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CHAPTER I 

INTRODUCTION 

The Group III-nitride semiconductors, including InN, GaN, AlN, and their alloys, 

have received a tremendous amount of attention over the past few years, mostly because 

of the recent realization of high brightness blue and green light emitting diodes (LEDs) 

and violet laser diodes (LDs), all of which use InGaN alloy active regions. 1 Amazingly, 

this is despite a very large defect density. Initially, this was more of an art than a science, 

as researchers tried to figure out why these devices worked. Optical studies, such as 

those presented in this thesis, identified the emission mechanism of these devices as the 

recombination of localized electrons and holes. The charge carriers are localized by 

certain rather harmless defects, which prevent the carriers from diffusing to other defects 

that are nonradiative recombination centers. Using defects for carrier localization is a 

drastic change from the goal of eliminating defects. Ideally, the devices would work 

better with no defects, but crystal growers have been unable to achieve very low defect 

densities in Group III-nitrides, as they have in GaAs and Si. Many experiments that 

pointed to carrier localization as the spontaneous emission mechanism could also be 

explained by the presence of an internal electric field caused by piezoelectric and 

spontaneous polarizations, although the internal electric field hinders rather than helps the 

radiative recombination. Also, many researchers suspected that recombination in an 

electron-hole plasma is the stimulated emission mechanism in InGaN-based LDs. This 

1 



thesis outlines studies that resolved these debates in favor of carrier localization at 

defects. This thesis also describes the lateral epitaxial overgrowth technique, which has 

been used to lower the density of harmful defects and improve device performance and 

longevity. 
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CHAPTER II 

THEORIES FOR OPTICAL EMISSION FROM InGaN-BASED STRUCTURES 

In this chapter, we describe the mechanisms proposed to explain the optical 

processes in InGaN-based structures. We will also present evidence that these 

mechanisms play a role in the emission processes. First, we will examine carrier 

localization at potential fluctuations caused by alloy fluctuations and/or phase separation 

into In-rich regions. Next, we will describe the effects of internal electric fields created 

by strain-induced piezoelectric polarization and spontaneous polarization. Finally, we 

will discuss theories for the stimulated emission - recombination of localized carriers and 

recombination in an electron-hole plasma. 

Carrier Localization at In-Rich Regions 

Many researchers have claimed that the spontaneous emission in InGaN/GaN 

quantum wells (QWs) is due to the recombination of carriers localized at band tail states 

of potential fluctuations. ~-5 Such potential fluctuations may be caused by alloy disorder, 

impurities, interface irregularities, and/or self formed In-rich quantum dot-like regions in 

the QW active regions. It is believed that carrier localization greatly improves the 

radiative quantum efficiency by preventing carriers from laterally diffusing to 

nonradiative recombination centers.6-8 Through cross-sectional transmission electron 

miciroscopy (TEM) and energy-dispersive x-ray microanalysis, Narukawa et al. found 
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self-formed quantum dot-like structures in the wells oflno.20Gao.soN/Ino.osGao 95N purple 

laser diode structures. 7 They showed that the quantum dot-like structures had a higher In 

concentration than the surrounding material and had an average diameter of about 3 nm. 

They said the radiative recombination in these multiple quantum wells (MQWs) is mainly 

due to excitons highly localized at deep traps probably originating from phase-separated 

In-rich regions acting as quantum dots. 7'8 It was suggested that the self-formation of 

quantum dots may be due to the intrinsic nature of InGaN ternary alloys to minimize 

energy by segregating into phases with higher and lower In composition. Nistor et al. 

used TEM to see quantum dots spontaneously formed in a 280 nm thick Ino.22Gao.78N 

layer.9 These quantum dots had sizes of 1.5 - 3 nm. The potential fluctuation due to the 

In composition modulation is further enhanced by the large bowing of the InGaN 

bandgap as a function ofln composition. The bandgap (Eg) oflnxGa1_xN is given by 

E g,lnGaN (x) = (1- x )E g,GaN + xE g,lnN - bx(l - x ), (1) 

where E g ,GaN ( E g JnN ) is E g of GaN (InN) and b is the bowing parameter. The bowing 

parameter for InxGa1-xN is much larger than expected and is strongly dependent on the In 

composition x, as shown by experimental and theoretical studies of the bandgap of 

strained InxGa1_xN epilayers (e.g. , b.::: 3.2 eV for O < x < 0.2 and b.::: 3.8 eV for 

x = O.l). 10-12 However, disagreements in the value of the bowing parameter have been 

caused by varying degrees of bandgap inhomogeneity and lattice mismatch induced 

strain. By taking into account the strain and by measuring the In composition through 

Rutherford backscattering, Pereira et al. obtained a room temperature bandgap 

dependence of EgJnGaN (x) = 3.39-3.57x in eV, with b = 0. 13 
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Evidence of InGaN alloy composition fluctuations has also been obtained through 

submicrometer spatial resolution luminescence techniques, such as cathodoluminescence 

(CL), near-field scanning optical microscopy (NSOM), and scanning tunneling 

microscope-induced luminescence (STL). CL, NSOM, and STL complement high 

resolution topographs simultaneously obtained by scanning electron microscopy, shear

force microscopy, and scanning tunneling microscopy (STM), respectively. These 

techniques provide spectral and spatial mapping of important chemical and physical 

quantities. 

CL has revealed spatial variations in luminescence from InGaN/GaN QW 

structures14•15 and GaN films. 16- 18 Chichibu et al. obtained spatially resolved CL map 

images at 10 K oflnGaN/GaN single QWs grown by metalorganic chemical vapor 

deposition (MOCVD). 14 The 3 nm thick InGaN well layers had In contents of 5, 20, and 

50%. Both uncapped samples and samples capped with a 6 nm undoped GaN layer were 

studied. Chichibu et al. observed an In-rich cluster size of less than 60 nm (the spatial 

resolution of the CL mapping technique, which is limited by the diffusion length of the 

material). Zhang et al. measured spatially-resolved and time-resolved CL of a MOCVD

grown InGaN/GaN single QW at 93 K. 15 The InGaN layer had a 15% average In 

composition, was 4 nm thick, and was capped by a 70 nm thick GaN layer. They 

observed local In alloy fluctuations on a scale of less than - 100 nm for low excitation 

conditions, indicating strong carrier localization at In-rich regions. The time-resolved CL 

revealed that carriers generated near the boundaries of the In-rich regions tend to diffuse 

toward and recombine at the In-rich centers, with strong lateral excitonic localization 

before radiatively recombining. 
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NSOM provides optical spectroscopy and mapping with a spatial resolution much 

better than the diffraction limit. 19-23 NSOM has three modes: (i) illumination mode, in 

which the near-field probe is a tiny light source, (ii) collection mode, in which the near

field probe is a tiny light detector, and (iii) illumination-collection mode, in which the 

near-field probe is both a tiny light source and detector. The illumination mode spectra 

are more affected by carrier diffusion and relaxation, causing poorer spatial resolution 

than in the other modes. Crowell et al. studied larger defects in an InGaN single QW by 

NSOM illumination through a tapered silver-coated optical fiber with a -100 nm 

diameter aperture.24 Their spatially-resolved spectra showed no evidence oflocalized 

carrier recombination at temperatures above 50 K. Their results differed very much from 

the above CL studies, 14' 15 probably because oflonger carrier diffusion lengths in their 

higher temperature and higher injection NSOM experiments. Vertikov et al. performed 

reflection NSOM for InGaN epilayers and QWs in the illumination mode using an 

aluminum-coated fiber probe with a 100 nm size aperture25 and in the collection mode 

using an aluminum-coated fiber probe with a -50 nm size aperture.26 The collection 

mode measurements showed In alloy fluctuations typically occurring over 100 nm. 

STL uses current through a STM tip (that almost touches the surface) for CL with 

high spatial resolution.27 STL was measured for GaN grown by HVPE (hydride vapor 

phase epitaxy),28 and Evoy et al. measured STL fluctuations on a scale of 30 - 100 nm 

for a MOCVD-grown InGaN/GaN MQW.29 However, STL images of the InGaN/GaN 

MQW showed a smooth variation in luminescence intensity, instead of abrupt dark spots, 

which would be expected for local In composition fluctuation. 
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The recombination of localized carriers is governed not only by radiative 

recombination but also by the nonradiative transfer to and trapping in energy tail states. 8 

The effective carrier lifetime ' eu is given by 

1 1 1 
- =-+- , (2) 
' ef! r, 'nr 

where r, is the radiative lifetime and 'nr is the nonradiative lifetime. The nonradiative 

processes include multiphonon emission, capture and recombination at impurities and 

defects, Auger recombination, and surface recombination, as well as diffusion of carriers 

away from the region of observation. Assuming a radiative efficiency T/ of 100% at 

T = 10 K, the radiative efficiency as a function of temperature is expressed as 

(3) 

From the above two equations, one can determine the radiative and nonradiative 

lifetimes as a function of temperature. Although electrons in upper localized states may 

radiatively decay to hole levels, they usually nonradiatively decay to lower localized 

states, from which they may then radiatively decay to hole levels. This causes a redshift 

of the emission peak and a broadening of the absorption tail. Higher excitation densities 

cause band filling, which blueshifts the emission peak by causing the electrons to have a 

higher average emission energy. Since electrons in upper states have more decay options 

(more lower states to nonradiatively decay to) than electrons in lower states, the upper 

electrons have a smaller nonradiative lifetime. This causes the upper transition energies 

to have a shorter effective lifetime. Therefore, an effective lifetime that decreases with 

increasing emission energy ( or equivalently, a redshift with increasing time after an 
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exci ation pulse) is evidence that the emission is due to radiative recombination of 

localized carriers. The effective lifetime is given by30 

T eff = [( )/ ] , 1 + exp E-Eme E0 

(4) 

whel e Eis the emission energy, Eme is similar to a mobility edge,31 and £ 0 is the depth 

of ti e potential fluctuations. 

Piezoelectric and Spontaneous Polarization Fields 

Macroscopic polarization, consisting of (i) the piezoelectric polarization due to 

lattir e-mismatch-induced strain and (ii) the spontaneous polarization due to interface 

chaFge accumulations between two materials, is very strong in wurtzite Group 

III-Aitrides.32-42 Electric polarization fields are common in strained-layer superlattices 

(SLl ) of III-V semiconductors. 43 For the most commonly studied case of strained-layer 

SLs of zinc-blende material grown in the [ 100] direction, the piezoelectric effect does not 

occr, because only diagonal strain components are present and diagonal strains do not 

cause an electric polarization in zinc-blende crystals. Growth in any other direction 

cau . es off-diagonal strain components, and therefore, an electric polarization. For 

example, with a [111] growth axis in zinc-blende structures, the polarization vector points 

aloJ g the growth axis (perpendicular to the layers). Since one of the SL materials is in 

bia ial tension whereas the other is in biaxial compression, the polarization polarity 

rev • rses at the SL interfaces. These large alternating electric fields significantly change 

the L electronic structure and optical properties. Similarly, wurtzite Group III-nitride 

layr s grown in the [0001] direction, with biaxial strain from lattice mismatch, have large 

I 
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piezoelectric fields due to their large piezoelectric constants (e.g., e31 = -0.35, -0.57, and 

-O.S7 C/m2 for GaN, InN, and AlN respectively).32•44 The piezoelectric polarization 

creates an internal electric field in the [0001] growth direction of wurtzite Group 

III-nitride layers. 

Spontaneous polarization has long been observed in ferroelectric materials. Ab 

initilo studies of the wurtzite Group III-nitrides found that due to their low-symmetry 

crystal structure, they have very large spontaneous polarization constants (e.g., -0.029, 

-0.032 C/m2, and -0.081 for GaN, InN, and AlN respectively).32 The large spontaneous 

polarization was also experimentally observed as an internal electric field present with 

zerd strain.45 The spontaneous polarization increases with increasing nonideality of the 

struL ure, going from GaN to InN to AlN. The spontaneous polarization of AlN is only 

aboL 3-5 times smaller than that of typical ferroelectric perovskites. Spontaneous 

poli ization is much more important for GaN/AlGaN QWs than InGaN/GaN QWs, 

because the spontaneous polarization constants are very different for GaN and AlGaN, 

but close for InGaN and GaN. 

1 

The polarizations create an electric field in QWs, tilting the conduction and 

vahmce band edges, which changes the subband energy levels and bound state wave 

I 
functions, and hence, the optical transition energies and oscillator strengths. This is 

callrd the quantum-confined Stark effect.46 Quantum confinement prevents the electric 

fiel , from ionizing excitons, but the electric field spatially separates electrons and holes, 

wh· h decreases the overlap of their wave functions, and therefore, decreases the 

radlative recombination rate and increases the radiative lifetime. The tilting of the bands 

in , QW also redshifts luminescence, since electrons and holes that are spatially separated 
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to opposite sides of the well can then recombine with an energy difference less than the 

bandgap, as illustrated in Figure 1. This is called the quantum-confined Franz-Keldysh 

effect, and its redshift (Stokes shift) increases with increasing well width. To a lesser 
I 

extent, part of the absorption edge is also redshifted, resulting in a low-energy absorption 

tail l elow the fundamental energy gap. This can be thought of as photon assisted 

tuj eling. At small well widths, quantum-confinement causes small blue shift in 
I 

emission energies, but at larger well widths, the Franz-Keldysh redshift is dominant. 

These effects of the polarization fields can be partially reversed with high optical 

excitation densities, resulting in a high density of electrons and holes, because the 

inter al electric field moves the electrons and holes to opposite sides of the well, creating 

anor er electric field in opposition to the original electric field. Very high excitation 

denr ties also remove the effects of the polarizations, through plasma screening of the 

electric field. Of course, the effects of the polarizations can also be removed by applying 

a voltage in opposition to the internal electric field or by electrically shorting both sides 

of the well. As time proceeds after a high excitation pulse and as the carrier density falls 

I 
back down, we see a redshift of the emission peak, a broadening of the absorption tail, 

and[ an increase in the radiative lifetime. Unfortunately, these are the same evidences of 

ca+ er localization. 

I The emission peak position that is shifted by piezoelectric and spontaneous 

polk izations in wurtzite structures can be calculated from the following equations. First, 

the strain &xx in a layer in the direction parallel to the layer is given by47 

(5) 
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where as is the strained in plane lattice constant, ae is the equilibrium unstrained lattice 
I 

constant, the &if are components of the piezoelectric tensor, and the C.1 are stiffness 

constants. The piezoelectric polarization normal to the layer is47 

l P,, = 2( e,, -~:: e,,} u , 

wh e the e i/ are the piezoelectric constants. For bulk material, the built-in internal 

electric field arising from the polarization (and not including any externally applied 

(6) 

electric field) is E = - P / &0 , where &0 is the permittivity of free space. This is the same 

as ti e electric field between capacitor plates in a vacuum and with opposite charge 

den ities of a- = ±P . One would expect the opposite charges on opposite sides of the 

uni crystal cells to cancel each other, but instead, there is a macroscopic electric field, as 

tho gh the charges cancel everywhere but at the surfaces. For a quantum well, we use 

D = &0 &E and (iJw - D6 ). n6w =a- , where D is the displacement vector, the subscripts w 

and bare for the well and barrier, respectively, & is the relative permittivity, and n6w is 

the F it vector normal to the layers and pointing from a barrier to an adjacent well, to 

obtt n34 

For a periodic structure of many wells and barriers, 

l !WEW + lb Eb = 0 , 

wh re lw and /6 are the thicknesses of the wells and barriers, respectively. From 

Eql.tions 6 and 7, we obtain34 

11 
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(9) 

For ,a single quantum well with very thick barriers ( lb ~ oo ), we have 

(10) 

The electric field in the well should also include the photogenerated areal charge density 

CJ' at the well interfaces, and the polarizations should include both the piezoelectric and 

spontaneous components, so Ew in a single quantum well is more thoroughly given by34,48 

J 
£ w =(CJ'+ P/z + P;'P - p:z - p:P )/(&o&w), (11) 

wh re the superscripts pz and sp are for piezoelectric and spontaneous polarization, 

resL ctively. The photogenerated charge carriers are assumed to concentrate only at the 

we:l interfaces, pushed by the internal electric field, and this assumption gives accurate 

emi~sion energy calculations for well thicknesses greater than about 2 nm and sheet 

carnier densities less than 4 x 1012 cm-2. 48 Also, the sign of CJ' in Equation 11 is chosen 

oprlosite to that of P, Pz + P, 'P - p Pz - p sp However, for the low excitation densities !'I b b w w • 

typ~cal of photoluminescence (PL) experiments, CJ' is negligible. If Ew > 0, electrons in 

the ~ ell are pushed toward the substrate. 

/ Once the electric field in a well is known, the PL peak positions can then be 

estir ated by assuming the wells have a triangular shape. The PL peak energy of a 

triangular well is49'50 

12 

(12) 



where Eg is the bandgap energy, Ew is the electric field in the single quantum well, lw is 

the well thickness, ry0 is the first positive zero of the Airy function (about 2.32), n is 

Planck' s constant divided by 2n, e is the electronic charge, me and mh are the electron and 

hold effective masses, respectively, and E 8 is the exciton binding energy. However, the 

wel s are not exactly triangular, and the barrier shapes also affect the emission energy. 

The PL peak energies can be more accurately determined by a one dimensional Poisson 

and Schrodinger equation solver,51 in which areal charge densities of 

a+ P/z + Pb'P - P: 2 -P:P are placed at the well interfaces.34•48 One must also take into 

account that the exciton binding energy decreases with increasing well thickness, 

especially in an electric field which causes electron-hole separation.48•52-54 

Takeuchi et al. proposed that piezoelectric fields due to lattice-mismatch-induced 

strain lead to the quantum-confined Stark effect in InGaN/GaN QWs, which causes a 

bluL hift behavior with increasing excitation intensity and a well-width dependence of 

the luminescence peak energy.37 They calculated a strain-induced electric field of 

1.01 MV/cm, for strained !no 13Ga,wN grown on GaN, assuming e,, - -0.22 C/m2. 

Sil e In composition fluctuations in ternary InGaN can also cause the luminescence 

red hift, Im et al. excluded this possibility by studying binary GaN in GaN/Al0_15Gao.s5N 

Q [ s through time-resolved photoluminescence (TRPL).39 Their evidence for the 

pier electric effect was a redshift of the photoluminescence (PL) peak position and an 

incr ase in decay times with increasing well width from 1.3 to 10 nm. In fact, the PL 

peak shifted to energies well below the GaN bandgap for well thicknesses greater than 

5 nln. They obtained similar results for In0.05Gao.95N/GaN QWs, so they concluded that 

the lpiezoelectric field effect is important in both GaN/AlGaN and InGaN/GaN QWs.40 
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Figures 2, 3, and 4 show that there is a polarization-induced internal electric field 

in GaN/AlGaN separate confinement heterostructures (SCHs). The SCHs of this study 

are nominally identical except for different well thicknesses of 3, 5, 9, and 15 nm. The 

GaN wells were surrounded by 80 nm thick Alo.o7Gao_93N waveguide layers and 150 nm 

Al01 Gao.86N cladding layers. Figure 2 shows that the photoluminescence peak redshifts 

wi, increasing well thickness, although the recombination rate was reduced too much to 

see a photoluminescence peak from the 15 nm GaN well. Figure 3 shows the 

chaijacteristic blueshift with increasing optical excitation density. The TRPL spectra of 

Figure 4 shows the expected increase in luminescence decay time with increasing well 

thickness. The TRPL from the 9 and 15 nm GaN wells was too weak to be seen, because 

of 1 e greater electron-hole separation in thicker wells. 

Although, using the binary GaN for the well, prevents the alloy and bandgap 

inhomogeneities typical of the ternary InGaN, the results obtained from GaN/AlGaN 

QWs may not necessarily extend to the case of samples with InGaN active regions with 

aboht 20% In content, such as the blue-light-emitting InGaN/GaN QWs. In fact, carrier 

locJiization from bandgap inhomogeneity can prevent the electron-hole separation that 

woJ ld otherwise be caused by a polarization-induced internal electric field. Also, the 

wells of commercial InGaN-based LEDs and LDs are typically 3 nm thick, which is less 

I 
than the exciton Bohr radius of - 3.4 nm,55 and therefore too thin for significant electron-

boll separation in the direction of the internal electric field. (The exciton Bohr radius 

a8 L £n2 / µe 2 , whereµ is the reduced mass of the electron and hole of the exciton.) In 

fac the existence of a Stokes shift and broadening of the luminescence from such thin 

Ind aN wells is evidence for lateral bandgap inhomogeneity, which gives greater lateral 
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conf nement. 55 Interestingly, Chow et al. theoretically calculated that the threshold 

current density ofln0_2G'1{)_ 8N/GaN LDs is minimized with a well thickness of 3.5 nm, 

because although the slight electron-hole separation at this well thickness would tend to 

reduce the stimulated emission gain, it also reduces the spontaneous emission, which is a 

loss Ito the stimulated emission. 56 

We have reviewed only a small amount of the research showing evidence that 

strain-induced piezoelectric polarization and/or spontaneous polarization very much 

influence the carrier recombination in both GaN/AlGaN and InGaN/GaN QWs.39•40•42 

However, to understand the effects of the large the In content (~20%) on InGaN/GaN 

M+ s used in state-of-the-art commercialized blue-violet laser diodes, a comparison 

stul y of structural and optical properties is required, since any growth parameter changes 

ma~ unexpectedly affect other structural (e.g., quality and interface) properties, and 

hence, the optical and electrical properties. 

Stimulated Emission and Lasing Mechanisms 

Optically pumped lasing in GaN was first observed in GaN single crystal needles 

at 2 K by Dingle et al. 57 With the development of the MOCVD growth technique, ~any 

mor studies of optically pumped stimulated emission (SE) and lasing have been 

performed for GaN and related heterostructures in recent years. Optical pumping, as 

illustrated in Figure 5, produces high carrier densities for SE and lasing, without the 

co, plicated doping, device processing, and electrical contacts that are required for 

eleotrical pumping. It is generally believed that the electron-hole separation caused by 

spoL aneous and piezoelectric polarizations decreases the spontaneous and stimulated 

emission efficiencies"-'0 and that this reduction in emission efficiency should be greater 
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for t ger well thicknesses. 61 However, the regions of interface irregularity are a greater 

fraction of the well volume for thinner wells and, therefore, cause more scattering loss, 

more broadening of the gain spectrum, and more nonradiative recombination for very 

thin/ wells. This is illustrated in Figure 6, which shows 10 K stimulated emission (SE) 

spe1tra of the GaN/Alo.01Gao_93N/Alo.14Gao.s6N SCHs (described in the previous section) 

at 1.5 times the SE threshold optical pumping density. The inset of Figure 6 shows the 

SE thresholds as a function of well thickness. The SE thresholds were 40, 60, and 

180 kW/cm2 for the 5, 9, and 15 nm thick GaN well samples, respectively, which is low 

conipared to the typical value of - 130 kW/cm2 for bulk GaN layers.62 The SE thresholds 
I 

decreased with decreasing well thickness, except that SE was not observed for the 3 nm 

thit GaN well sample. The SE threshold was lowest for the sample with a 5 nm thick 

GaNJ well, but the 3 nm well was too narrow for SE, most likely because of the greater 

inflL nce of interface irregularity. This suggests that Group III-ni !ride-based UV LDs 

fabricated with narrower wells would have better performance, but if the well is too 

narrow, an elaborate interface control or multiple quantum well structures should be 

conl idered. 

The SE gain mechanism for bulk GaN was identified by Bidnyk et al. as exciton-

I 
exciton scattering below 200 K and electron-hole plasma recombination ( or band-to-band 

tradsition) above 200 K.62 They found that the better optical and carrier confinement of a 

Gat /AlGaN separate confinement heterostructure enabled lasing in GaN by exciton

exciton scattering in tests as high as room temperature. For InGaN-based laser diode 

stl ctures, several SE and lasing mechanisms were recently discussed by several 

gror ps.7•63.,;7 Optical gain experiments were also performed on InGaN-based 
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stru<l:tures.68-74 Although electron-hole plasma recombination is accepted as the gain 

mechanism in most III-V semiconductors, such as GaAs and InP, there has been 

controversy over whether the SE in InGaN-based structures is also primarily by electron-

hole plasma recombination. One would expect that without sufficient carrier localization 

to pr vent electron-hole separation in InGaN layers, the SE pumping threshold is 

increased by the fact that it must first overcome the piezoelectric field. 75 Without 

sufficient carrier localization, the SE threshold could be so high that it would cause an 

electron-hole plasma. Of course this is a moot point for commercial InGaN-based MQW 

devices with longitudinal localization already provided by the narrowness of the 3 nm 

InGl N wells. 76 In this case, additional lateral localization is helpful in preventing carriers 
I 

frol migrating to nonradiative recombination channels, in making it easier to obtain a 

grer er carrier density necessary for population inversion, and in restricting the electrons 

and holes so that they have nearly zero momentum (since the produced photons have 

I 
nearly zero momentum, momentum conservation makes the electron-hole recombination 

mu! h more efficient when the electron and hole have nearly equal, but opposite, 

momenta). In Chapters IV, V, and VI, we will resolve these issues and show that 

locJlized carrier recombination is the mechanism for both spontaneous and stimulated 

em+ sion in state-of-the-art InGaN-based structures. 
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Figure 5. Optical pumping in (a) surface and (b) edge emission geometries. 
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CHAPTER III 

FUNDAMENTAL OPTICAL PROPERTIES OF InGaN-BASED STRUCTURES 

In this chapter, we will discuss the general optical properties oflnGaN epilayers 

and InGaN/GaN QWs, as well as explanations for these properties. Measurements were 

taken by a wide range of techniques to better understand both the spontaneous and 

stimulated emission. The optical emission, absorption, excitation power emission 

deprndence, and emission temporal dynamics were investigated by PL, PL excitation 

(PL/E), optically pumped emission, and TRPL, respectively. 

The data presented in this chapter is for an In01 sGao 82N/GaN MQW and an 

Ino 1sGaos2N epilayer. Both the MQW and the epilayer were grown on c-plane sapphire 

substrates by MOCVD, following the deposition of a 1.8 µm thick GaN buffer layer. The 

MQW consists of a 12-period superlattice with 3 nm thick In0_ 18Gao.82N wells and 4.5 nm 

thick GaN barriers, and a 100 nm thick Alo.01Gao_93N capping layer. The InGaN epilayer 

is 1!00 nm thick and capped by a 50 nm thick GaN layer. The 18% In composition in the 

wels was determined by x-ray diffraction analysis, assuming Vegard's law. X-ray 

symmetric and asymmetric reciprocal space mapping showed that the MQW is fully 

pseldomorphic (strained so that the MQW layers' lattice constants conform to that of the 

I 
GaN buffer layer).77 

In this chapter, we will see that the MQW and the epilayer have: (i) a large Stokes 

shift between the emission peak and the absorption band edge, (ii) a broadening of the 
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absdrption tail, (iii) a blueshift of the emission peak with increasing excitation density, 

and (iv) a redshift of the emission peak with time (a rise in lifetime with decreasing 

emission energy). As explained in the previous chapter, for the epilayer, these 

characteristics can be qualitatively explained by both carrier localization and the 

pieioelectric field. However, for the MQW, only the carrier localization explanation 

appl es. This is because the piezoelectric field would cause these characteristics through 

electron-hole separation, but the 3 nm thickness of the MQW In0 18Gao.82N wells is less 

than the exciton Bohr radius, and therefore too thin for enough electron-hole separation in 

the tlirection of the internal electric field, but the carrier localization gives greater lateral 

confinement. Nevertheless, in Chapters IV, V, and VI, we will see that carrier 

localization is the predominant explanation for both the MQW and the epilayer. 

Optical Emission and Absorption Properties 

Figure 7 shows typical 10 K PL and PLE spectra oflnGaN emission from (a) an 

Ino jgG8{)g2N/GaN MQW and (b) an Ino.1gG3-0_g2N epilayer, respectively. Both were 

gro'}Vn by metalorganic chemical vapor deposition (MOCVD) on c-plane sapphire. The 

PL spectra (solid lines) were measured using the 325 nm line of a continuous wave (cw) 

HeJCd laser. The PLE spectra ( dashed lines) were measured using quasimonochromatic 

light dispersed by a 1/2-m monochromator from a xenon lamp. In Figure 7, the InGaN 

emission has a peak energy of - 2.8 and - 2.99 eV at 10 K for (a) the In0_18Gao.82N/GaN 

MQW and (b) the Ino.1gGaog2N epilayer, respectively. The near-band-edge emission 

I . 
fror the Alo.01Gao_93N cladding layer [in (a)] and the GaN layers [in (a) and (b)] are also 

cler ly seen at 3.60 and 3.48 eV, respectively. With the PLE detection energy set at the 

InGaN emission peak, the contributions from the GaN layers [in (a) and (b)] and from the 
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Alo.o7Gao.93N capping layer [in (a)] are clearly seen, and the absorption edges are well 

matched to the PL peak energy positions. The absorption of the InGaN wells in the 

MQW increases monotonically, reaching a maximum at -3.1 eV, and remains almost 

constant until absorption by the GaN barriers begins at 3 .48 e V. A large Stokes shift of 

the InGaN spontaneous emission peak with respect to the absorption edge measured by 

lowlpower PLE spectroscopy is clearly observed for both samples. This Stokes shift is 

-0.3 eV for the MQW and -0.05 eV for the epilayer. The large Stokes shift between the 

emission and absorption edge is typical oflnGaN epilayers and QWs. The Stokes shift 

and the broadening of the absorption edge of InGaN epilayers and diodes measured by 

many groups were plotted as a function of emission energy.78·79 Both the Stokes shift and 

the absorption broadening were found to increase as the In composition increases, which 

caufes the emission energy to decrease. The Stokes shift can be explained by carriers 

relaxing to deeply localized states before radiatively recombining. It can also be 

explained by an internal electric field caused by strain-induced piezoelectric polarization. 

Thi internal electric field would spatially separate electrons and holes, but an overlap of 

their wave functions would allow their radiative recombination at a lower energy than if 

there was no internal electric field. However, the narrowness of the MQW 3 nm wells 

prevents electron-hole separation. 

Excitation Density Dependence and Optically 

Pumped Stimulated Emission 

Figure 8 shows 10 K emission spectra as a function of excitation pump density 

UexJ for (a) the Ino 1sGao.s2N/GaN MQW and (b) the Ino.1sGao.s2N epilayer. The spectra 
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of Figure 8 were measured with an excitation energy of 3.49 eV and in the surface 

emission geometry to minimize reabsorption. The SE peaks indicated by arrows in the 

figure are due to in-plane SE coming out the sample edges. No SE was observed from 

the middle of the samples in this geometry, indicating the high quality of the sample 

structures. 80 The pump spot size was - 1 mm2 and the excitation wavelength was the 

3551nm third harmonic of a Nd:YAG (yttrium aluminum garnet) laser. As I exc increases, 

the spontaneous emission peak of the MQW blueshifts until it reaches - 2.9 eV, and then, 

it only increases in intensity until the SE threshold is reached. The SE peak develops on 

the low energy side of the spontaneous emission peak. As explained earlier, the blueshift 

of the epilayer spontaneous emission with increasing I exc can be explained by both the 

banh filling of localized states and the screening of the piezoelectric field. However, for 

the ~arrow wells of the MQW, the blueshift can only be due to the band filling of 

localized states. With increasing I exc , the filling level increases and the PL maximum 

shifts to higher energies until sufficient population inversion is achieved and net optical 

gai! results in SE. The excitation density induced blueshift is much larger for the MQW 

than the epilayer (- 80 meV for the MQW compared to - 14 meV for the epilayer). 

Details of the SE features and optical nonlinearities oflnGaN-based structures will be 

I 
given in Sections III and IV, respectively. 

Temporal Evolution and Dynamics of Optical Emission 

The recombination decay times for the InGaN emission of InGaN epilayers and 

Q\Y s are generally in the range of several hundreds of picoseconds to a few tens of 

nadoseconds, depending on the In composition of the InGaN layer, the number of QWs, 

26 



and bther growth conditions.3·81 ·82 Figure 9 shows the effective recombination lifetime as 

a function of detection energy across the 10 K PL spectrum of (a) the Ino.18G<l-0.82N/GaN 

MQW and (b) the In0_18G3-082N epilayer. TRPL was measured using a streak camera for 

detection and with sample excitation by the second harmonic of a cavity-dumped dye 

laser synchronously pumped by a frequency-doubled modelocked Nd:YAG laser. The 

excitation pulses had a duration ofless than 5 ps. The overall time resolution of the 

system was better than 15 ps. Figure 9 shows a rise in the effective lifetime r e.ff with 

decreasing emission energy across the PL peak, resulting in a redshift of the emission 

peak energy with increasing time. The average lifetime for the MQW is about 12 ns, 

which is much larger than the 0.6 ns lifetime of the epilayer. The longer lifetime for the 

MQWs in this study compared to those reported by other groups may be due to a larger 

degree of carrier localization caused by a larger number of QWs and/or different growth 
I 

d. · d · h" d 3 81-84 con 1t10ns use mt 1s stu y. ' 

Figure 10 shows r ef! as a function of temperature for (a) the Ino l8G<l-0.82N/GaN 

MQW and (b) the Ino.18G<l-0.82N epilayer. The rise in ' eff with increasing temperature 

froljll 10 to - 70 (30) K for the MQW (epilayer) indicates recombination dominated by 

I 

radiative recombination over this temperature range, but the decrease in r e.ff with 

increasing temperature for T > 70 (30) K indicates the increasing dominance of 

nonradiative recombination at higher temperatures.85·86 The MQW has a much larger ' eff 

than the epilayer throughout the 10 - 3 00 K temperature range, and the lifetimes of both 

are significantly larger than that of GaN epilayers and heterostructures. 81 ·87 This can be 

ex lained by potential fluctuations caused by nonrandom In composition fluctuations 

lochlizing carriers and preventing them from diffusing to nonradiative recombination 
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centers. The potential fluctuations can be caused by nonrandom alloy composition 

fluctuation, well size irregularity, and other crystal imperfections, such as point defects 

and dislocations. Lefebvre et al. found that well width and depth variations cause carrier 

localization in GaN/Alo.o1Gao.93N QWs and cause the PL lifetime to decrease with 

incrfasing photon energy.88 For the epilayer, the longer lifetimes can also be caused by 

electron-hole separation due to a strain-induced piezoelectric field, but the narrow 3 nm 

wells of the MQW prevent the electron-hole separation. 

Effect of Quantum Wells and Interfaces on the Optical Properties 

We saw that the Ino 1sGaos2N/GaN MQW and the Ino.1sGao.s2N epilayer have: (i) a 

larJe Stokes shift between the emission peak and the absorption band edge, (ii) a 

broadening of the absorption tail, (iii) a blueshift of the emission peak with increasing 

excitation density, and (iv) a redshift of the emission peak with time (a rise in lifetime 

with decreasing emission energy). Although, these characteristics can be explained by 

both carrier localization and the piezoelectric field, one would expect these characteristics 

to be weaker in the MQW. This is because the MQW's 3 nm thick wells are to thin to 

allow the piezoelectric effect to have much influence, and the MQW wells are too thin for 

much bandgap inhomogeneity in the longitudinal direction. However, these 

chl acteristics are much stronger in the MQW than the epilayer. The PL peak energy of 

the MQW is - 2.8 eV, which is - 190 meV below that of the epilayer (- 2.99 eV). The 

MQW Stokes shift is - 0.3 eV, and the epilayer Stokes shift is only - 0.05 eV. The 

blu~shift with increasing excitation density is - 80 meV for the MQW compared to 

- It meV for the epilayer. The 10 K emission lifetime of the MQW is 12 ns, which is 

much larger than the epilayer's 0.6 ns. The MQW had a much longer lifetime throughout 

28 



the 10- 300 K temperature range studied. Since these characteristics are much stronger 

in the MQW, the MQW must have deeper and more extensive potential fluctuations in 

the lateral direction than the epilayer has in three dimensions. The fact that the emission 

lifetime increased with temperature up to 70 K for the MQW, compared to 30 K for the 

epilayer, indicates that the MQW lateral carrier localization is more effective in 
I 

pre~enting carriers from diffusing to nonradiative recombination centers. Since the 

quality of lower layers and interfaces affects that of upper layers, the presence of 

interfaces may change the properties of the InGaN active region. In addition, the 

different growth conditions between the MQW and the epilayer may also affect the 

degree of potential fluctuations. We will see in Chapters IV, V, and VI, that carrier 

localization is the predominant explanation for the optical properties of the epilayer, as 

well as the MQW. 
I 
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Figure 7. 10 K PL (solid lines), PLE (dashed lines), and decay time (circles) for (a) an 
Inq 1sGc1-0.s2N/GaN MQW and (b) an Ino 1sGc1-0s2N epilayer. Both were grown by 
MOCVD on c-plane sapphire. A large Stokes shift of the PL emission from the InGaN 
la~ers with respect to the band edge measured by PLE spectra is observed. The near
bapd-edge emission from the GaN and Al0.o7Gci-0 93N layers was observed at 3.48 and 
3.~ eV, respectively. The PLE contributions from the GaN layers [in (a) and (b)] and the 
Alpo7Gcl{)_93N layer [in (a)] are clearly seen. 
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Figure 8. Evolution of InGaN emission spectra from below to above the SE threshold, 
Ith, at 10 K for (a) an Ino 1sGci-0s2N/GaN MQW and (b) an Ino 1sGci-0s2N epilayer. The 

emission was collected in a surface emission geometry. Ith for the MQW and epilayer 

was - 170 and 130 kW/cm2, respectively, for the experimental conditions. A large 
blueshift of the emission is clearly seen with increasing excitation density for the MQW 
safuple, showing band filling of localized states. 
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Figure 10. Temperature dependence of the lifetimes for (a) an In0_18G8-0.82N/GaN MQW 
and (b) an In0_ 18G8{)_82N epilayer. The rise in effective recombination lifetime with 
increasing temperature observed from 10 to - 70 (30) K for the MQW (epilayer) is 

I 
indicative of recombination dominated by radiative recombination channels, whereas 
the decrease in lifetime with increasing temperature for T > 70 (30) K indicates the 
increasing dominance of non-radiative recombination. We observed that the MQW has 
a significantly larger lifetime than the epilayer for all temperatures studied, and the 
lif~times of both are significantly larger than that of GaN epilayers and heterostructures. 
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CHAPTER IV 

IIn COMPOSITION AND Si DOPING EFFECTS ON OPTICAL TRANSITIONS 

The emission characteristics of Group III-nitrides are influenced more than 

expected by the material combination (e.g., GaN/AlxGa1_xN or InxGa1_xN/GaN), the active 

region alloy composition (e.g., x < 0.1 or x > 0.15 in InxGa1_xN /GaN QWs), and other 

structural properties (e.g., well thickness, doping concentration, number of QWs, etc.). 

The growth conditions for the InGaAlN material system also affect the structural, 

electrical, and optical properties. The In composition dependence of optical and 

structural characteristics oflnxGa1_xN-based structures is very important for the design of 

optical devices and extending their wavelength range from UV to green-yellow. 

Although Si doping is typically used for n-doping in Group III-nitrides, Si doping also 

changes the growth mode, and thus, the optical performance. This chapter discusses the 

effects of In composition and Si doping on the optical and structural properties of 

InGaN/GaN heterostructures. 

Influence of In Composition in InGaN Layers 

An increase in the In composition of InGaN/GaN wells increases both the lattice 

miJmatch induced strain (which leads to a stronger piezoelectric field) and In phase 

segregation (which causes more carrier localization). Martin et al. summarized the 

emission and absorption spectra of a range of commercial InGaN light-emitting diodes 
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and high-quality epilayers.78 They showed that the Stokes shift depends linearly on the 

emission peak energy, using spectra of diode and epilayer samples, as well as data from 

research literature. The absorption edge broadening increases as the emission peak 

enelgy decreases. They explained these effects by the localization of excitons in In-rich 

quantum dots created by phase segregation. Narukawa et al. studied the temperature 
I 

dep~ndence of radiative and nonradiative recombination lifetimes in undoped 
I 

In0_02G8{)_98N UV-LEDs and determined that a small amount of In added to a GaN layer 

improves the external quantum efficiency by suppressing nonradiative recombination 

processes.89 A recent study of the structural and optical properties oflnxGa1_xN/GaN 

MQWs with different In compositions is presented here.90 The room temperature (RT) 

SE wavelengths of the samples studied are between 395 nm and 405 nm, which is near 

the operational wavelength of state-of-the-art violet current injection laser diodes.91 

Figure 11 (a) shows 10 K PL and PLE spectra ofMOCVD-grown InxGa1_xN/GaN 

MQWs with different In compositions of 8.8, 12.0, and 13.3%. These samples consist of 

(i) a 2.5 µm thick GaN buffer layer doped with Si at 3 x 1018 cm-3, (ii) a five-period 

superlattice of 3 nm thick undoped InxGa1-xN wells and 7 nm thick GaN barriers doped 

with Si at - 5 x 1018 cm-3, and (iii) a 100 nm thick GaN capping layer. Trimethylindium 

fluxes of 13, 26, and 39 µmol/min were used to grow samples with the different In 

compositions in the InxGa1 -xN wells, but the InxGa1-xN well growth time was kept 

constant. The PLE detection energy was set at the main InxGa1_xN PL peak. With 

increasing In composition, the InxGa1_xN PLE band edge redshifts and broadens. These 

PLE band edges are similar to absorption spectra and can be fit to the sigmoidal 
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formula: 78 

a= [E -EJ' l+exp e~ 

to yield effective bandgaps ( Eeff ) of 3 .256, 3 .207, and 3 .165 e V and broadening 

parameters ( M,) of 23, 36, and 40 meV for the samples with In compositions of 8.8, 
I 

12.0, and 13.3%, respectively. This broadening of the PLE spectra with increasing In 

(13) 

shows that the absorption states are distributed over a wider energy range due increased 

fluctuations in dot size, shape, and/or depth78 or due to increased interface imperfection, 

as observed in x-ray diffraction (XRD) pattems.88 The Stokes shift increased from about 

135 to 180 meV as the In composition increased from 8.8 to 13.3%. The large Stokes 

shifts and their increase with In composition can be explained by carrier localization5'8 or 

the piezoelectric effect,41 or a combined effect of both mechanisms.6'78 Clearly, both 

mechanisms are in these samples, but the narrowness of the 3 nm wells prevents the 

piezoelectric field from having much influence. 

To check device applicability, SE was measured from the InxGa1_xN/GaN MQWs 

at RT, which is important as the normal device operating temperature. The SE spectra 

shown in Figure 11 (b) were obtained at a pump density of 1.5Ith, where Ith is the SE 

threshold for each sample. When below Ith , as the excitation power density is raised, the 

spontaneous emission peak blueshifts due to band filling of localized states, as shown 

earlier. Raising the excitation power density above Ith causes much spectral 

narrowing.65 The emission spectra contain many narrow peaks ofless than 0.1 nm full 

width at half maximum (FWHM), which is on the order of the instrument resolution. The 
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SE threshold was 150, 89, and 78 kW/cm2, for the samples with In contents of 8.8, 12.0, 

and 13.3%, respectively. These thresholds are approximately an order of magnitude 

lower than that of a high-quality nominally undoped single-crystal GaN film measured 

under the same experimental conditions.92 

With increasing In composition from 8.8 to 13.3%, the SE threshold decreases 

while the FWHM of the high-resolution XRD SL-1 satellite peaks and the PLE band edge 

broadening increase. The increase in the SL-1 peaks FWHM with increasing In 

composition, indicates a decrease in interface quality due to nonuniform In incorporation 

into the GaN layers. The interface imperfection and composition inhomogeneity are also 

seen in the broadened band edge of the PLE spectra. Although the interface fluctuation is 

a source of scattering loss, and the broadening of the absorption states broadens the gain 

spectrum, the SE threshold density decreased with increasing In composition. This is 

contrary to traditional III-V semiconductors, such as GaAs and InP, for which the 

FWHM of the SL diffraction peaks is closely related to the optical quality and 

performance of MQW devices.93•94 

Figure 12 (a) shows that as the temperature increases from 10 to 300 K, the 

integrated PL intensities decrease by a factor of 25, 6, and 5 for the InxGa1_xN/GaN 

MQWs with In compositions of 8.8, 12.0, and 13.3%, respectively. The fact that the 

integrated PL intensity is greater for higher In composition throughout the 10 to 300 K 

temperature range is further evidence that the piezoelectric effect is not the main cause of 

the emission characteristics, because the piezoelectric effect would decrease the emission 

intensity more for higher In composition. The higher In content MQWs have higher 

intensity and are less sensitive to temperature change, because the higher In content 
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suppresses nonradiative recombination, as seen in the temperature-dependent carrier 

lifetimes measured by TRPL, as illustrated in Figure 12 (b). The effective lifetimes 

increase with temperature up to 50 K, indicating that radiative recombination dominates 

in these samples at low temperatures. Above 50 K, the effective lifetime decreases, since 

nonradiative processes predominantly influence the emission at higher temperatures. The 
I 

lifetjme drops steeply above 50 K for the 8.8% In sample. The lifetime for the 12.0% In 

sample starts out higher than that of the 13.3% In sample, but is below the lifetime of the 

13.3% In sample above - 150 K. This indicates that although the higher In content 

creates defects with disadvantages, many of these defects also decrease thermally 

activated nonradiative recombination. By using Equations 2 and 3 from page 7, the 

300 K nonradiative recombination lifetimes were determined to be 0.6, 2.7, and 3.6 ns for 

8.8, 12.0, and 13.3% In, respectively, which shows that the higher In content suppresses 

nonradiative recombination. 

The emission characteristics are improved with higher In content, because the 

higher In content causes more In composition fluctuation, and therefore, more carrier 

localization, which keeps carriers away from nonradiative pathways. The broadening of 

the PLE spectra and the increase in the Stokes shift, seen in Figure 11 (a), shows that 

there is carrier localization that is enhanced with increasing In.6,7 Also, the incorporation 

of more In into the InxGa1.xN well layer can reduce the density of nonradiative 

recombination centers.89 Suppressing nonradiative recombination lowers the RT SE 

threshold, because only the radiative recombination contributes to gain. A lower RT SE 

threshold for samples with higher In composition shows that the suppression of 

nonradiative recombination overcomes the drawbacks of defects that increase with In 
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content, such as interface imperfections. This beneficial effect of higher In content 

saturates with higher In composition, since there is not much difference in carrier 

lifetimes, and therefore, SE threshold densities for the 12.0 and 13.3% In samples. This 

makes developing laser diodes with longer emission wavelengths difficult. 

As the In composition increases, the FWHM of SL diffraction peaks broadens due 

to the spatial fluctuation of interfaces. However, higher In content suppresses 

nonradiative recombination, thereby decreasing the RT SE threshold densities. Regions 

of higher In content localize carriers and keep them away from nonradiative pathways, 

and indium atoms may also reduce the density of nonradiative recombination centers. 

Influence of Si doping in GaN barriers 

Si doping is very important in the design of Group III-nitride MQW devices. The 

influence of Si doping on the optical properties of GaN epilayers,95'96 InxGa1.xN/GaN 

QWs,5'65,97-100 and GaN/AlxGa1.xN QWs 101 , 102 has been widely studied. Not only does Si 

doping screen or partially screen the internal electric field created by piezoelectric and 

spontaneous polarizations, but Si doping dramatically changes the structural, and hence, 

optical properties. 

The effects of Si doping on the structural and optical properties (spontaneous and 

stimulated emission) oflnGaN/GaN MQW structures has been intensively 

studied.5'65'77•98 A series oflnGaN/GaN MQW samples were grown on c-plane sapphire 

substrates by MOCVD, to study the effects of Si doping in the GaN barriers. The 

samples consisted of a 1.8 µm thick GaN buffer layer and a 12-period MQW with 3 nm 

thick Ino.1sGao.s2N wells and 4.5 nm thick GaN barriers, followed by a 100 nm thick 

Alo.o7Gao.93N capping layer. The disilane doping precursor flux was systematically varied 
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from Oto 4 nmol/min during GaN barrier growth to obtain Si doping in the GaN barriers 

ranging from n < 1 x 10 17 (nominally undoped) ton= 3 x 1019 cm-3 for the different 

samples, as determined by secondary ion mass spectroscopy and Hall measurements. 

Figure 13 shows 10 K PL (solid lines), PLE (dashed lines), and decay times 

plotted as a function of emission energy ( open circles) for the main InGaN PL peak. The 

near-band-edge emission from the GaN barriers and the AlGaN cladding layer are also 

clearly seen at 3.48 and 3.60 eV, respectively. A large Stokes shift of the InGaN PL 

emission with respect to the band edge measured by PLE is clearly seen. As the Si 

doping concentration increases, the Stokes shift decreases. The Stokes shift for the 

sample with n = 3 x 1019 cm-3 is - 120 meV smaller than that of the nominally undoped 

sample. The 10 K decay time measured by TRPL increases with decreasing emission 

energy, so the emission peak energy redshifts as time proceeds after an excitation pulse. 

This behavior is characteristic of localized states, which in this case, are most likely due 

to alloy fluctuations and/or interface irregularities. The decrease seen in decay time with 

increasing Si doping, from - 30 ns (for n < 1 x 1017 cm-3) to - 4 ns (for n = 3 x 10 19 cm-3), 

can be explained by a decrease in the potential fluctuations, which would cause carrier 

localization. With less carrier localization, the charge carriers are more likely to diffuse 

to nonradiative recombination centers. 

However, the decrease in the 10 K decay time with increasing Si doping can also 

be explained by a decrease in sample quality, which would also cause more nonradiative 

recombination. To resolve this issue, the temperature dependence of the decay time was 

measured, as shown in Figure 14. This figure shows the decay time at the emission peak 

energy and at the low and high energy sides of the emission peak, but we will focus on 
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the decay time of the higher energy side, for reasons that will become apparent. For the 

nominally undoped sample with n < 1 x 1017 cm-3 (open symbols), the higher energy 

decay time at first increases with temperature, up to about 40 ns at 70 K, in qualitative 

agreement with the temperature dependence of radiative recombination. As the 

temperature is further increased, the lifetime decreases because nonradiative processes 

become predominant. Further evidence of this is given by the fact that the lifetimes 

become independent of emission energy at higher temperatures. The crossover 

temperature, Tc, at the peak decay time is determined by the radiative and nonradiative 

recombination rates. A decrease in the radiative lifetime would increase Tc, and a 

decrease in the nonradiative lifetime would decrease Tc. Note that Tc gradually increases 

as n increases: Tc - 70 K for n < 1 x 1017 cm-3, Tc - 100 K for n = 2 x 1018 cm-3 (not 

shown here), and Tc -120 K for n = 3 x 1019 cm-3• This indicates that the decrease in 

lifetime with increasing n is due to a decrease in the radiative recombination lifetime 

rather than a decrease in the nonradiative recombination lifetime. Of course, one might 

suspect that Tc increasing with n may be due to an increase in the nonradiative lifetime 

with n. However, this cannot be true since an increase in the nonradiative lifetime would 

increase the effective decay time, but the effective decay time decreased with increasing 

n. Most radiative recombination tends to occur at the lowest energy levels, where the 

carriers are most restricted. With shallower potential minima, the carriers would be 

restricted more at higher energies, and this would cause a smaller radiative lifetime at 

higher emission energies. Therefore, the decrease in lifetime with increasing n is mainly 

due to a decrease in potential localization. 

41 



The degree of potential localization can be affected by the interface quality. To 

investigate the effect of Si doping on the GaN surface morphology, three reference 7 nm 

thick GaN epilayers were also grown at 800 °C with different disilane flux rates of 0, 0.2, 

and 2 nmol/min during growth.97•98 The surface morphology of these reference samples 

was examined by atomic force microscopy (AFM) in the tapping mode. Figure 15 shows 

2 µm x 2 µm AFM images of the three reference GaN epilayers. The root-mean-square 

surface roughness estimated from the AFM images was 0.49, 0.42, and 0.22 nm for GaN 

epilayers with disilane flow rates of ( a) 0, (b) 0.2, and ( c) 2 nmol/min during growth, 

respectively. Thus, smoother GaN surfaces with a more homogeneous terrace length 

were achieved at higher Si doping levels. 

High-resolution XRD measurements also showed that Si doping of the GaN 

barriers improved the interface properties of the InGaN/GaN MQWs,77 in good 

correlation with the optical properties. Figure 16 shows (0002) reflection high-resolution 

XRD ro - 28 scans measured from the 12-period InGaN/GaN MQW structures with 

different Si doping concentrations ranging from n < 1 x 1017 ton = 3 x 1019 cm-3 in the 

GaN barriers. The strongest peak is due to the GaN buffer layer, and the high-angle 

shoulder of the GaN peak is due to the AlGaN capping layer. All the spectra clearly 

show higher-order SL diffraction peaks indicating good layer periodicity. The SL period 

was determined from the positions of the SL satellite peaks. The SL peaks of the 

nominally undoped sample (n < 1 x 10 17 cm-3) have an asymmetrically broadened 

lineshape, but the SL peaks of the Si doped MQWs have a more symmetric lineshape. 

The broadening is partially due to spatial variation of the SL period, which can be caused 

by intermixing and/or interface roughness. The inset of Figure 16 shows the FWHM of 
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the higher-order SL satellite peaks as a function of Si doping level. As n increases, the 

FWHM of the higher-order SL satellite peaks narrows: the FWHM of the second order 

SL peaks was observed to be 589, 335, and 234 arcsec for n < 1 x 1017, n = 2 x 1018, and 

n = 3 x 1019 cm-3, respectively. The ratio of integrated intensity between SL peaks is 

almost the same for all three samples, as expected for nominally identical SL structures, 

which differ only in their degree of structural perfection. In addition, symmetric and 

asymmetric reciprocal space mapping scans were similar for the different samples, 

regardless of the Si doping concentration. Therefore, Si doping in the GaN barriers 

significantly improved the structural and interface quality of the InGaN/GaN MQWs. 

Since Si atoms can change the quality and/or surface free energy of the GaN barriers, it 

may affect the growth condition ( or mode) of the subsequent InGaN wells and 

interfaces.95•103•104 The decrease in the Stokes shift and the decrease in radiative 

recombination lifetime with increasing Si doping in the GaN barriers were due to a 

decrease in potential fluctuations and an improvement in the interfacial structural 

qualities. Although Si doping of the GaN barriers did not change the overall strain state 

(reciprocal space mapping of high-resolution XRD revealed there was no relaxation of 

the lattice-mismatch strain with the 1.8 µm thick GaN base layer), it significantly affected 

the structural and interface quality of the InGaN/GaN MQWs. 

Moreover, Bidnyk et al. reported the effect of Si doping on the emission 

efficiency and SE threshold pump density of the InGaN/GaN MQWs with different levels 

of Si doping in the GaN barriers. 65 All the samples showed a strong blueshift of the 

spontaneous emission with increasing excitation density, mainly due to band filling of the 

energy tail states. The blueshift stopped just before the start of SE. The SE spectrum of 
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the MQW with n = 2 x 1018 cm·3 consisted of many narrow peaks of-1 A FWHM, and 

there was no noticeable broadening of the SE peaks as the temperature was increased 

from 175 to 575 K. It is important to note that only moderately Si doped MQWs had 

enhanced luminescence efficiency and a reduction of the SE threshold. The maximum 

emission intensity and the lowest SE threshold (55 kW/cm2) were achieved for the 

sample with n = 2 x 10 18 cm·3, while a SE threshold of 165 kW/cm2 was obtained for the 

sample with n = 3 x 1019 cm·3. This fact, together with results presented above, shows 

that although Si doping improves the interface properties, it does not necessarily enhance 

the SE properties. Therefore, carrier localization at potential fluctuations caused by 

interface irregularities is very important for improving the emission properties. Similar 

effects were found for Si doping in InGaN barriers oflnxGa1-xN/InyGa1.yN QW 

structures. 100,105 In subsequent chapters, we will see more evidence that recombination of 

localized carriers is the predominant emission mechanism in InGaN/GaN MQW 

structures of state-of-art laser diodes. 
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Figure 11. (a) 10 K PL and PLE, and (b) RT SE spectra of 5-period lnxGa1_xN/GaN 
MQWs with different In compositions of 8.8, 12.0, and 13.3 %. 
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Figure 14. Temperature dependence of decay times monitored above (up triangles), 
below ( down triangles), and at (circles) the emission peak energy for In0.18Gao 82N/GaN 
MQWs with n < 1 x 10 17 cm·3 and n = 3 x 1019 cm·3 in the GaN barriers. The 
characteristic crossover temperature, Tc, (which is determined by the radiative and 

nonradiative recombination rates) gradually increases as n increases: Tc ~ 70 K for 

n < 1 x 1017 cm·3, Tc ~ 100 K for n = 2 x 1018 cm·3 (not shown), and Tc ~ 140 K for 

n = 3 x 1019 cm·3 . 
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Figure 15. 2 µm x 2 µm AFM images of three 7-nm-thick GaN films with different 
disilane flow rates during growth. The root-mean-square surface roughness estimated 
from the AFM images is 0.49, 0.42, and 0.22 nm for the GaN epilayers with the disilane 
flow rates of (a) 0, (b) 0.2, and (c) 2 nmol/min, respectively. A higher quality GaN 
surface morphology and a larger average terrace length were achieved by increasing Si 
incorporation. 
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CHAPTER V 

OPTICAL TRANSITIONS AT VARIO US TEMEPRA TURES 
AND EXCITATION CONDITIONS 

This chapter discusses optical phenomena associated with strong carrier 

localization in InGaN-based heterostructures. The localized band tail states are proven 

through their emission spectra dependence on temperature, excitation energy, and 

excitation density. These studies give insight into the recombination mechanisms 

responsible for the spontaneous and stimulated emission, which is important for both 

physical and practical aspects. This chapter is divided into two sections. The first 

section examines the temperature dependence of PL spectra, integrated PL intensity, PL 

temporal evolution, and optically pumped SE spectra of InGaN structures. The second 

section discusses energy selective spontaneous and stimulated emission studies of the 

InGaN-based structures. The spontaneous and stimulated emission spectra were 

observed with excitation photon energies over a wide spectral range above the emission 

peak position to provide evidence of localized band tail states for both spontaneous and 

stimulated emission. The excitation density and length dependences of the stimulated 

emission are also investigated. 
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Temperature Dependence of Optical Transition 

Anomalous Temperature Dependence oflnGaN Emission 

The temperature dependence of the fundamental energy gap is mainly caused by 

band structure changes induced by lattice thermal expansion and electron-phonon 

interactions. The temperature-induced change of the energy bandgap Eg is generally 

given by the empirical Varshni equation: 106 

(14) 

where Eg(T) is the bandgap energy at temperature T, and a and b are the Varshni 

thermal coefficients. Previously, the parameters a = 8.32 x 10-4 eV/K (1 x 10-5 eV/K) 

and b = 835.6 K (1196 K) for the GaN r; -r; (ln0 14Gao.86N) transition were 

determined from photoreflectance studies. 107,tos Figure 17 shows the typical temperature 

dependence of the free exciton (FX) and the bound exciton (BX) emissions from a 

MOCVD-grown GaN epilayer. The temperature-dependent PL peak shift of the GaN 

epilayer was consistent with the estimated energy decrease of about 70 me V between 10 

and 300 K. The energy difference between the BX and the FX energies is about 6 meV, 

which corresponds to the BX-to-FX transition temperature of ~ 70 K. 

However, the PL emission from InGaN-based structures does not follow the 

typical temperature dependence seen in GaN. Several groups observed an anomalous 

temperature-induced blueshift in InGaN QW structures and attributed this to band tail 

states caused by potential fluctuations. 109-111 We will prove this through the correlation 

between the temperature-induced anomalous emission behavior and its carrier dynamics 
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for both InGaN epilayers and InGaN/GaN MQWs. 111 ·112 A similar deviation from the 

typical temperature-induced energy gap shrinkage was seen in ordered (Al)GalnP 113·114 

and disordered (Ga)AlAs/GaAs superlattices. 115·116 

Figure 18 shows the temperature dependence of the InGaN PL spectra for (a) an 

Ino.1sGao.s2N/GaN MQW and (b) an Ino.1sGaos2N epilayer over a temperature range of 

10 to 300 K. As the temperature increases from 10 K to T1 , where T1 is 70 (50) K for 

the MQW (epilayer), the peak energy position EPL redshifts 19 (10) meV. This value is 

about five times as large as the expected bandgap shrinkage of - 4 (2) meV for the MQW 

(epilayer) over this temperature range. 108 As the temperature is further increased, EPL 

blueshifts 14 (22.5) meV from T1 to T11 , where T11 is 150 (110) K for the MQW 

(epilayer). By considering the estimated temperature-induced bandgap shrinkage of 

- 13 (7) meV for the MQW (epilayer), the actual blueshift of the PL peak with respect to 

the band edge is about 27 (29.5) meV over this temperature range. When the temperature 

is further increased above T11 , the peak positions redshift again. From the observed PL 

peak redshift of 16 (45) meV and the expected bandgap shrinkage of - 43 (51) meV from 

T11 to 300 K for the MQW (epilayer), an actual blueshift of about 27 (6) meV occurs 

relative to the band edge over this temperature range. 

Figure 19 shows an Arrhenius plot of the normalized integrated PL intensity of 

the InGaN emission of the In0.18Gao.82N/GaN MQW. The total luminescence intensity 

from this sample is reduced by only one order of magnitude from 10 to 300 K, indicating 

a high PL efficiency even at room temperature. (For the MOCVD-grown GaN epilayer 

seen in Figure 17, the change in integrated PL intensity from 10 to 300 K is 2 - 3 orders 

of magnitude.) For T > 70 K, the integrated PL intensity of the InGaN luminescence has 
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a thermal activation energy of about 35 meV. In general, the quenching of the 

luminescence with temperature can be explained by thermal emission of carriers out of 

confining potentials with a depth about equal to the activation energy. Since the 

observed activation energy is much less than the conduction and valence band offsets, as 

well as the bandgap difference between the wells and barriers, the thermal quenching of 

the InGaN emission is not due to thermal activation of electrons and/or holes from the 

InGaN wells into the GaN barriers. Instead, the dominant mechanism for the quenching 

of the InGaN PL is thermally activated emission of photogenerated carriers out of the 

potential minima caused by potential variations, such as alloy and interface fluctuations. 

We also studied the carrier dynamics of the InGaN luminescence by TRPL over 

the 10 to 300 K temperature range. Figure 20 shows the PL peak energy E PL , the 

relative energy difference ( M ) between E PL and E g , and the effective decay time ( r eff ) 

at the emission peak energy, at the lower energy side of the peak, and higher energy side 

of the peak, as a function of temperature for the In0_18Gao.82N/GaN MQW and the 

Ino.1 sGao.s2N epilayer. The temperature dependence of M and E PL are seen to be 

strongly correlated with the change in ' eff . For both the MQW and the epilayer, an 

overall increase of ' eff is observed with increasing temperature for T < T1 , in qualitative 

agreement with the temperature dependence ofradiative recombination.85'86 As seen in 

the previous chapter, in this temperature range, ' eff becomes longer with decreasing 

emission energy, and hence, the peak energy of the emission shifts to the low energy side 

as time proceeds. This behavior is characteristic of carrier localization, most likely due to 

alloy fluctuations (and/or interface roughness in MQWs). As the temperature is further 
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increased beyond T,, the lifetime of the MQW (epilayer) quickly decreases to less than 

10 (0.1) ns and remains almost constant between T11 and 300 K, indicating the 

predominance of nonradiative processes predominantly at higher temperatures. This is 

further evidenced by the fact that the difference between the lifetimes monitored above, 

below, and at the peak energy disappears for T > T, . This characteristic temperature T, 

also marks the change from redshift to blueshift for M and E PL with increasing 

temperature. Moreover, in the temperature range from T, to T11 , where a blueshift of 

E PL is occurs, r ef! dramatically decreases from 35 to 8 (0.4 to 0.05) ns for the MQW 

(epilayer). Above T11 , where a redshift of E PL occurs, r ef! changes little for both the 

MQW and the epilayer. 

The InGaN recombination mechanism for different temperature ranges can be 

explained in terms of the carrier dynamics, as follows : (i) For T <T1 , radiative 

recombination is dominant, so the carrier lifetime increases with temperature, giving the 

carriers more time to nonradiatively relax to lower energy tail states of the 

inhomogeneous potential fluctuations before radiatively recombining. This reduces the 

average emission photon energy, especially reduces the intensity of the higher energy 

side of the emission peak, and produces a redshift in the peak energy position with 

increasing temperature. (ii) For T, <T <T11 , the dissociation rate increases with 

temperature and other nonradiative processes become dominant, so the carrier lifetimes 

decrease greatly and also become independent of emission energy. Due to the decreasing 

lifetime, the carriers recombine before reaching the lower energy tail states. This 

broadens the higher energy side of the emission peak and causes a blueshift of the peak 
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energy. (iii) For T > T11 , since nonradiative recombination processes are dominant and 

the lifetimes decrease slowly and almost remain constant with increasing temperature, the 

photogenerated carriers are less affected by the change in carrier lifetime, so the blueshift 

behavior becomes smaller. Note that the slope of M is very sensitive to changes in ' elf 

with temperature for both the InGaN/GaN MQW and the InGaN epilayer. Since the 

blueshift is smaller than the temperature-induced bandgap shrinkage for T > T11 , the peak . 
has an overall redshift. Therefore, the change in carrier recombination mechanism with 

increasing temperature causes the S-shaped redshift-blueshift-redshift behavior of the 

peak energy of the InGaN luminescence, and this anomalous temperature dependence of 

the emission is due to nonradiative transitions between localized to extended energy tail 

states in the InGaN-based structures. 

An interesting difference between the InGaN/GaN MQW and the InGaN epilayer 

is the greater effective blueshifting of the MQW, even near RT, probably due to a greater 

degree of carrier localization in the MQW. Except for this, a similar temperature-induced 

S-shaped emission behavior was observed for both the InGaN/GaN MQW and the InGaN 

epilayer, even though ' elf of the MQW is about two orders of magnitudes longer than 

that of the epilayer. This indicates that the anomalous temperature-induced emission 

shift depends mainly on the change in carrier recombination dynamics rather than the 

absolute value of ' elf . 
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Figure 17. Typical temperature dependence of near-band-edge free exciton (FX) and 
bound exciton (BX) luminescence spectra and peak positions taken from a MOCVD
grown GaN epilayer. The energy difference between the BX and the FX energies is 
about 6 meV, which corresponds to the BX-to-FX transition temperature of ~70 K. 
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Figure 18. Typical InGaN-related PL spectra for (a) an Ino. 1sG8-0.s2N/GaN MQW and 
(b) an Ino.1sG3-0.s2N epilayer in the temperature range from 10 to 300 K. The main 
emission peak of both samples shows an S-shaped shift with increasing temperature 
(solid circles). All spectra are normalized and shifted in the vertical direction for clarity. 
Note that the turning temperature from redshift to blueshift is about 70 and 50 K for the 
Ino 1sG8-0.s2N/GaN MQW and the Ino 1sG8-0.s2N epilayer, respectively. 
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simplicity. 
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Temperature Dependence of Optically Pumped Stimulated Emission 

Optical pumping is widely used for studying stimulated emission and lasing in 

semiconductors, since it can generate the high carrier densities necessary for stimulated 

emission without electrical contacts so that complicated doping and device processing 

procedures are not required. We investigated the stimulated recombination process in the 

InGaN/GaN quantum wells by measuring the temperature dependence of the SE spectral 

shape, the integrated SE intensity, and the SE threshold density l 1h •65 We obtained 

optically pumped SE from InGaN/GaN MQWs in the side-pumping geometry with edge 

emission collected into a 1-m spectrometer and recorded by an optical multichannel 

analyzer or a UV-enhanced gated charge-coupled device (CCD). The pumping source 

was the third harmonic (355 nm) of an injection-seeded Nd:YAG laser with a pulse width 

of 6 ns and a repetition rate of 30 Hz. A cylindrical lens focused the pump laser onto the 

samples with the excitation spot in the form of a line. 92 The laser light intensity could be 

attenuated continuously using a variable neutral density filter. 

Figure 21 shows the SE spectra at 200 K, 300 K, and 450 K for an 

Ino 1sGcl-O.s2N/GaN MQW with barrier Si doping of n = 2 x 1018 cm-3. The SE peak is a 

statistical distribution of many narrow ( < 1 A FWHM) emission lines. These narrow 

emission lines had no noticeable broadening as the temperature was tuned from 10 K to 

575 K. The dotted lines are the broad spontaneous emission spectra measured at pump 

densities about half that of the SE threshold for each temperature. As the excitation 

power density is raised above the SE threshold, a considerable spectral narrowing occurs 

(solid lines in Figure 21). The main effect of the temperature change from 200 K to 

450 K was a shift of the spontaneous and stimulated emission peaks toward lower energy. 
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Increasing the temperature of the MQWs decreases their PL intensity because of 

optical losses that decrease the quantum efficiency. At high temperatures, only a small 

fraction of the photogenerated charge carriers reach conduction-band minima, and most 

of them recombine nonradiatively. Therefore, increasing the temperature causes a 

reduction of the modal gain and an increase in the SE threshold. To evaluate the relative 

number of carriers that recombine radiatively, the integrated emission intensity was 

measured as a function of excitation density for different temperatures, as shown in 

Figure 22. For the 200 - 550 K temperature range studied, under low excitation 

densities, the integrated intensity from the InGaN/GaN MQW increases almost linearly 

with pump density IP (i.e., oc 1;, where a = 0.8 - 1.3 on a log-log plot), but at high 

excitation densities, this dependence becomes superlinear (i.e., oc I:, where /3 is 

between 2.2 and 3.0). The excitation pump density at which the slope of the integrated 

intensity changes is the SE threshold density I th . The slopes of the integrated intensity 

below and above the SE threshold do not significantly change from 200 to 550 K, and 

this indicates that the InGaN/GaN MQW SE mechanism is the same at RT and hundreds 

of degrees above RT. 

The temperature dependence of the InGaN/GaN MQW SE threshold is shown in 

Figure 23 (solid dots). SE was observed throughout the entire temperature range studied, 

from 175 to 575 K. The SE threshold was - 25 kW/cm2 at 175 K, - 55 kW/cm2 at 300 K, 

and - 300 kW/cm2 at 575 K, and roughly followed an exponential dependence. Such a 

low SE threshold indicates that the SE is due to the localization of carriers. The solid line 

in Figure 23 is a least-squares fit to the empirical form, Ith (T )= 10 exp(T/TJ , for the 

temperature dependence of I th . The characteristic temperature, T0 , is about 162 K in the 
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temperature range of 175 - 575 K for this MQW. This characteristic temperature is much 

larger than the near RT values of laser structures based on other III-V 117• 118 and 

II-VI 119•120 materials, where small values of T0 are a strong limiting factor for high-

temperature laser operation. Such a low sensitivity of ! 1h to temperature change in 

InGaN/GaN MQWs opens up enormous opportunities for their high-temperature 

applications. Laser diodes with InGaN/GaN lasing mediums can potentially operate at a 

few hundred degrees Kelvin above RT. 
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Excitation Condition Dependence of Optical Transition 

Excitation Energy Dependence of Luminescence 

The excitation photon energy dependence of the spontaneous and stimulated 

emission from InGaN-based structures provides important information about the energy 

boundary between localized and extended ( or delocalized) band tail states, as well as the 

dynamics of carrier generation and transfer. We will review recent studies of the 

excitation energy dependence of the InGaN PL and PLE spectra of InGaN/GaN 

MQWs.121,122 

Figure 24 shows 10 K Ino.1sGaos2N luminescence spectra measured with four 

different excitation photon energies E exc of (A) 3.81 , (B) 3.54, (C) 3.26, and (D) 2.99 eV. 

Each E exc is indicated over the PLE spectrum for reference. The InGaN main and 

secondary peaks are shown at energies of 2.80 and - 2.25 eV, respectively. The 

oscillations in the main PL peak are due to Fabry-Perot interference fringes. When E exc 

varies from above (curve A) to below (curve B) the near-band-edge emission energy E g 

of the AlGaN capping layer ( E g ,AtGaN ), the relative intensity ratio of the main peak to the 

secondary peak noticeably changes. For E exc < E g,GaN, the secondary peak has nearly 

disappeared, while the main peak remains ( curve C). When the excitation energy is 

further decreased to just above the InGaN main emission peak ( curve D), no noticeable 

change is observed for the PL shape except for a decrease in the overall intensity of the 

emission. The inset in Figure 24 shows the normalized spectra for the main peak on a 

linear scale. As the excitation energy is decreased (from curve A to curve D), the 

intensity of the lower energy side of the main peak is reduced, whereas that of the higher 
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energy side is enhanced. This results in a - 7 me V blueshift of the peak energy and a 

narrower spectral width for the main peak with decreasing excitation energy. These facts 

strongly indicate that the recombination mechanism of the InGaN emission is very much 

affected by the excitation ( or carrier generation) conditions, as we will see later. 

The upper part of Figure 25 shows the 10 K PLE spectra for the Ino.1sGao.s2N 

main PL emission for detection at (a) 2.87, (b) 2.81, (c) 2.75, and (d) 2.68 eV. The PL 

spectrum for E exc = 3.81 eV is shown in the middle part of this figure for reference. The 

absorption edge of the InGaN wells is seen at about 3 .1 e V. When the PLE detection 

energy is set below the peak energy E pJnGaN of the main InGaN emission ( curves c and 

d), the contributions from the InGaN wells, the GaN barriers, and the AlGaN capping 

layer are clearly distinguishable, but when the detection energy is above and at E pJnGaN 

(curves a and b), the PLE signal below E g,AtGaN shows almost a constant intensity across 

the E g,GaN region, indicating that carrier generation in the InGaN rather than in the GaN 

plays an important role. In both cases, the PLE signal above E g,AtGaN abruptly decreases 

because of absorption in the Alo 07Gao 93N capping layer. When the detection energy is 

below E pJnGaN ( curves c and d), the contributions of both the GaN and AlGaN regions 

are enhanced compared to the curves a and b: as the detection energy decreases, the PLE 

signal above E g,GaN increases with respect to the almost flat region of the PLE signal 

between 3.15 - 3.4 eV. Therefore, with E exc > E g,GaN, the lower energy side of the 

InGaN main emission peak is mainly due to carrier generation in the GaN barriers and 

subsequent carrier transfer to the InGaN wells. Based on the different PLE contributions 
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to the higher and lower energy sides of E pJnGaN , one can expect different recombination 

mechanisms for various excitation energies, as will be described later. 

The lower part of Figure 25 shows the 10 K PLE spectra for the secondary peak 

with detection at (e) 2.57, (f) 2.41, (g) 2.24, and (h) 2.01 eV. When the detection energy 

is higher than 2.24 eV (as for curves e and f) , the InGaN wells still partly contribute to 

the secondary peak emission, but with the detection energy at or below 2.24 e V ( curves g 

and h), the contribution of the InGaN wells almost disappears. Note that as the detection 

energy decreases, the relative contributions of the GaN and the AlGaN cap layer 

significantly increase. These facts indicate that the main source of the secondary peak is 

not the InGaN wells, but predominantly the AlGaN capping layer and partly the GaN 

layers ( consistent with the so-called yellow luminescence band). This observation was 

also confirmed by PL measurements using the 325 nm line of a He-Cd laser with varying 

excitation intensities. As the He-Cd laser excitation intensity increases, the relative 

emission intensity ratio of the InGaN main peak to the secondary peak increases. The 

intensity of the main peak increases linearly, but that of the secondary peak saturates with 

increasing excitation intensity. This also indicates that the secondary peak is defect

related emission. Therefore, the main peak is due to the InGaN wells, and the secondary 

peak is mainly from the AlGaN capping layer and the GaN barriers. For E exc > E g ,AIGaN , 

most carriers are generated in the AlGaN capping layer and these photogenerated carriers 

partly migrate into the MQW region (where they cause the main peak) and partly 

recombine via defect-related luminescence in the AlGaN layer itself and the GaN barriers 

(where they cause the secondary peak). 
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The PLE observations of the InGaN/GaN MQWs are closely related to the carrier 

dynamics in the time domain. TRPL was measured at 10 K for different E exc . Time 

integrated PL spectra showed the same behavior observed in the above cw PL 

measurements for the InGaN main emission, as shown Figure 24: a blueshift of the peak 

energy and a spectral narrowing of the lower energy side as E exc decreases from above 

E g,AtGaN to below E g,GaN. The carrier recombination lifetime becomes longer with 

decreasing emission energy, and therefore, the peak energy of the emission redshifts as 

time progresses, as shown in Figure 9. No significant change in lifetime at and above the 

peak energy position ( r ef! - 12 ns at the peak position) was observed when E exc was 

varied. However, the peak position redshifted faster for the E exc > E g,GaN case than for 

the E exc < E g ,GaN case, and after - 20 ns, the peak position is almost the same for both 

cases. The starting peak position is lower for the E exc > E g,GaN case than for the 

E exc < E g ,GaN case, so for the E exc > E g,GaN case, the redshifting behavior with time is 

smaller and most carriers recombine at relatively lower energies. The carriers generated 

from the GaN barriers (or AlGaN capping layer) migrate toward the InGaN wells, and the 

carrier transfer allows the photogenerated carriers to have a larger probability of reaching 

the lower energy states at the MQW interfaces. This may be due to more binding and 

scattering of carriers by i.nterface defects and roughness, enhancing trapping and 

recombination rates at the interface related states. Therefore, the lower emission peak 

energy position and the spectral broadening to lower energies for E exc > E g ,GaN indicate 

that the lower energy tail states are caused mainly by defects and roughness at the 

interfaces and not necessarily related to alloy fluctuations and impurities within the 
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InGaN wells, but for E exc < E g,GaN , the carriers responsible for the emission are directly 

generated within the InGaN wells, and thus, recombine at relatively higher emission 

energies. 

Another interesting feature in the PLE spectra of Figure 25 is different slopes for 

E exc < 3.0 eV in curves b, c, and d. To explain this, the PL was investigated as a function 

of excitation energy for E exc < E g,GaN . The second harmonic of a modelocked 

Ti:sapphire laser was used as a tunable excitation source. The excitation was normal to 

the sample surface. The emission was also collected normal to the sample surface, 

coupled into a 1-m spectrometer, and spectrally analyzed using a CCD. The excitation 

photon energy from the frequency doubled Ti:sapphire laser was tuned across the states 

responsible for the "soft" absorption edge of the InGaN layers. Spontaneous emission 

was observed for excitation photon energies over a wide spectral range above the 

spontaneous emission peak position (2.8 e V at 10 K). As the excitation photon energy 

was tuned from just below the bandgap of the GaN barrier layers to the high energy side 

of the InGaN absorption edge, no significant changes in the spontaneous emission spectra 

were observed. The only change was a decrease in the emission intensity as the 

excitation photon energy was tuned to the low energy side of the "soft" InGaN absorption 

edge, consistent with the reduction in the absorption coefficient with decreasing photon 

energy. However, as the excitation photon energy was tuned below - 2.98 eV, significant 

changes in the spontaneous emission spectra were observed, as illustrated in Figures 26 

and 27. For excitation photon energies below - 2.98 eV, emission from the low energy 

side of the main InGaN PL peak became more and more pronounced (relative to the 

peak) with decreasing excitation photon energy. The spectra in Figure 26 are normalized 
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at 2.79 eV for clarity. Figure 27 clearly shows that the transition from localized to 

extended band tail states is at - 2.98 eV. This energy is the "mobility edge" of the band 

tail states, so that carriers with higher energy are free to migrate and those of lesser 

energy are spatially localized by deep potential fluctuations in the InGaN layers. 

The redshift of the spontaneous emission as E exc decreases across the InGaN 

absorption edge is explained as follows. When E exc is higher than the mobility edge, the 

photogenerated carriers can easily populate the tail states by their migration, but their 

lifetimes are relatively short due to the presence nonradiative recombination channels. 

As E exc is tuned below the mobility edge, the nonradiative recombination rate is 

significantly reduced, because the carriers are captured in small volumes and kept from 

nonradiative recombination sites. This increase in lifetime with decreasing E exc results in 

increased radiative recombination from lower energy states. The mobility edge is - 180 

meV above the spontaneous emission peak and - 130 meV below the start of the InGaN 

absorption edge. This confirms that extremely large potential fluctuations are present in 

the MQW InGaN active layers, leading to carrier confinement and efficient radiative 

recombination. 
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Figure 24. Evolution of PL of an Ino 1sGao.s2N/GaN MQW for excitation energies of 
(A) 3.81, (B) 3.54, (C) 3.26, and (D) 2.99 eV indicated over the PLE spectrum. Note the 
change in the intensity ratio of the main peak to the secondary peak. The inset shows a 
linear-scale plot of the normalized main emission spectra, which are shifted vertically 
for clarity. 
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energy is lower than 2.24 eV, the contribution of the Ino.1sG'1-0s2N wells is almost 
negligible. 
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Excitation Energy Dependence of Optically Pumped Stimulated Emission 

The SE dependence on excitation photon energy was investigated for InGaN/GaN 

MQWs, similarly to the excitation dependence of the spontaneous emission, to determine 

whether the carrier localization is also responsible for the SE.66 The second harmonic of 

an injection seeded, Q-switched Nd:YAG laser (532 nm) pumped an amplified dye laser, 

and the red light from the dye laser was frequency doubled in a nonlinear crystal to obtain 

near UV to violet laser radiation for optically exciting the InGaN/GaN MQWs. This 

laser had a - 4 ns pulse width and a 10 Hz repetition rate, and was focused to a line on the 

sample surface. The excitation spot size was about 100 x 5000 µm. The emission from 

the sample was collected from one edge of the sample, coupled into a 1-m spectrometer, 

and spectrally analyzed with a UV enhanced CCD. These SE experiments were 

performed on Ino 1sGao.s2N/GaN MQWs with undoped (n < 1 x 1017 cm-3) and Si doped 

(n - 2 x 1018 cm-3) GaN barriers. 

Figure 28 illustrates the change in the SE spectra with decreasing E exc for the 

InGaN/GaN MQW with undoped GaN barriers, and Figures 29 and 30 show the behavior 

of the SE peak for the Si doped MQW. As E exc is tuned to lower energies, no noticeable 

change is observed in the SE spectra until E exc crosses a mobility edge (- 3.0 eV and 

- 2.95 eV for the undoped and Si doped MQWs, respectively), and then, the SE peak 

rapidly redshifts with decreasing E exc . The redshift of the SE peak as E exc is tuned below 

- 2.95 eV (for the Si doped MQW) is consistent with the mobility edge behavior of the 

spontaneous emission, as described above, and is due to enhanced population inversion at 

lower energies as the carriers are confined more efficiently with decreasing E exc . The 
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mobility edge observed for SE is - 110 me V above the spontaneous emission peak, -62 

me V above the SE peak, and - 185 me V below the absorption edge of the InGaN well 

regions. This further indicates that large potential fluctuations are present in the InGaN 

active regions, resulting in strong carrier localization. This explains the efficient 

radiative recombination (stimulated and spontaneous) observed in these structures, as 

well as the small temperature sensitivity of the SE. 

As a measure of the coupling efficiency of the exciting photons to the gain 

mechanism responsible for the SE peak, Figure 30 shows 1/ Ith plotted as a function of 

E exc for the InGaN/GaN MQW with Si doped GaN barrier layers. Changes in 1/ Ith 

correspond to changes in the PLE spectrum, which is also plotted in Figure 29. Four 

distinct slope changes are seen in the PLE spectrum. The first, at - 3.12 eV, marks the 

beginning of the "soft" absorption edge of the InGaN active region, whereas the other 

three, located at - 2.96 eV, 2.92 eV, and 2.87 eV suggest varying degrees of localization. 

The change in 1/ Ith at - 3 .1 e V is due to a significant decrease in the absorption 

coefficient as E exc is decreased below the absorption edge and the mobility edge. The 

inset of Figure 30 shows a strong correlation between 1/ Ith and the PLE spectrum over a 

wide energy range for both the Si doped and undoped MQWs. The correlation between 

the high carrier density behavior and the cw PLE indicates that carrier localization plays a 

significant role in both the spontaneous and stimulated emission. 

Excitation Length Dependence of Stimulated Emission 

Separate research groups have recently observed two different SE peaks from 

lnxGa1_xN/GaN MQWs grown under different growth conditions and with slightly 
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different experimental conditions. 123-125 These experiments indicate that the two SE 

peaks are characteristic of present state-of-the-art lnxGa1_xN based blue laser diodes and 

that disagreements in the literature may be due to slightly different experimental 

conditions. We will discuss the excitation length and the excitation density dependence 

of SE in lnxGa1_xN/GaN MQWs. These experiments provide a better understanding of 

the SE and lasing in these structures, which is important for the development and 

optimization of laser diodes. 

Typical power dependent emission spectra at 10 K for an Ino.1sGao.s2N/GaN 

MQW with barrier Si doping of n = 2 x 1018 cm-3 are shown in Figure 31 for an 

excitation length Lexc of 1300 µm. At low l exc, we see a broad spontaneous emission 

peak at - 2.81 eV, similar to the low power cw PL. As l exc increases, two SE peaks 

appear, designated as SE peak (1) and SE peak (2). SE peak (1) first arises at -2.90 eV 

and grows superlinearly with increasing l exc . As l exc is further increased, SE peak (2) 

emerges at - 2.86 eV and also grows superlinearly with increasing l exc . SE peak (1) is 

the statistical distribution of many narrow (- 0.1 nm) emission lines, and no noticeable 

broadening of these narrow emission lines occurs as the temperature increases from 10 K 

to 575 K, as illustrated in Figure 21. Both SE peaks (1) and (2) originate on the high 

energy side of the low power spontaneous emission peak ( the dashed line in Figure 31) 

and are more than 0.2 e V below the "soft" absorption edge. Both peaks are below the 

mobility edge of - 2.98 eV determined from the energy-dependent PL and SE studies. 

Both SE peaks are also highly TE polarized, with a TE to TM ratio of - 200. SE peak (2) 

was studied in previous chapters and attributed to carrier localization because of 

"mobility edge" behavior observed in the optically pumped SE spectra as the excitation 

79 



photon energy was varied. SE peak (1) must be due to a lower degree of carrier 

localization than SE peak (2), because SE peak (1) is also well below the mobility edge 

and the absorption edge, and because it occurs at too low an excitation power density I exc 

for an electron-hole plasma. When I exc becomes so high that the carrier density exceeds 

the Mott density, 126 the photogenerated carriers become an electron-hole plasma. Since 

SE peak (1) occurs at lower I exc than SE peak (2), SE peak (1) cannot be caused by 

recombination in an electron-hole plasma. 

Figure 3 2 shows the SE threshold pumping density I,h of SE peaks ( 1) and (2) as 

a function of Lexc at 10 Kand RT. I ,h for peak (2) is larger than that of peak (1) for all 

excitation lengths employed, but approaches that of peak (1) with increasing Lexc . The 

high I,h of peak (2) with respect to peak (1) indicates that it results from a lower gain 

process than that of peak (1 ). Figure 33 shows the peak positions of SE peaks (1) and (2) 

as a function of Lexc at 10 Kand RT. For Lexc < 500 µm, SE peak (2) is absent, but SE 

peak (1) occurs at ~2.92 (2.88) eV at 10 (300) K with an I,h of ~ 100 (475) kW/cm2. As 

Iexc increases and/or Lexc increases, SE peak (2) emerges at 2.86 (2.83) eV at 10 (300) K. 

The peak positions were measured at I exc = 21,h . At both 10 Kand 300 K, as Lexc 

increases, SE peak (1) redshifts due to reabsorption, but SE peak (2) slightly blueshifts. 

The apparent blueshift of SE peak (2) with increasing Lexc is a result of the experimental 

conditions. Since I,h of SE peak (2) decreases rapidly with increasing Lexc , and 

Iexc = 21,h, the peak positions for small Lexc are for I exc much higher than for large Lexc . 

A slight redshift of SE peak (2) with increasing Iexc, due to lattice heating and many-
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body effects, then causes the apparent blueshift with increasing L exc . The redshift of SE 

peak (1) with increasing L exc can be explained by the higher intensity oflonger 

amplification saturating lower absorption levels. With fewer states at lower localized 

levels than higher ones, the absorption saturates first at the lower levels, causing a 

redshift. With mirrors added to the MQW to convert from SE to lasing, this redshift 

would be reduced, because the carriers elevated by the absorbed light could be stimulated 

by multiple passes of photons to reemit in the same direction determined by the mirrors. 

SE peak (2) does not have this reabsorption-induced redshift with increasing L exc , 

because the absorption is greatly reduced at its lower energy (see the PLE curve of Figure 

31 ). One would also expect the gain to saturate more at lower energies, but we will see 

that the gain curve is lower than the absorption edge. 

This saturation behavior is consistent with the observation of Kuball et al. 70 of a 

high-gain mechanism in the band tail region of MQWs with similar active regions. The 

wide spectral range with gain is explained by compositional fluctuations. The redshift of 

SE peak (1) with increasing L exc agrees with the redshift of the optical gain curve with 

increasing L exc described by Mohs et al. 127 It is also agrees with the fact that the external 

quantum efficiency of Nakamura's cw blue laser diodes decreases with increasing cavity 

length. 71 State-of-the-art cw blue laser diodes have a structure similar to our MQWs, and 

the gain mechanism of these laser diodes apparently corresponds to SE peak (1), because 

J1h of SE peak ( 1) is lower than that of SE peak (2), because the wavelength of SE 

peak (1) is close to that of the laser diodes, 128 and also because of the other above 

mentioned similarities. However, we will see in Chapter VII that the epitaxial lateral 

overgrowth technique has significantly improved InGaN-based device performance by 
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greatly reducing the defect density, but it also decreases the degree of potential 

fluctuation, so one would expect this technique to eliminate SE peak (2). 

Figure 34 shows the emission intensity of SE peaks (1) and (2) as a function of 

I exc for Lexc = 1300 µmat 10 K. The peak (1) intensity increases superlinearly ( oc I ;;~ ) 

until I exc reaches the I1h of peak (2), and then, the peak (1) intensity turns linear. 

Peak (2) takes gain from peak (1 ), most likely by competition for carriers and 

reabsorption of emitted photons. The same process is observed at RT and for various 

excitation lengths. This gain competition may hinder InGaN applications for high power 

laser diodes, in which increased excitation current and/or longer cavity lengths could 

change the emission behavior. 
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Figure 28. SE spectra as a function of excitation photon energy, E exc ' for an 

Ino.18Gao 82N/GaN MQW with undoped (n < 1 x 10 17 cm-3) GaN barriers. Mobility edge 
behavior is clearly seen in the SE spectra with decreasing E exc . The SE peak redshifts 

with decreasing E exc, as E exc is tuned below the mobility edge. The excitation photon 

energies for the SE spectra are designated by arrows. The dashed line is at the unshifted 
SE peak position. The SE spectra are normalized and displaced vertically for clarity. PL 
and PLE spectra are also given for comparison. 
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Summary 

This chapter proved the importance of localized band tail states in Ino I sGao s2N 

epilayers and In0_18Gao.82N MQWs by the temperature-, excitation energy-, excitation 

density-, and excitation length-dependence of their emission properties. The band-tail 

states originate from large In alloy inhomogeneity, layer thickness variations, and/or 

defects. The photoluminescence peak energy has an "S-shaped" temperature dependence 

(redshift, blueshift, and then redshift with increasing temperature). Initially, with 

increasing temperature above 10 K, the charge carrier decay time increases, indicating the 

dominance of radiative recombination. This gives the carriers more opportunity to relax 

to lower energy band tail states before radiatively recombining, and this causes the initial 

redshift. With further temperature increases, the decay time decreases due to 

nonradiative processes, and this causes the blueshift. Then, with further temperature 

increases, the regular bandgap shrinkage causes a redshift, which is not as great as it 

would be without the band filling. This S-shaped temperature dependence of the PL peak 

energy cannot be explained in terms of an internal electric field created by piezoelectric 

polarization, although this has been a competing theory to that of carrier localization. 

Even up to RT, the relative blueshift of the spontaneous emission peak is seen for 

InGaN/GaN MQWs, and the emission peak energy is still lower than the mobility edge 

determined by energy-dependent PL and SE. This is evidence that carrier localization is 

important for the RT operation oflnGaN/GaN MQW devices. 

Optically pumped SE oflnGaN/GaN MQWs was studied over a temperature 

range of 175 - 575 K, and the SE threshold has a characteristic temperature of 162 K. 

Strong evidence that SE in InGaN/GaN quantum wells is caused by recombination of 
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localized carriers rather than recombination in an electron-hole plasma is: (i) the SE 

FWHM is narrow and temperature invariant over 175 - 575 K (ii) the SE threshold 

density is extremely low, and (iii) the SE threshold has a rather weak temperature 

dependence. Also, the slopes of the integrated emission intensity below and above the 

SE threshold are independent of temperature. The low SE threshold and a weak 

temperature sensitivity of the SE threshold make InGaN MQWs attractive for the 

development of laser diodes operable well above RT. 

The excitation energy dependence of the spontaneous and stimulated emission 

shows the energy boundary between localized and extended band tail states. An 

interesting change in PL spectra was observed with varying excitation photon energy 

above and below the GaN bandgap. The PL spectra were explained by the how the PLE 

spectra changed with detection energy. The lower energy tail states were found to be 

more related to the MQW interface defects and roughness than to alloy fluctuations and 

impurities within the InGaN wells. A mobility edge was found in both PL and SE spectra 

as the excitation photon energy was varied across the broadened absorption edge of the 

InGaN wells. The mobility edge is well above the PL and SE peak positions but well 

below the absorption edge, indicating that both the spontaneous and stimulated emission 

originate from carriers localized at low energy band-tail states due to extremely large 

potential fluctuations in the InGaN layers. Carrier localization was also shown to be the 

stimulated emission mechanism by much more evidence, such as a strong correlation 

between the inverse stimulated emission threshold density and the photoluminescence 

excitation spectrum. 
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The SE dependence oflnGaN/GaN MQWs on excitation length and density was 

also investigated. Two distinctly different SE peaks were observed with different 

dependencies on excitation length. The high energy SE peak strongly redshifts with 

increasing excitation length due to competition between the gain and a saturable 

absorption tail, but the lower energy SE peak slightly blueshifts with increasing 

excitation length. The lower energy SE peak appears at higher excitation densities and/or 

excitation lengths and is detrimental to the higher energy SE peak, due to gain 

competition between the two peaks. The SE mechanism was shown to be the 

recombination of localized carriers, rather than recombination in an electron-hole plasma. 
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CHAPTER VI 

OPTICAL GAIN AND NONLINEARITIES OF InGaN-BASED STRUCTURES 

Optical nonlinear properties are important for optoelectronic applications, since 

they enable the absorption edge to be easily modified with optical excitation. This 

chapter presents optical gain and nanosecond nondegenerate pump-probe studies to 

provide insight into the mechanisms for stimulated emission and lasing in InGaN MQWs 

and epilayers.74 The most distinctive nonlinear optical feature oflnGaN-based structures 

is the pronounced filling of band tail states. Crystal imperfections, impurities, phonons, 

and carrier-carrier scattering broaden the absorption spectrum and create absorption tail 

states. The nonlinear absorption is affected by broadening, bandgap renormalization, 

state filling, Coulomb screening, and impurity absorption. A recent overview of the 

optically pumped SE and lasing properties of InGaN-based laser structures is given in 

Refs. 129 and 130. 

Optical Gain Measurement by the Variable Stripe Method 

A knowledge of the optical gain dependence on generated carrier density in 

InGaN-based structures is important for designing and optimizing laser diodes. We 

measured the optical gain oflnGaN MQWs and epilayers, using the variable stripe 

excitation length method. 131•132 The samples were optically excited by the third harmonic 

(355 nm) of an injection seeded, Q-switched Nd:YAG laser (- 5 ns FWHM, 10 Hz 
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repetition rate). The excitation beam was focused to a line on the sample surface using a 

cylindrical lens, and the excitation length was precisely varied with a mask controlled by 

a stepper motor. The emission was collected from a sample edge, coupled into a 1/4-m 

spectrometer, and spectrally analyzed using a UV enhanced CCD. The modal gain 

gmod (E) at energy E was determined from 

11 (E,L1 ) _ exp[gmod (E)L1 ]-1 
12 (E,L2 ) - exp[gm0AE)L2 ]-1' 

where Li and L2 are two different stripe excitation lengths, and 11 and 12 are the 

(15) 

corresponding emission intensities. Gain saturation effects were avoided by using stripe 

lengths shorter than those for which saturation occurs. 

The modal gain spectra at 10 K as a function of above-gap optical excitation 

density are shown in Figure 35 (a) and Figure 35 (b) for an In0_18G'1{)_82N/GaN MQW and 

an Ino.1sG'1-0.s2N epilayer, respectively. The excitation densities in Figure 35 are given 

with respect to the SE threshold measured for long (> 2000 µm) excitation lengths. The 

MQW has a clear blueshift in the gain peak with increasing optical excitation. This 

blueshift stopped for Eexc > 1211h. Further increases in I exc only increased the modal 

gain maximum. The MQW gain peaks in Figure 35 (a) are redshifted by more than 

160 meV from the "soft" absorption edge of the InGaN wells. The large blueshift of the 

gain peak with increasing Iexc is consistent with band filling oflocalized states in the 

InGaN active layers. Similar behavior was observed at RT. The blueshift of the InGaN 

epilayer gain peak is much smaller than that of the MQW and stops at much lower 

excitation densities. 
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The 10 K PL, PLE, SE, and modal gain spectra are shown together in Figure 36 

for (a) the Ino.1sGaos2N/GaN MQW and (b) the Ino.1sGao.s2N epilayer. Note that the 

MQW figure covers twice the energy range of the epilayer figure. The SE spectra (solid 

lines) are shown for an excitation spot size of- 100 x 5000 µm and for a pump density of 

I exc = 1.5I1h, where I 1h is the SE threshold. For both samples, the SE peak is at the low 

end of the absorption tail, but the SE peak is on the high energy side of the low power 

spontaneous emission PL peak for the MQW and slightly on the low energy side for the 

epilayer. The modal gain spectra were taken with Iexc much greater than I 1h and with the 

excitation length less than 200 µm to minimize reabsorption. The modal gain maxima 

are 250 and 150 cm-1 for the MQW and the epilayer, respectively. The SE peak for long 

excitation lengths(> 5000 µm) is on the low energy tail of the gain curve measured for 

small excitation lengths(< 200 µm). This is explained by absorption saturation in the 

band tail region causing a redshift of the SE peak with increasing excitation length. 

Although the gain would also saturate, the absorption falls by a larger fraction across this 

spectral region. The modal gain curve for the MQW is much broader (FWHM of24 nm, 

160 meV) than that of the epilayer (FWHM of 7 nm, 50 meV), although the peaks of both 

curves are much lower than the upper side of the "soft" absorption edge. The fact that the 

MQW gain peak is below the mobility edge measured in excitation photon energy 

dependent studies described in the previous chapter is further evidence that localized 

states are the origin of optical gain in the InGaN/GaN MQWs. The facts that the InGaN 

epilayer SE peak is on the low energy side of its absorption tail and that its modal gain 

curve peak is below the "soft" absorption edge are evidence that carrier localization is 
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also the origin of optical gain in the epilayer, although the epilayer has a smaller degree 

of carrier localization. 

Nondegenerate Pump-Probe Spectroscopy 

In this section, nanosecond nondegenerate optical pump-probe absorption 

experiments on InGaN/GaN MQWs and InGaN epilayers provide further insight into the 

InGaN SE mechanism and how the "soft" absorption edge changes with increasing 

optical excitation density. The third harmonic of the Nd:YAG laser described above 

(355 nm) synchronously pumped the samples and a dye solution. The probe was the 

superradiant emission from the dye solution (covering the entire spectral range of the 

localized states) collected and focused onto the samples along with the pump beam. The 

probe intensity was several orders of magnitude lower than the pump beam intensity to 

avoid any nonlinear effects due to the probe. The probe spot size was - 1 /3 that of the 

pump to minimize the role of variations in the pump intensity across the excitation spot. 

The transmitted broadband probe (with and without the pump beam) was then collected 

and coupled into a 1/4-m spectrometer and spectrally analyzed using a UV enhanced, 

gated CCD. 

Figure 37 shows differential absorption spectra, lla(IexJ= a(IexJ-a(O), of 

(a) the Ino.1sG8-0.s2N /GaN MQW and (b) the Ino.1sG8-0.s2N epilayer near the fundamental 

absorption edge at 10 K. The oscillatory structure is a result of thin film interference. 

With increasing Iexc of the above-gap pump pulse, a(IexJ decreases significantly in the 

band tail region. This absorption bleaching of the band tail states is clearly seen for both 

structures with increasing I exo and covers the entire spectral range of the absorption tails. 
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This bleaching saturated for Iexc exceeding-2 MW/cm2 at 10 and 300 K for the 

Ino.1sGao.s2N epilayer. Similar behavior was observed for the Ino.1sGao.s2N/GaN MQW 

sample, the only difference being a larger spectral region exhibiting absorption bleaching 

because of the larger band tailing of the MQW sample. Note that the absorption 

bleaching is quite large, exceeding 2 x 104 cm-' at both 10 and 300 K. Both samples 

showed very different behavior in the a(IexJ and lla(IexJ spectra than has been 

observed in GaN thin films. 133·134 

For both samples, the bleaching maximum (the !la minimum) is at - 3.02 eV and 

is significantly blueshifted with respect to the luminescence maximum. This is because 

although radiative recombination is mainly from the lowest energy levels of potential 

minima, higher energy states are temporarily occupied by carriers relaxing from above 

the mobility edge. This decreases absorption to the higher energy states. Also, since the 

higher energy states start with a higher absorption, their absorption can be bleached more. 

An interesting difference between the two InGaN-based structures seen in Figure 37 is 

that as the pump density increases above 1,h, the bleaching of the MQW tail states 

decreases significantly with increasing excitation, but the bleaching of the epilayer tail 

states continues to increase. The bleaching of the InGaN/GaN MQW decreases for 

excitation densities above 1,h because of the fast depopulation of the states directly 

responsible for the SE. This gives carriers with energies above the SE peak a much 

greater number of available lower energy states, which results in a decrease in states 

occupied at these higher energies and, therefore, a decrease in bleaching for excitation 

densities above 1,h. This is not seen in the epilayer, because its carrier lifetimes are 

much shorter, as shown in Figure 9, so that its states are already quickly depopulated. 
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This behavior has also been observed in other materials where intrinsic disorder through 

compositional fluctuations leads to carrier localization. 135 The fact that the carriers 

responsible for bleaching and SE share the same recombination channels is strong 

evidence that the MQW SE is due to localized state recombination. It is also important to 

note that the MQW bleaching maximum corresponds spectrally to the mobility edge 

(measured in the previous chapter), and the MQW modal gain shown in Figure 36 (a) 

(dotted line) corresponds spectrally with the low energy tail of the localized state 

absorption bleaching shown in Figure 37 (a), with the crossover from gain to absorption 

(the energy with zero gain on the high energy side of the gain curve) corresponding 

approximately with the bleaching maximum, indicating that the gain originates from 

localized states. The InGaN epilayer modal gain peak shown in Figure 36 (b) 

corresponds spectrally with the bleaching maximum shown in Figure 37 (b), rather than 

the low energy side of the bleaching, as is the case for the MQW. This is more evidence 

that the epilayer has less carrier localization than the MQW. 

Summary 

The nonlinear optical properties of band tail states in highly excited InGaN/GaN 

MQWs and InGaN epilayers were investigated by variable-stripe gain spectroscopy and 

nanosecond nondegenerate optical pump-probe spectroscopy. The gain maximum 

blueshifted a large amount with increasing above-gap optical excitation in variable stripe 

gain spectroscopy. This blueshift was attributed to the filling of localized band tail states 

due to the intense optical pump. The wide spectral region covered by the blueshift shows 

that there are large potential fluctuations in the InGaN active layers. Nanosecond 

nondegenerate optical pump-probe spectroscopy of the near band edge transitions showed 
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strong absorption bleaching (induced transparency) of band tail states with increasing 

above-gap optical excitation. The MQW bleaching decreased when SE began, indicating 

that the carriers responsible for bleaching and SE share the same recombination channels. 

These results are strong evidence for the dominance of localized state recombination in 

the gain and SE spectra of the InGaN/GaN heterostructures. Also, the InGaN/GaN 

MQW optical gain maxima (see Figure 35), both below and above the SE threshold 

excitation density, are below the mobility edge (-2.95 eV) measured in the excitation 

energy dependent PL and SE experiments, and the induced transparency maximum of the 

MQW (see Figure 37) corresponds spectrally to the mobility edge. The experimental 

results in this chapter strongly indicate that localized carriers responsible for band tail 

state bleaching share the same recombination channels as the carriers responsible for 

optical gain and SE in InGaN/GaN MQWs. This is strong evidence that the SE 

mechanism is the recombination of localized carriers. 
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Figure 35. 10 K modal gain spectra of (a) an Ino 1sGao.s2N/GaN MQW and (b) an 
In0 18Gao.82N epilayer as a function of above-gap optical excitation density. The 
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excitation lengths(> 2000 µm). A clear blueshift in the gain maximum and the 
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This trend is much weaker for the epilayer. 
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Figure 36. PL (dashed lines), SE (solid lines), and modal gain (dotted lines) spectra taken 
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and gain spectra were measured for excitation lengths of > 5000 and < 200 µm, 
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11a(IexJ = a(IexJ- a(O) and 10 = 100 kW/cm2. 
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CHAPTER VII 

InGaN BURIED HETEROSTRUCTURES BY 

EPITAXIAL LATERAL OVERGROWTH 

After studying the emission mechanisms of InGaN-based devices, there are three 

obvious ideas for improving device characteristics, such as efficiency, longevity, and 

stimulated emission threshold. These ideas are 1) decrease the defect density, 2) decrease 

the density of all defects, except the bandgap inhomogeneities caused by indium 

concentration fluctuation, 3) make the indium fluctuations more uniform in size, shape, 

and concentration profile, such as uniform quantum dots or quantum disks. A method 

which has been very successful at greatly decreasing the defect density and improving the 

device characteristics is epitaxial lateral overgrowth (ELO), which is also called lateral 

epitaxial overgrowth (LE0). 136- 137 Because of lattice mismatch with the substrate, 

threading dislocations ( edge dislocations) are created. In regular vertical growth, 

threading dislocations, caused by lattice mismatch at the substrate, grow vertically 

through the entire device, but lateral growth stops this. Also, Group III-nitride layers 

grown vertically upon a laterally grown layer have a much lower defect density. 

The ELO technique starts with growing a striped mask (Si 0 2, 137·138 Si)N4, 139 or 

SiNx140) over a GaN layer. The initial GaN layer is usually grown by MOCVD on 

sapphire or silicon carbide. Stripe windows in the mask are formed by reactive ion 

etching or photolithography, usually along (1 Too) planes, and sometimes along (1120) 
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planes. The windows are typically 5 - 8 µm wide with a periodicity of about 20 µm. 

Subsequent GaN growth begins on the window areas of exposed GaN, and then, proceeds 

laterally over the mask, as shown in Figure 38. The growth conditions are adjusted to 

enhance the lateral to vertical growth ratio. The lateral growth reduces the dislocation 

density from between 108 and 1010 cm-2 to - 106 cm-2. However, the dislocation density is 

still high directly above the windows and in the regions where two lateral GaN wings 

coalesce. For this reason, it is better to grow the device structures above a laterally 

overgrown wing, but not directly over a coalescence region in the center of a wing. 

There are many variations of ELO. For example, Motoki, et al. obtained freestanding 

GaN by ELO over a Si02 mask on GaAs. 141 The GaAs was easily dissolved in aqua regia 

(a mixture of nitric and hydrochloric acids). The Si02 mask had 2 µm round openings in 

a six-fold rotational symmetry. They grew the GaN by HYPE, which is a much faster 

growth technique than MOCVD, but they obtained a dislocation density in the epitaxial 

laterally overgrown GaN (ELOG) of only 2 x 105 cm-2. 

Many articles have shown that ELO improves the performance of InGaN based 

devices. By using ELOG, Nichia Chemical Industries fabricated InGaN MQW LDs with 

an estimated lifetime of 15,000 hours at a case temperature of 60°C and a continuous 

wave output power of 30 m W. 142 At a case temperature of 25°C, the lasing threshold 

current was 23 mA, which corresponded to 1.9 kA/cm2• This performance was also 

enabled by improved optical and carrier confinement through cladding layers of 

GaN/AlGaN modulation-doped strained-layer superlattices (MD-SLSs). The 

GaN/ AlGaN MD-SLSs were used instead of AlGaN to prevent cracking from lattice 

mismatch. To fabricate these LDs, they first grew ELOG by MOCVD over a sapphire 
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substrate. Next, they grew upon the ELOG an additional 200 µm of GaN by HYPE. 

Then, they polished away the ELOG and part of the HYPE GaN to obtain a freestanding 

150 µm GaN substrate. Upon this freestanding GaN, they grew another ELOG layer. 

Finally, they grew the LD structures. The device performance was also improved 

because the front and rear reflective surfaces of the LDs were obtained through cleaving, 

which is not possible with GaN still attached to a sapphire substrate, since sapphire has a 

different crystallographic orientation. Tojyo et al. obtained reflective cleaved surfaces of 

less than 1 nm roughness for ELOG, which is much better than the greater than 10 nm 

roughness for GaN on sapphire. 143 They compared InGaN-based LDs fabricated on 

ELOG and sapphire. The lasing threshold current for the LD on ELOG and the LD on 

sapphire was 53.4 mA and 57.0 mA, respectively. The slope efficiency of the LD on 

ELOG and the LD on sapphire was 1.21 W/A and 0.92 W/A, respectively, so the LD on 

ELOG had an operating current at 30 mW light output power of 10 mA lower than the 

LD on sapphire. By using ELOG, Hansen et al. increased the internal quantum 

efficiency oflnGaN-based LDs from 3% to 22%, and they decreased the threshold 

current density from 10 kA/cm2 to 4.8 kA/cm2. 144 

Different researchers have obtained different results for the effect of ELO on 

InGaN-based LEDs, but it is generally agreed that ELO very much improves LDs. By 

using ELOG, Sasaoka et al. increased the light output efficiency oflnGaN MQW LEDs 

by a factor of three.145 They found that the Mg diffusion, induced by threading 

dislocations, was much lower, and the reverse bias leakage current was reduced by two 

orders of magnitude. For example, Mukai et al. found that LEDs on ELOG and sapphire 

had about the same output power of 6 mW at a current of 20 mA, although the LED on 
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sapphire had much higher leakage current, indicating that the threading dislocations form 

a current leakage path.146 Although InGaN-based LEDs on ELOG have a much smaller 

threading dislocation density, they still have localized states, as seen by the typical 

luminescence Stokes shift147 and the blueshift with increasing excitation. 146 This shows 

that In fluctuation does not originate at threading dislocations. Nichia Chemical 

Industries compared the effect of ELO on LEDs that emit at a wavelength of less than 

380 nm with those that emit above 380 nm. 148 They found that for emission below 

380 nm, the external quantum efficiency was much better for InGaN-based LEDs on 

ELOG at high current, but the same at low current. At low current, many of the carriers 

are captured into localized states so that they do not migrate to nonradiative 

recombination centers. Although ELO reduces the density of nonradiative recombination 

centers, this is unnecessary at low current because of the localized states. However, at 

high current, many of the carriers overflow the localized states, so ELO becomes very 

important at high current. For LEDs that emit at less than 380 nm, but have a GaN active 

layer, ELOG is very helpful at both low and high current, because the GaN active layer 

does not have the localized states from In composition fluctuation. However, LEDs that 

emitted above 380 nm in the blue or green were not helped much by ELO, because their 

higher In concentration in the InGaN wells causes larger alloy composition fluctuations, 

and therefore, deeper localized energy states, which the carriers cannot easily overflow, 

even at high current. 

The situation is different for InGaN-based LEDs and LDs. Although composition 

fluctuations keep carriers from migrating to nonradiative defects, the fluctuations are 

defects themselves and cause many problems for lasing. 149 They cause emission line 
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broadening, which increases internal loss and decreases differential gain, and the 

threshold lasing current is proportional to the emission linewidth. The fluctuations can 

create local fields that dissociate excitons, if they are not sufficiently confined. These 

defects perturb the local refractive index and scatter light. Hot spots, current filaments, 

and spectral hole burning also form at defects. Yamaguchi et al. found that, at a given In 

concentration in InGaN quantum wells, using an ELOG substrate decreases both the 

nonradiative defect density and the localized composition fluctuations. 150 Just as with 

LEDs, when the composition fluctuations are shallower, it is more important for the 

nonradiative defect density to be lower, because the carriers are more likely to overflow 

shallow localized states and migrate to nonradiative recombination centers. However, for 

stimulated emission and lasing, the composition fluctuations have other advantages and 

disadvantages, so the degree of fluctuation should be optimized. 151 For deep fluctuations, 

localized population inversion for stimulated emission occurs more easily, but the gain 

easily saturates and does not increase quickly with carrier density. However, for shallow 

fluctuations, there is a sharper rise in the density of states and the gain peak is narrower 

and rises more rapidly with carrier density, but a higher carrier density is required to 

achieve the stimulated emission threshold population inversion. Deeper fluctuations 

reduce the stimulated emission threshold carrier density, but they also reduce the 

differential gain. Fortunately, state-of-the-art InGaN-based LDs use ELO to obtain a 

medium, near optimum level of fluctuations while greatly decreasing the density of 

nonradiative recombination centers and current leakage paths. 

One would suspect that InGaN-based LDs could be further improved by using 

ELO to obtain a buried heterostructure, as shown in Figure 39. Buried heterostructures 
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have the advantage of funneling carriers into a small volume, so that the lasing threshold 

carrier density is obtained at a much smaller current. 152' 153 They also have excellent 

gain-guiding and index-guiding. A triangular prism shaped buried heterostructure could 

be used to guide carriers into a region of lower defect density. Electrons have a much 

higher mobility than holes in InGaN, and there is more difficulty withp-contacts and hole 

injection than electron injection, so with electron flow vertically upward in Figure 39, 

most of the recombination would be at the apex of the prism, in a region similar to a 

quantum wire. 154 A layer of Si02 over the prism top surfaces, except for the apex region, 

would electrically passivate these surfaces and ensure that the recombination occurred 

almost totally in the apex region. A disadvantage of this buried heterostructure is that the 

recombination region, which is similar to a quantum wire, would have a smaller volume, 

and therefore, a smaller output power. However, the advantages may overcome this 

disadvantage. Tanaka et al. tested GaN triangular cross section prisms that they made by 

selective area growth through openings in a Si02 mask. 155 However, their prisms were 

not covered with a barrier material, and only air was immediately above the prisms, so 

they could not be tested by electrical pumping. The benefits of buried heterostructures 

appear in electrical pumping, but not optical pumping. Also, threading dislocations ran 

from the sapphire substrates vertically through their prisms. There are various ways 

around this problem. For example, the prisms can be formed by ELO over a GaN layer 

that was previously formed by ELO, with the upper Si02 stripes formed over the 

windows in the lower Si02 layer. Also, the p- and n-contacts can be formed at the left 

and right comers at the bases of the prisms. This would cause the carrier recombination 

to occur mostly at the p-contact comers, because the electrons are much faster than the 
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holes, and unlike the holes, electrons tend to pass by defects, such as threading 

dislocations that may be in the middle of the prisms. Of course, it is important to 

optimize the growth procedures and choose a barrier material that is lattice matched to 

the prism InGaN active region. 156 
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Figure 38. Epitaxial lateral overgrowth of GaN. GaN first grows vertically through 
openings in a Si02 mask. With the right growth conditions, the GaN forms prisms, 
which grow laterally over the Si 0 2. With further growth, the prisms coalesce and form 
a flat top surface. 
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Figure 39. InGaN buried heterostructure formed by epitaxial lateral overgrowth. A 
Si02 mask is grown on a GaN substrate that was previously formed by epitaxial lateral 
overgrowth. Next, InGaN prisms grow from openings in the Si02 mask. Then, 
electrically passivating Si02 layers are grown over this structure, except for the prism 
apexes. A p-type barrier of GaN or AlGaN is then grown on top. Electron mobility and 
injection is much more efficient than that of holes, so most of the electron-hole 
recombination occurs near the apexes of the prisms. 
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