 0n  is 

background net donor concentration in wells. According to the correlation 

between bimolecular coefficient and temperature, the radiative lifetime is linear 
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dependent with temperature in two-dimensional system (
1

2

TB D ) [13] and 

temperature independent in zero-dimensional system ( 0

0 TB D  ) [14]. 

Since both PL intensity and radiative lifetime of the sample were temperature 

independent when temperature was < 100K, the recombination process of 

carriers can be mainly correlated to the localized states. The formation of 

localized states in InGaN/GaN quantum wells are resulting from the 

spontaneously formed of In-rich regions which act as ODs. Thus, carriers at low 

temperature should be recombined in zero-dimensional system. Furthermore, the 

radiative lifetimes with different wavelength at lowest temperature were also 

investigated, as shown in Fig. 5.8(a). The decay time increase as the emission 

energy decreases, and saturate on the low-energy side, as shown in Fig. 5.8(b). 

The decay time of excitons is not only due to radiative recombination but also to 

transfer processes to the low-energy tail. The low energy tail originates from 

small potential fluctuations of either the indium composition or the well width. 

The energy tail in InGaN quantum wells can be modeled by using mobility edge 

formalism. Between the mobility edge and the exciton energy in the tail, the 

weakly localized states overlap with the extended states, but below the mobility 

edge, these localized states eventually become separated. M. Oueslati et al. [8] 

presented a model to describe the density of localized states, as shown in Fig. 

5.9, and the dynamic of the recombination process of can be written as: 
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 ............................. (5.4) 

and the decay time as a function of emission energy can be compared with a 

fitting function: 
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where PL  is PL decay time, 
rad  is radiative lifetime, 

mE  is mobility edge, 

and 
0E  is the activation energy, as shown in Fig. 5.10. Here, we have 

meVE 300   which is similar to the activation obtained by Arrhenius plots of PL 

intensity. In this case, the weak localized states are overlapped with these 

extended states, and carriers should be transfer toward the local potential 

minima at low temperature. This is the reason why excitons recombine in 

localized states and the radiative lifetime is temperature independent at low 

temperature. 

5.7 Nonradiative lifetime 

In nonradiative recombination process, since dislocations are locally 

distributed, the electron-hole pairs should overcome the diffusion reaction 

toward the dislocations before captured by dislocations. Therefore, the 

nonradiative lifetime is the sum of diffusion lifetime of carriers from point A to 

point B and capture lifetime by dislocations. The capture lifetime can be written 

by SRH theory [5]: 

thTT

SRH
vN 


1

  .......................................................................................... (5.6) 

where TN  is trap concentration, T  is capture cross section and thv  is 

thermal velocity. Since dislocations are recognized as an efficient sink and some 

authors considered that nonraditaive recombination velocity at a dislocation is 

assumed to be infinite for minority carriers, the capture lifetime can be neglected 

in this work. Therefore, the nonraditaive recombination process should be 
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dominated by diffusion-controlled and the nonradiative lifetime can be given by 

the following expression [9]: 
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where 
D  is dislocation density, D  is diffusion coefficient and 

0r  is 

effective capture distance. In equation 6, the diffusion lifetime is related to 

dislocation density and diffusion coefficient. Since the diffusivity of holes is 

much slower than electrons, the diffusion lifetime should be dominated by 

recombination of holes.  

Here, the diffusion coefficient is obtained by Fick’s law: 

heDJ h  .............................................................................................. (5.8) 

where the diffusion coefficient of hole ( hD )is composed of thermal velocity ( thv ) 

and mean-free path ( l ). 

lvD thh   ............................................................................................... (5.9) 

The mean-free path is the average distance a hole travels between collisions 

( chthvl  ). Where ch  is the average relaxation time of hole. 

The thermal velocity is 



h

th
m

kT
v

2
 in two dimensional and 




h

th
m

kT
v

3
 in three 

dimensional. Thus, the diffusion coefficient can be written as  

ch
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     (3-D) ...................................................................  (5.11) 

Since relaxation time is related to the scattering mechanism, the temperature 

dependence of diffusion coefficient is varied with different scattering 

mechanisms. In GaN, there are different types of scattering mechanisms 
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dominate the relaxation time: ionized impurity scattering, neutral impurity 

scattering, deformation potential acoustic phonons scattering, piezoelectric 

acoustic phonons scattering and dislocation scattering. In a typical nitride based 

LED, there are no Si doping in InGaN wells. Thus, ionized impurity scattering 

would not occur and neutral impurity scattering dominate the relaxation time in 

the low temperature range. The relaxation time of neutral impurity scattering can 

be estimated as below. 

020 aN

m

h

h
ni





  ........................................................................................ (5.12) 

where hN  is the concentration of neutral impurity and 0a  is the effective Bohr 

radius of acceptor. It is temperature independence and the temperature 

dependence of diffusion coefficient can be obtained ( TD ) in the low 

temperature range. As the temperature increases from high temperature range, 

the lattice scattering becomes to dominate the relaxation time. The relaxation 

time of deformation potential acoustic phonons scattering is considered shortest 

in the lattice scattering mechanism. Thus, the deformation potential scattering 

dominated the relaxation time in the high temperature and can be written as 

  2
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3
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4
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c

h

dp 



  .............................................................................. (5.13) 

where 1c  is the longitudinal elastic constants and 1E  is the acoustic 

deformation potential. Thus, the temperature dependence of diffusion coefficient 

can be obtained ( 5.1 TD ) in the high temperature range. Moreover, the 

variation of diffusion-limited lifetime with temperature is controlled by the 

temperature dependence of diffusion coefficient ( 1 TtD  in the low 

temperature range and 5.1TtD   in the high temperature range). 



 

73 

 

In addition, 
ch  in a semiconductor is obtained by 

e

mh

hch



  , then the 

diffusion coefficient can be rewritten as  

e

KT
D hh

2
  (2-D) ............................................................................... (5.14) 

e

KT
D hh

3
  (3-D) ............................................................................... (5.15) 

where 
h  is the mobility of holes and the diffusion coefficients are 

obtained by Einstein relation.  Therefore, the temperature dependence of 

nonradiative lifetime can be estimated from diffusion coefficient obtained by 

Einstein relation (
e

KTD h~ ). In two-dimensional system, the excess carrier 

mobility is mainly dominated by neutral impurity scattering which is 

temperature independent [15]. Therefore, the trend of diffusion lifetime with 

varying temperature can be estimated ( 1TD ). Since the trend of theoretical 

nonradiative lifetime with varying temperature is ( 1TD ) which is mainly 

dominated by diffusion control, the experimental result shows well fitted with 

the trend, as shown in Fig. 5.11. It implies that the nonradiative recombination 

process is mainly dominated by diffusion control in the range of 20-300K. 

To further validate the theoretical results, the radiative lifetime and 

nonradiative lifetime at 300K were estimated by using the Eq (1) and Eq (3) 

respectively, for bimolecular coefficient 13101045.1  scmB , background 

concentration of electrons 317

0 101  cmn , dislocation density 281027.1  cmD , 

diffusion coefficient of holes  scmDh

285.0  and effective capture distance 

cmr 8

0 10178.3  . Here, we have nsr 9.68  and nsD 7.11  which are in 

good agreement with the experimental results. Therefore, both the radiative 



 

74 

 

lifetime and nonradiative lifetime can be estimated and fully ascribed by using 

this method. 

5.8 Conclusion  

In conclusion, the temperature dependence of PL and TRPL of InGaN/GaN 

LEDs were investigated and we presented a method to describe the 

recombination processes. The results exhibited that the decrease of 

luminescence efficiency with temperature is attributed to the increase of 

radiative lifetime and decrease of nonraditaive lifetime. In radiative 

recombination process, the electron-hole pairs recombined in zero-dimensional 

when temperature was <100K which is attributed to the existence of localized 

states, and recombined in two-dimensional process when temperature was 

>100K which is attributed to a typical quantum-confined effect. In nonradiative 

recombination process, since dislocations which act as line sinks for minority 

carriers are locally distributed, and the nonradiative lifetime was found to be 

correlated with diffusion coefficient with varying temperature, the nonraditaitve 

recombination process are mainly dominated by diffusion-controlled kinetics. 

Therefore, both radiative lifetime and nonradiative lifetime can be estimated by 

using this method and the theoretical results are in agreement with the 

experimental results. 
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Fig. 5.1 Diffusion-controlled kinetics of recombination process for line-sink 

defects [9] 
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Fig. 5.2. Cross-sectional TEM image of the LED structure. Inset: magnified 

TEM shows a dislocation thread through the active layers where point A is the 

location of active layers and point B is the location of a dislocation 
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Fig. 5.3. Temperature dependence of PL spectra 
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Fig. 5.4. The fitted Arrhenius plot of the PL intensity
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Fig. 5.5. (a) Temperature dependence of TRPL (b)Temperature dependence of 

the PL lifetimes 
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Fig. 5.6. (a) Arrhenius plot of the PL intensity. (b) The temperature dependence 

of carrier lifetime, radiative lifetime and nonradiative lifetime, respectively 
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Fig. 5.7. Schematic band diagram of the recombination processes with carriers 

and dislocations 
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Fig. 5.8. (a) PL spectrum at 20K. (b) PL decay time as function of the emission 

energy 
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Fig. 5.9 The Schematic representation of localized excitonic states and processes 

in GaAs1-xPx alloys 
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Fig. 5.10. The PL spectrum at 20K with PL decay time as function of the 

emission energy 
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Fig. 5.11. Temperature dependence of nonradiative lifeitme. The trend of 

nonradiative lifetime with varied temperature is controlled by diffusivity 
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Chapter 6 Potential barriers and current-blocking 

structures induced by V-shaped pits in InGaN/GaN 

light-emitting diodes 

 

 

6.1 Introduction 

According to the last chapter, threading dislocations have been identified as 

efficient nonradiative centers. To prevent carrier diffuse toward the dislocations 

becomes an important issue to increase the quantum efficiency of the nitride 

LEDs. Hangleiter et al. presented a novel method that uses V-shaped pits to 

prevent carriers in wells from diffusing to dislocations [6]. The V-shaped pits are 

generated at threading dislocations under specific crystal growth conditions 

[7-10], and the crystal growth rate on sidewalls ({ 1110 } planes) of V-shaped pits 

is much lower than that on a c-plane. Thus, quantum wells on sidewalls are 

thinner than those on a c-plane and produce higher electron-hole transition 

energies around dislocations. This high transition energy serves as a potential 

barrier, suppressing carriers in normal wells from diffusing into dislocations. 

The role of V-shaped pits in this scenario has been characterized [11-15]. 

However, since these V-shaped pits can extend to the surface of a wafer, they are 

recognized as leakage paths that may reduce the electrostatic discharge (ESD) 

tolerance and increase the leakage current of a device [16]. Thus, in this study, a 

full LED structure that comprised of V-shaped pits in the 

multiple-quantum-wells (MQWs) region but with a mirror-like surface achieved 

by tuning the growth parameters of the p-type layer was prepared. Since the 

voids associated with the V-shaped pits are now filled by p-type layer [9,17], the 
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function of the barrier formed by the different transition energies should be 

reexamined. The possible influence of the additional p-type material on the 

current distribution should also be considered. Thus, both of these issues are the 

topics of this work, and the results are presented in the follows. 

6.2 Experiments 

The samples studied herein were grown on (0001) c-plane sapphire 

substrates by low-pressure metal-organic chemical vapor deposition in a Thomas 

Swan system. The sample structure was shown in Fig. 6.1. First, a GaN 

nucleation layer was grown at 620°C. Then, a 0.5μm-thick undoped GaN buffer 

layer and a 3μm-thick Si-doped GaN layer were grown at 1200°C. Subsequently, 

a 0.65μm-thick heavily Si-doped GaN was grown at a lower temperature 

(950°C). The ratio of Si/Ga flow rates was 31.7 times that of the previous n-type 

layer. The conditions of the low growth temperature [9] and the high dopant 

concentration [10] of this layer can force the formation of V-shaped pits. Next, 9 

periods of MQWs were deposited, with each period comprising a 2nm-thick 

InGaN well grown at 885°C and an 8nm-thick GaN barrier grown at 990°C. 

Thereafter, a 100nm-thick p-type AlGaN electron-blocking layer and a 

200nm-thick p-type GaN were sequentially deposited at 1080°C and 1060°C, 

respectively. Finally, a very thin InGaN contact layer was grown on top of the 

surface at 900°C to facilitate fabrication of p-type ohmic contacts. Following 

crystal growth, one wafer was processed to form standard 180×235μm
2
 LEDs 

for electrical injection measurements. 

6.3 Transmission electron microscopy 

Figures 6.2 (a) and (b) show the cross-sectional transmission electron 

microscopic (TEM) images of the LED structure. Because of poor migration of 

gallium on the (0001) plane at low temperature, V-shaped pits centered by 
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threading dislocations were generated after the growth of low-temperature GaN 

(Fig. 6.1 (a)). These V-shaped pits have a six-wall structure with the walls 

corresponding to the six symmetrical { 1110 } planes (Fig. 6.4 (a)). Figure 6.2 (b) 

shows a magnified image of MQWs at the periphery of a pit and figure 6.3 

shows a magnified image of MQWs grown on (0001) plane. Since the crystal 

growth rate on the { 1110 } planes is slower than that on the (0001) plane when 

growing MQWs, wells on sidewalls were thinner than those on the top surface. 

However, after growing the p-type AlGaN and GaN layers at high temperatures 

to enhance crystal growth rates on the { 1110 } planes, all voids associated with 

these V-shaped pits were filled by p-type layers [9,17] (Fig. 6.4 (b)), and 

mirror-like surfaces then formed on these wafers, as shown in Fig. 6.2 (a). 

Figure 6.5 (a) shows the sample structure of the TEM image and figure 6.5 (b) 

shows the magnified image of a V-shaped pit. The dashed line shows one 

quantum well, and A, B, and C identify three different points in the well, where 

point A is the location of the well grown on (0001) plane, point B is the 

boundary of the well grown on (0001) plane and on { 1110 } plane and point C is 

the location of the well grown on { 1110 } plane. 

6.4 Photoluminescence 

Figure 6.6 (a) and (b) show the normal and log scale of photoluminescence 

(PL) spectra of the LED sample exited by a 325nm laser and measured at 

temperatures of 30-300K. The spectrum obtained at the lowest temperature has 

three emission peaks-362nm, 390nm, and 470nm. The emission with the shortest 

wavelength (362nm), determined based on the closeness of its energy to the 

band gap of GaN, is attributed to the near band edge emission of the GaN layer. 

Since this emission is irrelevant to quantum wells, this emission is not discussed 
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further. The existence of the two other emissions, 470nm and 390nm, is 

consistent with the observation from TEM images that two different quantum 

wells exist in the sample. The 470nm main peak was attributed to the thick wells 

grown on the normal (0001) plane, while the 390nm high-energy peak was from 

the thinner wells on the sidewalls of V-shaped pits. The temperature 

dependences of these two peaks are markedly different (Fig. 6.7 (b)). The 

intensity of the main peak decreased gradually as temperature increased 

throughout the entire temperature range. At 300K, the main peak intensity still 

had 25% of its lowest temperature value. In contrast, although the intensity of 

the high-energy peak decreased in a manner similar to the main peak when 

temperature was <100K, the decline was worse when temperature exceeded 

120K, and the signal was indiscernible when temperature exceeded 180K. This 

result implies that the optically generated electron-hole pairs in these two 

different quantum wells behave similarly at low temperatures but quite 

differently at high temperatures. 

To explain the origins of this difference, Fig. 6.8 shows a band diagram of a 

well along the dashed line presented in Fig. 6.5 (b); namely, it includes regions 

of the normal wells on the (0001) plane and thinner wells on the { 1110 } plane. 

In Fig. 6.8, symbols A and C are the locations of normal and thin wells, 

respectively, and B is the boundary of these two regions. Due to the large 

quantum confinement effect in the thin well, the effective band gap at point C, 

which includes the material band gap and zero point energies of electrons and 

holes, was larger than that at point A [6, 14]. This is why the energy of the 

470nm main peak is 0.54eV lower than that of the 390nm high-energy peak, and 

this energy difference forms a potential barrier inside the wells. When the 

sample was illuminated by the 325nm laser, both the normal and the thin wells 
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can contain the optically generated electron-hole pairs. These electron-hole pairs 

can diffuse along the wells before they are recombined. If the temperature is 

very low, the diffusion coefficient D  should be very small, since diffusion is a 

manifestation of thermally random motion of carriers. Additionally, the lifetime 

  of electron-hole pairs at low temperature should also be very short, since 

radiative recombination rate is inversely proportional to temperature in a 

two-dimensional structure [18,19]. Thus, according to the equation of diffusion 

length, D , the electron-hole pairs will not move a long distance before 

recombining. This is why both the main peak and high-energy peak of the 

sample only weakly depended on temperature when the temperature was <100K. 

However, as the temperature increased gradually and the diffusion length was 

eventually comparable to the lateral dimension of wells on the sidewalls of 

V-shaped pits, the temperature dependence changed drastically. Under this 

condition, the electron-hole pairs generated at point C in Fig. 6.8 (thin wall) can 

diffuse to the left to the normal quantum well and then recombine radiatively or 

diffuse to the right to the dislocation and then recombine nonradiatively. This is 

why the intensity of the high-energy peak of the sample decreased rapidly when 

temperature exceeded 120K. On the other hand, if the electron-hole pairs are 

generated at point A in Fig. 6.8 (normal well), although these carriers can also 

diffuse a long distance, these carriers can only reside in normal wells since a 

potential barrier exists at point B. Thus, the main emission peak continued to 

exhibit excellent performance, even at room temperature. Accordingly, the 

internal quantum efficiency of LEDs should benefit from V-shaped pits, since 

the formation of a potential barrier in wells around dislocations effectively keeps 

electron-hole pairs in normal wells away from defective dislocation regions. 

6.5 Electroluminescence 
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Figure 6.9 shows the electroluminescence (EL) spectra of an LED chip with a 

typical forward current of 20mA obtained at various temperatures. Similar to the 

PL spectra, both the high-energy and the main peaks were observed. Besides, 

when temperature was >180K, the intensities of both peaks decreased as 

temperature increased, as shown in Fig 6.10 (a). This temperature dependence is 

also similar to that obtained by PL measurement. However, when temperature 

was <180K, the intensities of these peaks increased as temperature increased, as 

shown in Fig 6.10 (b). Also, we compared the EL and PL spectra at different 

temperature. At 50K, the high-energy peak of EL spectrum is much lower than 

the peak of the PL spectrum, as shown in Fig. 6.11 (a). However, at 140K, both 

the high-energy peak of EL spectrum and PL spectrum are equal, as shown in 

Fig. 6.11 (b). Moreover, at 300K, both the high-energy peak of EL spectrum and 

PL spectrum are vanished, as shown in Fig. 6.11 (c). This temperature 

dependence obviously differs from that obtained by PL measurement, and 

should be related to the carrier injection method. The most probable reason is 

the high activation energy of Mg dopants that causes the p-type layer highly 

electrical resistive at low temperature [20]. Thus, as a current is forced to flow 

through the device at a low temperature, part of the injected electrons should 

pass through the quantum-well region and overflow to the highly resistive 

p-type region to compensate for the inefficient hole injection. As the temperature 

is increased, the overflow is reduced due to the increase of hole concentration in 

p-type region, and both the high-energy and the main quantum-well signals are 

increased [21,22].  

Another significant difference between the data obtained by electrical 

injection and by optical excitation is the intensity ratio between the high-energy 

signal and the main signal. For example, at the lowest temperature, the ratio 
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obtained by EL (Fig. 6.12 (b)) was 0.49%, which is only 1/47 of that obtained by 

PL (Fig. 7(b)). This finding suggests that the ratio between the numbers of 

electron-hole pairs injected into the thin wells and into the normal wells by 

electrical current is only 1/47 of that by optical excitation [23,24]. If the optical 

generation rates of both wells are the same, this value corresponds to the ratio of 

electrical current densities between the thin wells and the normal wells. Further 

considering the fact that the thickness of p-type layer upon the thin wells is 

larger than that upon the normal wells, the optical generation rate of thin wells is 

lower than that of normal wells due to the unavoidable absorption of the 

excitation laser by p-type layer. Therefore, the ratio of current densities between 

the thin wells and the normal wells should be smaller than 1/47, which implies 

that an unintentionally formed current blocking structure that limits the current 

of thin wells should be present. Such a blocking structure is beneficial to the 

internal quantum efficiency of LEDs, since the nonradiative centers associated 

with threading dislocations are surrounded by these thin wells. As the 

temperature was increased but was still lower than 160K, a large difference of 

the intensity ratio (high-energy peak/main peak) between the two sets of data 

still existed, and the blocking mechanism should also be functioning well. 

However, as the temperature was higher than 160K, since the high-energy signal 

of PL became indiscernible, the effectiveness of this blocking mechanism cannot 

be determined from the present data, and another evaluating method is needed. 

Besides, the details of the blocking mechanism are not clear at this moment. It 

may be resulted from the additional p-type layer that filled the V-shaped pits and 

causes an additional resistance or a poor ohmic contact of the region upon the 

V-shaped. Thus, both of these two questions are left for further investigations. 

6.6 Conclusions 
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The effects of V-shaped pits on the performance of LEDs were studied. The 

TEM images indicate that these V-shaped pits initiated at threading dislocations 

and, thus, enclosed the pits. Additionally, the quantum wells grown on the 

sidewalls of V-shaped pits were thinner than those grown on normal regions. 

Due to the quantum confinement effect, the wells surrounding the threading 

dislocations had a larger effective band gap compared with that of normal wells 

grown of the (0001) plane. Accordingly, a potential barrier formed at the 

interface between these two wells. This barrier is beneficial to internal quantum 

efficiency since electron-hole pairs in normal wells cannot overcome the barrier 

to nonradiative dislocations. The two emission peaks in PL spectra confirmed 

the existence of these two effective band gaps. The energy of the barrier in the 

sample, based on the energy difference of these two PL peaks, was 0.54eV, 

which is sufficient for blocking electron-hole pairs since it is much larger than 

thermal energy KT , even at room temperature. The merit of this barrier is also 

demonstrated by the weak dependence of main peak intensity on temperature 

compared with that of the high-energy peak. Furthermore, the EL spectra were 

studied. Since the injection mechanism of electron-hole pairs by electrical 

current differs from that of optical excitation, an unintentionally formed 

current-blocking structure formed on the V-shaped pit was found by comparing 

the EL and PL spectra. This blocking structure effectively suppresses current 

flowing into the dislocations at the centers of V-shaped pits. In light of the 

possible paths from electron-hole to dislocations, since both are blocked either 

by a potential barrier in a well or current blocking structure upon a V-shaped pit, 

the drawbacks arising from dislocations are reduced, and the internal quantum 

efficiencies of nitride LEDs are improved by these V-shaped pits. However, the 

details of the blocking mechanism need further investigations.
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Fig. 6.1 Sample structure 
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Fig. 6.2 (a) Cross-sectional TEM image of the LED structure. (b) The magnified 

image of a V-shaped pit. The well grown on the sidewall is narrower than that on 

the c-plane 
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Fig. 6.3 The Cross-sectional TEM images of the MQWs on normal plane 
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Fig. 6.4 (a) These V-shaped pits have a six-wall structure with the walls 

corresponding to the six symmetrical { 1110 } planes. [7] (b) The void associated 

with V-shaped pits can be filled by p-type layers [9] 
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Fig. 6.5 (a) Cross-sectional TEM image of the LED structure. (b) Magnified 

image of a V-shaped pit. The dashed line shows one quantum well, and A, B, 

and C identify three different points in the well  
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Fig. 6.6 (a) The PL spectra measured at different temperatures. (b) The log scale 

of the PL spectra 
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Fig. 6.7 (a) The PL spectra measured at different temperatures. (b) The PL 

intensities and intensity ratio of the high-energy peak and main peak in (a) 
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Fig. 6.8 Band diagram of the well along the dashed line (Fig. 1(b)). A, B, and C 

denote different points and correspond to A, B, and C in Fig. 1(b), respectively. 

The solid lines denote the conduction band and valence band edges, while 

dashed lines denote the ground-states of electrons and holes. The electrons and 

holes are denoted by solid and empty circles, respectively 
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Fig. 6.9 The EL spectra of the device measured under 20mA injection at 

different temperatures  
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Fig. 6.10 The EL spectra of the device measured under 20mA injection in the 

different range of temperatures. (a) 60K - 160K (b) 170K – 300K 
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Fig. 6.11 Normalization of the PL and EL spectra at (a) 50K (b) 140K (c) 300K 
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Fig. 12 (a) The EL spectra of the device measured under 20mA injection at 

different temperatures. (b) The EL intensities and intensity ratio of the 

high-energy peak and main peak in (a) 
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