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Abstract

Fundamental electronic modulations in strained wurtzite III-nitride, in particular InxGa1-xN,
quantum wells (QWs) were treated to explore the reason why practical InGaN devices emit bright
luminescences in spite of the large threading dislocation (TD) density. The emission mechanisms were
shown to vary depending on the well thickness L and InN molar fraction x. The electric field across the QW
plane, F, which is a sum of the fields due to spontaneous and piezoelectric polarization and the pn junction
field, causes the redshift of the ground state resonance energy through the quantum confined Stark effect
(QCSE). The absorption spectrum is modulated by QCSE, quantum-confined Franz-Keldysh effect
(QCFK), and Franz-Keldysh (FK) effect from the barrires when, for the first approximation, potential drop
across the well (F� L) exceeds the valence band discontinuity, � EV. Under large F� L, holes are confined in
the triangular potential well formed at one side of the well. This produces apparent Stokes-like shift in
addition to the in-plane net Stokes shift on the absorption spectrum. The QCFK and FK further modulate the
electronic structure of the wells with L greater than the three dimensional (3D) free exciton (FE) Bohr radius,
aB. When F� L exceeds � EC, both electron (e) and hole (h) confined levels drop into the triangular potential
wells at opposite sides of the wells, which reduces the wavefunction overlap. Doping of Si in the barriers
partially screens the F resulting in a smaller Stokes-like shift, shorter recombination decay time, and higher
emission efficiency. Finally, the use of InGaN was found to overcome the field-induced oscillator strength
lowering due to the spontaneous and piezoelectric polarization. Effective in-plane localization of the QW
excitons (confined excitons, or quantized excitons) in quantum disk (Q-disk) size potential minima, which
are produced by nonrandom alloy potential fluctuation enhanced by the large bowing parameter and F,
produces confined e-h pairs whose wavefunctions are still overlapped when L<aB. Their Coulomb
interaction is more pronounced for F� L<� EV.

Introduction

Major developments of III-nitride semiconductors1,2 have led to the commercial production1 of blue
and green single quantum well (SQW) light-emitting-diodes (LEDs) and to the demonstration of multiple
quantum well (MQW) purplish-blue laser diodes (LDs).1-10 The growth of nearly TD-free GaN has been
realized by the lateral epitaxial overgrowth (LEO) technique,11-16 and the device lifetime of the cw MQW
LDs has been extended up to 10,000 hours using low TD density GaN on sapphire14 and pure GaN
substrates15 prepared by LEO technique. InGaN alloys are attracting special interest because they are
adopted as active regions of ultra-violet (UV),17 blue,1 green,1 and amber18 SQW LEDs and all MQW LDs1-
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10 and they emit bright luminescences despite of the large TD density up to 1010 cm-3.19 The emission
mechanisms in InGaN alloys are not yet fully understood due to complex material physics and engineering,
such as large and anisotropic effective masses,20 polarization due to the wurtzite crystal lattice,21,22 and phase
separating nature23,24 due to large lattice, thermal, and chemical mismatches.

Several groups have assigned the spontaneous emission from InGaN QWs to the recombination of
excitons localized at certain potential minima.1,25-27 On the other hand, several groups have discussed the
importance of the quantum confined Stark effect (QCSE)28 due to the piezoelectric field (FPZ) in strained
wurtzite InGaN QWs.2,25,29-31 In particular, the blueshift of the electroluminescence (EL) peak in InGaN
SQW LEDs1 with increasing drive current has been explained1,25 by the combined effects of a reduction of
QCSE due to Coulomb screening of FPZ

2,25,29 and band-filling of the energy tail states.1,25 Moreover,
characteristic optical gain mechanisms were reported for InGaN LD wafers25,32-34 although gain spectra
which can be explained by the well-known e-h plasma (EHP)35 lasing model were reported.36-38 In order to
obtain an insight into what dominates the emission properties of InGaN QWs for further optimization of
blue LDs, it is necessary to investigate the effects of effective bandgap inhomogeneity and electric field in
the QW separately and consistently.

In this article, several important physics which affect the emission properties of InGaN QWs are
discussed. First, the influence of F was reexamined on AlGaN/GaN and GaN/InGaN strained QWs to
conclude that there exists polarization-induced and junction high electric fields across the strained QWs.
Presence of QW excitons is shown for the wells with L<aB even under high F. Next the presence of effective
bandgap inhomogeneity, which produces certain quantum disk-size localized potential minima in InGaN, in
practical LEDs is shown. Finally the origin of the QW exciton localization was investigated by comparing
optical properties of InGaN QWs grown on dislocated GaN-base on sapphire and nearly TD-free GaN
overgrown laterally on the SiO2 mask.

Framework

Optical properties peculiar to wurtzite InGaN and III-nitride materials in comparison to familiar III-V
semiconductors such as GaAs or InP known to date are summarized as follows:

(i) Nitrides have an excitonic character in their optical properties. Indeed, dominant resonance structures
due to A and B FEs were found in both absorption and photoreflectance spectra of 3D GaN layers, and FE
emission has been found even at RT,39,40 since the exciton binding energy, Eb, is as large as 26 meV and aB is
as small as 3.4 nm.20,39-43 It is also known that Eb is increased in QWs44 due to confinement of
wavefunctions.

(ii) The wurtzite structure has the highest symmetry compatible with the existence of
spontaneous polarization. Moreover, strain-induced piezoelectric tensor of wurtzite has three
nonvanishing independent components. In the absence of the external fields, the total
macroscopic polarization, P, is the sum of the spontaneous polarization in the equilibrium
structure, P0, and of the strain induced piezoelectric polarization, PPZ.

(iii) InGaN alloys have an immisible gap23,24 and they usually show broad luminescence band.1

In following arguments follow these information.

Polarization in wurtzite lattice

Since III-nitride epilayers grown on sapphire (0001) or SiC (0001)Si substrates are along
the c-axis, we shall consider only the polarization along the c-axis, P3=P0,3+PPZ,3. Bernardini et al.21

calculated P0,3 in AlN, GaN, and InN as -0.081, -0.029, and -0.032 C/m2, respectively. P0,3 induces
the electric field according to F0,3=-P0,3/� 0� r, and is estimated to be 3.4 MV/cm for GaN, which is
nearly 50 times the ionization field, Fi, of FEs in 3D GaN (7.6� 104 V/cm).39 From the fact that FE
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Fig.1 Schematic band diagrams of GaN/InGaN QWs under the
electric field F. Each case represents the restrictions determined
among F, L, � EV, and aB.

emissions can be observed from 3D GaN even at RT,39 F0,3 should be smaller than Fi. This may be
due to internal screening of the polarization since the layer is usually too thick and any kinds of
internal charges contribute to screening. An expression for PPZ,3 under the biaxial strain (a-
a0)/a0=� xx=� yy=-(C33/2C31)� zz is given by PPZ,3=2(e31-e33C31/C33)� xx, where a is the lattice constant, a0

is that of strain-free material, Cij are the elastic stiffness constants, and eij are the piezoelectric
constants. Bernardini et al.21 reported the following values in units of C/m2: e33=1.46 and e31=-0.60
for AlN; e33=0.73 and e31=-0.49 for GaN; e33=0.97 and e31=-0.57 for InN. For in-plane compressive
strains usually found in InGaN, the direction of FPZ is from Ga face to N face (surface to
substrate) according to Hellman22 if we consider the Ga surface growth (+C). The direction of FPZ,3

is opposite to F0,3 and the pn junction field Fpn. This means that total electric field F exists in the
QW regions of practical devices is a sum of polarization-induced fields and the pn junction field,
F3=F0,3+Fpn-FPZ,3. Details of this will be discussed elsewhere, and we simply consider the effect of
F on the band structures of strained QWs in this article.

Schematic band diagrams of InGaN QWs under an electric field

From the framework (i) and (ii), physical scenarios of the optical transitions in InGaN QWs are
drawn as follows. Since the critical thickness of InxGa1-xN (0<x<0.15) is reported to be greater than 40
nm,2,29  coherent growth of InGaN is assumed. This strain causes FPZ but excitons should also be significant.
Therefore the problem treated here is the behavior of confined energy levels in QWs under F, as discussed
for GaAs/AlGaAs QWs in the 1980's.28,44,45 In QWs, FE absorption is observed even at RT under high F
across the QW28,44 due to quantum confinement of the wavefunctions which enhances the Coulomb
interaction between the e-h pair to increase Eb.

44 Miller et al.28 have observed an excitonic absorption in
GaAs QWs, which was redshifted by 2.5 times the zero-field Eb for F=105 V/cm (50 times the Fi of 3D
excitons). They have explained the redshift in terms of field modulation of quantized energy levels
(QCSE).28 We estimate46 Eb in GaN / Al0.1Ga0.9N QWs under F=0 as a function of L according to Bastard et
al.44 introducing finite barrier height. The obtained Eb value for L=3 nm is 47 meV and Fi is estimated to be

6.0�  105 V/cm taking into account the
shrinkage of e-h distance in z-direction down to
0.78 nm. Eb is 37 meV for L=6 nm.

Taking the small fraction (1/4) of � EV

against the conduction band discontinuity � EC

into account,47 schematic band diagrams of
InGaN / GaN QWs are drawn in Fig. 1 for
several cases; i.e. restrictions among FxL, � EV,
and aB. Since the restriction FxL>� EV breaks
before breaking FxL>� EC with increasing F or
L, restrictions between FxL and � EV and
between L and aB (quantum size effect) only are
drawn in Fig.1. Note that in-plane (lateral)
bandgap inhomogeneity is omitted.

In CASE I, both electron and hole
wavefunctions are confined in the well and have
unique quantized energy levels where zero
Stokes-like shift is expected though the
resonance energy slightly shifts to lower energy
due to QCSE. In CASE II, at least the hole
wavefunction drops into the triangular shape
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Fig.2 Low excitation PL and PLE spectra at RT of In0.1Ga0.9N /
GaN:Si MQWs for different well thickness, L. The apparent
bandgap is defined as the energy where the PLE signal intensity
drops to half the maximum.
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Stokes-like shift of In0.1Ga0.9N wells at RT as a function of L.

potential well at one side of the well, and
continuum states are formed at the rest of the
potential slope inside the QW region. In addition
the penetration of the barrier continuum
wavefunction cannot be neglected. Therefore
vertical component Stokes-like shift is produced.
For the extreme situation of CASE II (pronounced
CASE II), both the e-h wavefunctions drop into
the triangular potential wells formed at opposite
sides of the well resulting in z-directional
separation. In CASE III and IV, the absorption tail
would be modulated due primarily to QCSE28 and
QCFK.45

Optical properties as a function of QW thickness

Low excitation PLE and PL spectra at RT
of In0.1Ga0.9N/GaN MQWs with various L are shown in Fig. 2. The PL spectra exhibited a broad
luminescence peak due to InGaN QWs, whose full width at half maximum (FWHM) was nearly 120 meV.
The PL peak showed a redshift by 360 meV with increasing L from 1.2 to 6.2 nm, and the intensity
decreased for L>3.6 nm (L>aB). The PLE spectra exhibited broadened absorption tail except for the L=1.2
nm case. The broadening was pronounced for wells with L>aB. These results agree with the scenario that the
QW configuration changes from CASE I, II, to IV due to increasing L assuming constant x and FPZ. The
apparent bandgap energy determined as the energy where the PLE signal intensity drops to half the
maximum, PL peak energies, and Stokes-like shifts are plotted as a function of L in Fig. 3. As expected, the
apparent Stokes-like shift increased from nearly 50 meV to 220 meV. Since in CASE I, zero Stokes-shift is
expected if the well had a homogeneous bandgap energy, the observed Stokes shift for CASE I (L<aB)
directly shows the presence of in-plane net Stokes shift due to localized energy states in the QW. Similar
results were obtained at 4 K where the Stokes-shift
was nearly 100 meV (L<2.5 nm). The observed
blueshift of the high excitation PL peak indicates
presence of high F across the wells.

In order to estimate F, confined energy levels
and wavefunctions in In0.1Ga0.9N QWs are calculated
as functions of F, L, and n in the barrier by variational
method neglecting Eb within the Hartree
approximation by solving the Schrödinger equation
and Poisson equation simultaneously and self-
consistently. We did not fit the data but simply
calculated and compared the relation between the low
excitation PL peak energy and L (L<3.6 nm) in Fig. 3.
As a result, the zero-field bandgap of the 3D InGaN
well is obtained to be 2.92 eV and � EC and � EV are
estimated to be about 400 and 100 meV, respectively.
F is estimated to be nearly 3.5� 105 V/cm which gives
Stark shift of nearly 45 meV in the 3-nm-thick QW.
Examples of the calculated quantized energy levels
and e-h wavefunctions for InGaN under F=400
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Fig.4 Quantized energy levels and wavefunctions of e-h pair in
In0.1Ga0.9N SQW under the condition of F=400kV/cm.
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Fig.5 Low excitation PL and PLE spectra at 10 K
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Fig.6 Quantized energy levels and wavefunctions of e-h
pair in 3-nm-thick InGaN SQW under the condition of
F=100kV/cm (x=0.03) and 400kV/cm (x=0.1).

kV/cm are shown in Fig. 4. Under
F=3.5� 105 V/cm, F� L exceeds � EV for
L>3.4 nm. The hole confined level would
already be formed in the triangular
potential (CASE II) between 2.5 and 3.6
nm. Beyond this, the system belongs to
CASE IV where the e-h are confined in
opposite sides of the well, as shown in Fig.
4. This may explain the extremely long
decay time �  in terms of reduction of the
oscillator strength for large L at low
temperature where nonradiative
recombination is suppressed. At 4 K, �
was nearly 35 ns for L=5nm (>aB). This
may cause serious degradation of the
emission intensity. Relatively shorter �
(0.97-4 ns) for L<2.5 nm at 4 K indicates that the overlap of the e-h wavefunction is still large because L is
smaller than aB. Note that the estimated Fi (6.0� 105 V/cm) is larger than F (3.5� 105 V/cm), which implies
that Coulomb interaction between the e-h pair still remains. This kind of particles can be regarded as QW
excitons.

Optical properties as a function of InN molar fraction x

Next sample series have a 3-nm-thick InGaN SQW with various x, which correspond to CASE I, II,
and pronounced CASE II. Note that change in x changes in � EC, � EV, and FPZ simultaneously. The PLE
spectra broadened and the PL peak energy showed pronounced redshift with increasing x, as shown in Fig.
5. The QW (x=0.03) exhibited a sharp onset of the PLE spectra at 3.3 eV, as is the case with L=1.2 nm in
Fig. 2. If we assume a linear relation between FPZ and x, FPZ is estimated to be nearly 1.1� 105 V/cm. The
PLE spectra were taken at 10 K, and the sample is considered to belong to CASE I, as shown in Fig. 6. The
appearance of the Stokes shift in the CASE I sample again indicates the presence of localized energy states.
With increasing x, first the hole confined level drops into the triangular potential, as shown in Fig. 6 (400
kV/cm), and that of electron will also drop into the triangular potential at opposite side for higher x
(pronounced CASE II). This scenario explain the broadness of the PLE spectra with increasing x. In
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addition, the spatial separation of the e-h pair normal to the
QW plane may reduce the wavefunction overlap and increase
the emission decay time with increasing x. However, as shown
in Fig.6, the overlap of e-h wavefunction is still large.

Both the Stokes-like shift and the decay time had a
critical x25 of nearly 0.1 as shown in Fig. 7. This composition
is considered to correspond to the point that the band diagram
changes from CASE I to CASE II or pronounced CASE II
where the absorption due to continuum states from barriers
becomes remarkable. On the other hand, the degree of
effective bandgap inhomogeneity suddenly increases by
alloying In then increase monotonically with increasing x,
judging from the values of PL FWHM, as shown in Fig. 7.

Coulomb screening effects by Si-doping of GaN barriers

One of the effective methods to screen polarization-
induced F is by doping the wells or barriers. If the injected or

doped charge density is enough to screen
FPZ, the pronounced CASE II QWs may
recover wavefunction overlap.25 Quantized
energy levels and wavefunctions of a 3-nm-
thick In0.13Ga0.87N SQWs for F=0, F=500
kV/cm, and F=500 kV/cm with injected e-
h pair density of 4� 1012 cm-2 are shown in
Fig. 8. As shown, the wavefunction overlap
and the transition energy between the
energy levels were recovered by the Si-
doping. To confirm this experimentally, 3-
nm-thick In0.13Ga0.87N / GaN MQWs with

different Si-doping concentrations in the GaN barriers
were examined. FPZ in the undoped MQW is estimated
to be 5-6� 105 V/cm. The PL peak shifted to higher
energy and the absorption tail in the PLE spectrum
decreased by doping Si up to 1019 cm-3, as shown in
Fig. 9. The apparent resonance energy shifted to higher
energy by 50 meV, which nearly agrees with Fig.8, and
the apparent Stokes-like shift decreased from 220 meV
to 120 meV. At the same time, the emission decay time
�  decreased from 14 ns to 850 ps with increasing Si-
doping. These results indicate that FPZ was effectively
screened, and the overlap of the e-h wavefunction was
recovered. Note that screening of FPZ reduces the slope
of the conduction and valence bands within the QW to
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Fig. 10 Optical transmittance and high excitation PL spectra at 10 K
and RT of a 5-nm-thick GaN / Al0.15Ga0.85N DH structure grown on
thick Al0.3Ga0.7N base layer and those of 5.5-nm-thick InGaN /
Al0.1Ga0.9N DH structure (SQW UV-LED)49 grown on thick GaN
base.

result in sharp onset of the absorption tail. This reduces the "vertical" component of the apparent Stokes-like
shift. Of course, increased electron density due to the modulation doping may improve the radiative
recombination rate, and the electrons will fill the energy tail states at the same time. The sample with the
highest doping level showed the shortest � =850 ps and the brightest emission. This value seems to be close
to the intrinsic radiative recombination lifetime. The longer �  usually observed in the practical LEDs will be
discussed later.

Why InGaN emits efficient luminescences / In-plane localization of QW excitons

Blue and green InGaN SQW LEDs show blueshift of the EL peak energy with increasing driving
current.1,25,48 This has been explained by combined effects of Coulomb screening of FPZ and band filling of
the localized energy states by QW excitons.25 Really recently, Mukai et al.49 reported that current and
temperature dependences of the EL peak energy of 5.5-nm-thick InxGa1-xN SQW LEDs change drastically at
a critical emission peak wavelength of 375 nm. When x is very small, LEDs do not show any blueshifts but
show temperature dependence. Conversely, when x is larger than corresponding emission peak of 375 nm,
the LEDs show nearly temperature-independent but current density-dependent EL peak energy. Moreover,
the output power of UV LEDs increase with increasing wavelength in UV region longer than 370nm where
the self-absorption due to GaN base layer is already negligible. These results indicate that the emission
mechanisms change with x, and those of GaN QW and InGaN QW are totally different.

Another supporting evidence of the importance of exciton localization in InGaN is shown in Fig.
10. Figure 10 shows the optical transmittance at 10 K and RT and high excitation PL spectra at RT
of a 5-nm-thick GaN / Al0.15Ga0.85N double-hetero (DH) structure grown on thick Al0.3Ga0.7N
base layer and those of 5.5-nm-thick Al0.15Ga0.85N / InGaN / Al0.1Ga0.9N DH structure (SQW UV-
LED)49 grown on thick GaN base. Since the former sample was grown on thick Al0.3Ga0.7N to
observe QW absorption spectrum, both GaN/AlGaN/AlGaN and InGaN/AlGaN/GaN QWs suffer
from compressive biaxial strain. Then the FPZ is opposite to the pn junction field. Against FPZ, the
GaN/AlGaN SQW exhibits an excitonic absorption peak up to RT, as predicted form the increase
of Eb in QWs.25,28,46,50 Therefore InGaN SQW would also show the excitonic character. Since the PL peak
energy of InGaN/AlGaN SQW is higher than that of GaN/AlGaN SQW, the QW resonance energy of
GaN/AlGaN should be smaller than
that of InGaN/AlGaN structure, which
means that QCSE due to FPZ

dominates the optical transitions in the
binary GaN wells. Accordingly, the PL
intensity of GaN/AlGaN SQW was far
lower than that of InGaN/AlGaN,
although the self-absorption due to the
GaN base is remarkable for the
particular UV-LED structure. Note that
the PL peak energy agrees with the
excitonic absorption peak at RT and
excitons are delocalized for the
GaN/AlGaN SQW, which is different
from the results obtained from InGaN
QWs.

Typical wide-area and spot-
excitation CL spectra at 10 K of a 3-
nm-thich In0.1Ga0.9N SQW are shown
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in Fig. 11. Although the effect of
the multiple interference fringes
on the CL spectra is not
negligible, wide area (10 � m� 10
� m) broad CL band (FWHM
nearly 100 meV) consists of
many sharp peaks (FWHM less
than 20 meV)51 at 10 K. This
clearly shows that the broad CL
band consists of sharper
emission peaks having various
peak energies. Therefore, there
exist several structures
composed of an InN-rich part
surrounded by a GaN-rich part
in each spot area. This structure
may be due to mesoscopic
compositional undulation and it
can act as quantum-disks (Q-
disks),52 dots, or segmented
QWs having compositional

and/or size inhomogeneity. Monochromatic scanning CL images of the same GaN-capped In0.1Ga0.9N SQW
taken at wavelengths of 400 nm and 420 nm are also shown in Fig. 11. A careful comparison between the
two images using a triangular-shaped dark marker on the bottom-left corner indicated following results; (a)
each bright (white in the figure) area consists of emissions from real spaces of about 60-400 nm in lateral
size, (b) some dark areas in one figure correspond complementary to bright ones in the other figure, and (c)
some areas exhibit both 400 and 420 nm CL emissions. These results can also be explained by the existence
of compositional undulation whose lateral interval is smaller than 60 nm, which value is the spatial
resolution of the system (diffusion length). Supporting evidences of the short diffusion length in InGaN
QWs were reported by Rosner et al.53,54 They showed less pronounced CL contrast in InGaN SQW
compared to GaN.54 Sato et al.55 estimated the PL intensity as a function of TD density and also supported
the short diffusion length model in InGaN QWs.51 The result (c) indicates that the real area that emits CL is
far smaller than the diffusion length (60 nm). Kisielowski et al.56 and Ponce et al.57 estimated the structural
size of InN-rich clusters to be less than 10 nm and 20 nm, respectively. Such CL nanostructure was also
found for compositions as low as x=0.03. This means that large FWHM of the PL peak and broadness of the
PLE signal edge for the CASE I QWs represent the in-plane effective emission bandgap inhomogeneity.
Note that e-h wavefunctions in the Q-disks are confined with respect to the z-direction, and Q-disks or Q-
dots can improve the emission efficiency of QW excitons due to the lateral confinement in limited spaces,
that can reduce nonradiative pathways. This is the reason why InGaN exhibits bright spontaneous emissions.
Naturally, it overcomes disadvantages of using wurtzite materials due to the polarization-induced electric
fields. The e-h wavefunctions are still overlapped even in the pronounced CASE II. The emission lifetime is
affected by both the e-h pair separation due to FPZ and in-plane localization for CASE II and pronounced
CASE II. In Q-disks, the spontaneous emission lifetime becomes long since the emission is prohibited when
the wave vector of exciton center-of-mass motion is above the critical energy.52

Origin of exciton localization

One of the possible origins of the in-plane bandgap inhomogeneity is an inhomogeneous
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Fig.11 Wide-area (10 � m� 10 � m) scanning and spot excitation CL spectra of 3-nm-
thick In0.1Ga0.9N SQW capped by a 6-nm-thick GaN. The broad CL peak
(FWHM=100 meV) consists of several sharp emission peaks (FWHM=20 meV)
having different peak energies. Monochromatic CL images taken at 400 and 420 nm
showed primarily the complimentary relation. The resolution of the CL mapping is
limited by the diffusion length, which was nearly 60 nm in lateral direction.
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distribution of FPZ due to strain fluctuation. If we attribute the
in-plane net Stokes shift to this, the potential fluctuation can be
leveled by filling carriers to screen FPZ. However, the FWHM
of PL or EL in InGaN QWs does not change or even increase

with increasing excitation level. Therefore, an intrinsic compositional inhomogeneity is the most probable.
Keller et al.58 found a spiral growth of InGaN initiated by the mixed character TDs. If such a growth mode
accumulates In to the growth step edge, compositional inhomogeneity would be produced. To investigate
this, optical properties of InGaN QWs were investigated as a function of TD density59 using LEO technique.
A series of InGaN QWs were grown on dislocated GaN grown from the SiO2 mask opening (window) and
nearly TD-free GaN laterally overgrown on SiO2 from the opening (wing) at the same time in order to
minimize run-to-run or place-to-place fluctualtion. Figure 12 shows PL and PLE spectra at 10 K of InGaN
SQW and MQW structures grown on the window and wing. As shown, they showed exactly the same
properties. The luminescence decay time �  measured by the time-resolved PL measurements was 6 ns at RT
for the MQW structure, and was independent of TD density.59 The low temperature PL lifetime was also
independent of the TD density. In addition, the energy resolved �  of nearly TD-free InGaN MQW increased
with decreasing the photon energy, as shown in Fig. 13. This is characteristics of the localized electronic
system. The relation between �  and E was fitted using � (E)=� r /{1+exp[(E-Eme)/E0], where E0=60 meV
represents the depth in the tail states, Eme=2.88 eV is the energy similar to the mobility edge, and � r=12 ns is
the radiative lifetime. These values are reasonable for the device-quality InGaN QW1 systems with highly
lattice mismatched nonrandom alloy broadening.

It should be noted that all the optical properties do not depend on TD density. Conversely, the in-
plane net Stokes shift is affected by changing the barrier growth rate60 and InN molar fraction of the QWs.25

Therefore the in-plane effective bandgap inhomogeneity is caused by growth parameters, point defects, or
thermodynamics rather than phase separation initiated by TDs. Anomalous temperature independence of the
luminescence peak energy1,25 cannot be explained only by an inhomogeneous FPZ. Since the change in x
changes FPZ, the Q-disk size / segmented QW potential may, at least partly come from the nonrandom alloy
potential fluctuation emphasized by the large bowing parameter in InGaN.2,29,61

For LDs, the effective bandgap inhomogeneity more than 50 meV is too large to obtain an uniform
EHP in the well. Indeed, some InGaN MQW LDs showed EHP lasing in tail states.25,26,32-34,62 This may
cause the increase of threshold current density of InGaN LDs in terms of reduiction in differential gain.62

Summary
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Importance of QW exciton localization into the energy tail states was explained in addition to high-
field effects in InGaN QWs. This Q-disk size potential minima make the diffusion length short and
effectively keep carriers away from nonradiative pathways, which is a distinct difference between GaN and
InGaN QWs. Strong FPZ separate e-h pair into triangular potential wells formed at opposite sides of the well
and apparent Stokes-like shift is dominated by FPZ for CASE II, III, and IV. The oscillator strength of the
separate e-h pair is very small for CASE III and IV. State-of-the-art InGaN LEDs and LDs generally have
QWs with L = 2.5-3.5 nm and most of blue, green, and amber LEDs may belong to pronounced CASE II.
However, the overlap of e-h wavefunctions is recovered by screening FPZ by injecting carriers or doping Si,
resulting in huge blueshift of the emission peak and a decrease of the apparent Stokes-like shift. Note that
vertical e-h pair distance is still smaller than aB, resulting in large overlap of their wavefunctions. Therefore
the localized QW excitons have strong Coulomb interaction provided that L<aB. In order to understand
precise mechanisms of the bandgap inhomogeneity and carrier localization, and to obtain long wavelength
LDs expanding from pure green to red wavelengths, fabrication and investigation of cubic zincblende
InGaN QWs are mandatory to eliminate the modulation due to strain-induced piezoelectricity.
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