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Linear and nonlinear optical properties of InxGa1ÀxNÕGaN heterostructures
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We have systematically studied both the spontaneous and stimulated emission properties in blue-light-
emitting InxGa12xN/GaN multiple quantum well structures using various linear and nonlinear optical tech-
niques. Our experimental observations are consistently understandable in the context of localization of carriers
associated with large potential fluctuations in the InxGa12xN active regions and at heterointerfaces. The
studies have been done as a function of excitation power density, excitation photon energy, excitation length,
and temperature. The results show carrier localization features for spontaneous emission and demonstrate the
presence of potential fluctuations in the InxGa12xN active region of the InxGa12xN/GaN structures and its
predominant role in spontaneous emission. In addition, the experimental observations strongly indicate that the
stimulated emission has the same microscopic origin as spontaneous emission, i.e., radiative recombination of
localized states. Therefore, we conclude that carriers localized at potential fluctuations in InxGa12xN active
layers and interfaces can play a key role in not only spontaneous but also stimulated emission of state-of-the-art
blue-light-emitting InxGa12xN/GaN quantum structures.
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I. INTRODUCTION

With the recent progress made in nitride growth techn
ogy, much research has been devoted to group-III nitr
wide-gap semiconductors for their applications such as u
violet ~UV!-visible light emitters, solar-blind UV detectors
and high-temperature and high-power electronic devices
spite of poor structural quality~e.g., the large dislocation
density! of nitride epitaxial layers compared to other III-
semiconductors, high-brightness light-emitting diodes1 and
cw blue laser diodes2 based on InxGa12xN structures have
been achieved with high performance and high quantum
ficiency. Understanding the physical mechanisms giving
to spontaneous emission~SPE! and stimulated emission~SE!
in InxGa12xN-based structures is crucial not only from th
viewpoint of physical interest but also in designing practi
devices. Although a wealth of SPE and SE studies in G
based quantum wells~QW’s! ~such as InxGa12xN/GaN and
GaN/AlxGa12xN) have been reported, the results in the
erature are varied and controversial.

For SPE, it has been discussed that the built-in mac
scopic polarization, which consists of the spontaneous po
ization due to interface charge accumulations between
constituent materials and the piezoelectric polarization du
lattice-mismatch-induced strain,3 plays a significant role in
the wurtzite III-V nitrides system.4 These polarization
charges generate abuilt-in internal electric field~IEF! di-
rected along the growth direction~perpendicular to the lay
ers! and modify both electronic energy levels and wave fu
tions. These internal polarization fields give rise to chan
in optical matrix elements and can be screened by photo
nerated electron-hole pairs. It has been argued that the s
taneous polarization and/or the strain-induced piezoelec
polarization play an important role in carrier recombinati
in both GaN/AlxGa12xN and InxGa12xN/GaN QW’s.5–7 Re-
PRB 610163-1829/2000/61~11!/7571~18!/$15.00
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combination of carriers localized at band-tail states of pot
tial fluctuations has also been discussed as an important
mechanism in InxGa12xN/GaN QW’s and even in
GaN/AlxGa12xN QW’s that exclude alloy fluctuations in th
active region.8–12 The inhomogeneous potential fluctuatio
can be caused by alloy composition fluctuation, well s
irregularity, and/or other crystal imperfections such as po
defects and dislocations, resulting in a spatial band-
variation in the plane of the layers. The radiative recombi
tion in InxGa12xN/GaN multiple QW’s~MQW’s! has also
been attributed to emission from highly localized deep sta
originating from quantum dot-like and phase-separated
rich regions in the wells.13,14This carrier localization~CLO!
formed in the plane of the layers enhances the quantum
ficiency by suppressing lateral carrier diffusion, thereby
ducing the probability for carriers to enter nonradiative
combination centers.

For SE, there have been several attempts to accoun
the gain and lasing mechanism in III-V and II-VI semico
ductors. Whereaselectron-hole plasma~EHP! recombination
is accepted as the gain mechanism in most III-V semic
ductors, such as GaAs and InP, there is a debate
whether the SE in InxGa12xN-based structures is cause
mostly by EHP. A considerable amount of attention has b
given to the potential role of strongly localized band-t
states in the SE and lasing processes in InxGa12xN MQW’s.
Although many data support CLO recombination as
mechanism leading to SPE in these materials, the results
SE behavior in the literature are varied and often controv
sial. This has led some research groups to assign the
peak to recombination of localized carriers, and the SE p
to a more traditional EHP recombination originating fro
free carriers, while others claim that recombination origin
ing from strong CLO is the origin of both SPE and SE.

Ambiguities in the interpretation of some experimen
7571 ©2000 The American Physical Society
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7572 PRB 61YONG-HOON CHOet al.
findings and a lack of direct experimental evidence make
unambiguous identification of the responsible SPE and
mechanisms in InxGa12xN MQW’s difficult, so controver-
sies in the proposed emission mechanisms remain and a
sistent model that properly describes the experimental ob
vations is still not available. Accordingly, more dire
experimental observations giving insight into several phy
cal aspects, in addition to the traditional ones, are require
clarify the responsible recombination mechanism for b
linear and nonlinear optical properties. In this paper,
present a comprehensive study of both the SPE and SE
haviors of InxGa12xN/GaN MQW structures by means of
variety of optical techniques. We focus especially on opti
characteristics of InxGa12xN/GaN heterostructures withx
;0.2 used for state-of-the-art blue-light-emitting structu
and InxGa12xN thin films with comparablex. For the study
of SPE, we employed photoluminescence~PL!, PL excitation
~PLE!, and time-resolved PL~TRPL! spectroscopy. For the
study of SE, we carried out optically pumped SE, varia
stripe gain, and nanosecond nondegenerate pump-p
spectroscopy. Furthermore, using these techniques, we
investigated the excitation power, excitation photon ener
excitation length, and temperature dependence of the e
sion from these materials. Combining the results of
above studies, we find only CLO in the InxGa12xN active
regions provides an adequate explanation for the obse
SPE and SE behavior of these materials.

This paper is organized as follows. Section II gives deta
about the sample structures and experimental conditions
Sec. III, we present the experimental results to demonst
that localized carriers indeed play a central role in SPE,
and the formation of gain in InxGa12xN/GaN MQW struc-
tures. In Sec. IV, we compare and discuss the experime
results. Our conclusions are summarized in Sec. V.

II. EXPERIMENTS

The In0.18Ga0.82N/GaN ~to be referred as InGaN/GaN
hereafter! MQW structures used in this study were grown
c-plane sapphire substrates by metalorganic chemical v
deposition~MOCVD!. A set of samples, nominally identica
apart from deliberate variations in the Si doping concen
tion, were grown specifically to study the influence of
doping in the GaN barriers. The samples consisted of a G
buffer layer (1.8mm) and a 12-period multiple quantum
well consisting of 3-nm-thick InGaN wells and 4.5-nm-thic
GaN barriers, followed by a 100-nm-thick Al0.07Ga0.93N ~to
be referred as AlGaN hereafter! capping layer. Trimethylgal-
lium ~TMGa!, trimethylindium ~TMIn!, trimethylaluminum,
and ammonia were used as the precursors and disilane
used as then-type dopant. The growth temperatures of t
GaN base layer, the superlattice~SL! region, and the AlGaN
capping layer were 1050, 790, and 1040 °C, respectiv
The TMGa and TMIn fluxes during the SL growth were
and 14mmol/min, respectively, while the ammonia flow wa
held constant at 0.35 mol/min. The doping concentrati
were obtained from secondary-ion mass spectroscopy
Hall measurements. The In0.18Ga0.82N ~to be referred as In-
GaN hereafter! epilayer used for comparison was grown
MOCVD at 800 °C on a 1.8-mm-thick GaN layer deposited
at 1060 °C onc-plane sapphire substrates. The InGaN la
n
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was 0.1mm thick and capped by a 0.05-mm-thick GaN
layer.

To evaluate the interface quality and structural para
eters, such as the average In composition of the wells and
period of the SL, the samples were analyzed with hig
resolution x-ray diffraction~HRXRD! using CuK a1 radia-
tion. The average In composition was measured by HRXR
assuming Vegard’s law. The angular distances between
satellite SL diffraction peaks and GaN~0002! reflections
were obtained byv –2u scans. The spectra clearly sho
higher-order satellite peaks indicating high interface qua
and good layer periodicity. In addition, we observed that
MQW samples are fully pseudomorphic from symmetric a
asymmetric reciprocal space mapping. The details of
HRXRD analysis were reported elsewhere.15

Low-density SPE properties were investigated by P
PLE, and TRPL spectroscopy. PL spectra were measu
using the 325-nm line of a 20-mW cw He-Cd laser. PL
experiments were performed using quasimonochrom
light dispersed by a12 -m monochromator from a xenon lamp
TRPL measurements were carried out using a tunable p
second pulsed laser system consisting of a cavity-dum
dye laser synchronously pumped by a frequency-doub
mode-locked Nd:YAG~yttrium aluminum garnet! laser as an
excitation source and a streak camera for detection. The
put laser pulses from the dye laser had a duration of less
5 ps and were frequency doubled into the UV spectral reg
by a nonlinear crystal. The overall time resolution of t
system was better than 15 ps.

Optically pumped SE was performed in side-pumping g
ometry where edge emission from the samples was colle
into a Spex 1.0-m spectrometer and recorded by an op
multichannel analyzer or a UV-enhanced gated char
coupled device~CCD!. The third harmonic~355 nm! of an
injection-seeded Nd:YAG laser with a pulse width of 6
and a repetition rate of 30 Hz was used as the pump
source. The laser beam was focused on the sample su
using a cylindrical lens to form an excitation spot in the for
of a line.16 The laser light intensity could be attenuated co
tinuously using a variable neutral density filter.

For the optical gain measurements, the variable stripe
citation length method was used.17,18 The samples were op
tically excited by the third harmonic~355 nm! of an injection
seeded,Q-switched Nd:YAG laser@;5 ns full width at half
maximum ~FWHM!, 10 Hz repetition rate#. The excitation
beam was focused to a line on the sample surface usin
cylindrical lens and the excitation length was precisely v
ied using a mask connected to a computer-controlled ste
motor. The emission was collected from one edge of
samples, coupled into a14 -m spectrometer, and spectral
analyzed using a UV-enhanced CCD. The modal g
gmod(E) at energyE is extracted from

I 1~E,L1!

I 2~E,L2!

exp@gmod~E!L1#21

exp@gmod~E!L2#21

with L1,2 two different stripe excitation lengths andI 1,2 the
measured emission intensities. Special care was take
avoid gain saturation effects in the optical gain spectra,
that the gain spectra are measured for stripe lengths sh
than those for which saturation effects occur.
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For the nanosecond nondegenerate optical pump-p
experiments, the third harmonic of the Nd:YAG laser d
scribed above~355 nm! was used to synchronously pump th
individual samples and a dye solution. The superrad
emission from the dye solution~covering the entire spectra
range of the localized states! was collected and focused on
the samples, coincidental with the pump beam. The inten
of the probe was kept several orders of magnitude lower t
the pump beam to avoid any nonlinear effects due to
probe. The spot size of the probe was kept at; 1

3 that of the
pump to minimize the role of variations in the pump inte
sity across the excitation spot. The transmitted~broadband!
probe~with and without the pump beam! was then collected
and coupled into a14 -m spectrometer and spectrally analyz
using a UV-enhanced, gated CCD. The samples w
mounted on a copper heat sink attached to a wide temp
ture range cryostat/heater system.

For the energy selective PL study, the second harmoni
a mode-locked Ti:sapphire laser was used as a tunable
tation source to excite the sample normal to the sample
face. The emission was collected normal to the sample
face, coupled into a 1-m spectrometer, and spectr
analyzed using a CCD. For energy selective SE experime
the second harmonic of an injection-seeded,Q-switched
Nd:YAG laser~532 nm! was used to pump an amplified dy
laser. The deep-red to near-infrared radiation from the
laser was frequency doubled in a nonlinear crystal to ach
the near-UV to violet laser radiation needed to optically e
cite the InxGa12xN/GaN MQW’s in the spectral region o
interest. The frequency-doubled radiation (;4 ns pulse
width, 10 Hz repetition rate! was focused to a line on th
sample surface. The excitation spot size was approxima
10035000mm. The emission from the sample was collect
from one edge of the sample, coupled into a 1-m spectr
eter, and spectrally analyzed using a UV-enhanced CCD

III. RESULTS

A. General optical characteristics

Figure 1 shows typical PL, PLE, and TRPL data of t
InGaN-related emission with a peak energy of;2.8 and
;2.99 eV at 10 K for~a! an InGaN/GaN MQW and~b! an
InGaN epilayer, respectively. The 10-K near-band-ed
emission from the AlGaN cladding layer@in ~a!# and the
GaN layers@in ~a! and ~b!# are also clearly seen at 3.60 an
3.48 eV, respectively. For the PLE detection energy of
InGaN-related emission peak, the contributions from
GaN layers@in ~a! and ~b!# and from the AlGaN capping
layer @in ~a!# are clearly distinguishable, and the energy p
sitions of the absorption edge are well matched to the
peak positions. The absorption of the InGaN wells in t
MQW increases monotonically, reaching a maximum
;3.1 eV, and remains almost constant until absorption
the GaN barriers occurs at 3.48 eV. A large Stokes shif
this InGaN-related SPE peak with respect to the absorp
edge measured by low power PLE spectroscopy is cle
observed for both samples. The band-tail states respon
for the ‘‘soft’’ absorption edge are seen to be significan
larger in the MQW than in the epilayer, as is the resulti
Stokes shift of the SPE peak. This is most likely due to
increased number of interfaces in the MQW compared to
be
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epilayer, which can lead to larger potential fluctuations. T
temporal dynamics of the luminescence were also meas
using the TRPL technique. The effective recombination li
time as a function of detection energy across the 10-K
spectrum of~a! the InGaN/GaN MQW and~b! the InGaN
epilayer is also shown in Fig. 1. It should be noted that
rise in the effective lifetimet with decreasing emission en
ergy across the PL spectrum, resulting in a redshift beha
of the emission peak energy as time progresses, gives fa
able evidence that the InGaN-related emission is due to
diative recombination of carriers localized at potential flu
tuations. It is well known that the recombination of localize
carriers is governed not only by radiative recombination
also by the transfer to and trapping in the energy
states.14,19 The differences int between the two sample
indicate that the potential fluctuations localizing the carri
are significantly smaller in the epilayer than in the MQW
The SPE peak is attributed to radiative recombination of
calized states in an analysis along the same vein
Narukawaet al.14 We note that the observed longer lifetim
for the MQW’s compared to those reported by other grou
is probably due to relatively larger degree of carrier localiz
tion caused by a larger number of QW’s and/or differe
growth conditions used in this work.8,20–22

FIG. 1. 10-K PL ~solid lines!, PLE ~dashed lines!, and TRPL
~open circles! data for~a! an InGaN/GaN MQW and~b! an InGaN
epilayer. Both were grown by MOCVD onc-plane sapphire. A
large Stokes shift of the PL emission from the InGaN layers w
respect to the band-edge measured by PLE spectra is observed
near-band-edge emission from the GaN and AlGaN layers was
served at 3.48 and 3.6 eV, respectively. The PLE contributions f
the GaN layers@in ~a! and ~b!# and the AlGaN layer@in ~a!# are
clearly seen. A rise in lifetime with decreasing emission ener
resulting in a redshift behavior of the emission with time, refle
that the InGaN-related emission is due to radiative recombinatio
carriers localized at potential fluctuations.
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The lifetimes were also measured as a function of te
perature. The rise in effective recombination lifetime w
increasing temperature observed from 10 to;100 ~20! K for
the MQW ~epilayer! is indicative of recombination domi
nated by radiative recombination channels, whereas the
crease int with increasing temperature forT.100 ~20! K
indicates the increasing dominance of nonradiative chan
in the recombination process.23,24 We observed that the
MQW has a significantly largert than the epilayer for all
temperatures studied, and the lifetimes of both are sign
cantly larger than that of GaN epilayers an
heterostructures.20,25This is attributed to suppression of no
radiative recombination by the localization of carriers at s
tistical potential fluctuations arising from the nonrandom n
ture of this alloy.

Figure 2 shows the evolution of the 10-K emission spec
with increasing excitation pump density (I exc) for ~a! the
InGaN/GaN MQW and~b! the InGaN epilayer. The spectr
shown in Fig. 2 were taken with an excitation energy of 3
eV and collected in a surface emission geometry to minim
the effects of reabsorption on the emission spectra.~The SE
peak is due to a leak of the in-plane SE at the sample e
No SE was observed from the middle of the sample in t
geometry, indicating the high quality of the samp
structure.26! The pump spot size was;1mm2 and the exci-
tation wavelength was the third harmonic of the Nd:YA
laser described above~355 nm!. As I exc is increased, the SPE
peak of the MQW is observed to blueshift until it reach
;2.9 eV; after this point it is observed to increase only
intensity until the SE threshold is reached. The SE is see
develop on the low-energy side of the SPE peak. The b
shift of the SPE with increasingI exc is attributed to band
filling of localized states due to the intense optical pum
With increasingI exc, the filling level increases and the P
maximum shifts to higher energies until sufficient populati

FIG. 2. Evolution of InGaN emission spectra from below
above SE threshold,I th , at 10 K for ~a! an InGaN/GaN MQW and
~b! an InGaN epilayer. The emission was collected in a surf
emission geometry.I th for the MQW and epilayer was found to b
;170 and 130 kW/cm2, respectively, for the experimental cond
tions. A large blueshift of the emission is cleary seen with incre
ing excitation density for the MQW sample, showing band filling
localized states.
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inversion is achieved and net optical gain results in the
served SE peak. We see theI exc-induced blueshift is signifi-
cantly larger for the MQW than the epilayer (; 12 nm for
the MQW compared to;2 nm for the epilayer!, further
indicating that the potential fluctuations are significan
larger in the MQW than in the epilayer. For a large enou
I exc, the blueshift of the SPE with increasingI exc stops, and
further increases inI exc result in SE, indicated by the arrow
in Fig. 2. The SE peak is seen to grow out of the low-ene
wing of the blueshifted SPE peak for both samples.

The Stokes shift between PL and PLE spectra, the reds
behavior with time~a rise in lifetime with decreasing emis
sion energy!, and the blueshift behavior with excitation en
ergy are characteristic of the recombination of carriers loc
ized at potential fluctuations. Moreover, the larger Stok
shift, longer lifetime, and larger SPE blueshift with excit
tion density for the MQW compared to those for the epilay
strongly reflect that the potential fluctuations are significan
larger in the MQW than in the epilayer. In general, the fo
lowing effects are expected to lead to an emission shift
MQW’s. They are not expected to be observed in epilaye
~i! the quantum confinement~blueshift!, ~ii ! the built-in in-
ternal electric field~redshift!, and ~iii ! the potential fluctua-
tions ~redshift! related to the presence of MQW interface
These potential fluctuations can be caused by alloy disor
impurities, interface irregularities, and/or self-formed qua
tum dots in the QW active regions. As seen in Fig. 1, t
redshift behavior is apparently larger than the blueshift in
MQW. This indicates that the MQW interfaces affect th
emission properties mainly by means of~ii ! and/or~iii !. Al-
though internal electric fields may be present in the MQ
potential fluctuations are more likely to dominate the em
sion properties of the sample considering the 3-nm-thick
GaN well widths of the MQW. In addition, the differen
growth conditions between the MQW and the epilayer m
also affect the degree of potential fluctuations.

B. Nonlinear optical characteristics: Optical gain
and pump-probe spectroscopy

Figure 3 shows the relevant 10-K PL, PLE, SE, a
modal gain spectra for~a! the InGaN/GaN MQW and~b! the
InGaN epilayer. Note that thex axis of~b! covers half that of
~a!. Representative SE spectra are shown~solid line! for
pump densityI exc51.5I th (I th denotes the SE threshold! and
an excitation spot size of;10035000mm. Note that the SE
peak is situated at the end of the absorption tail for b
samples. The SE is seen to occur on the high-energy sid
the low-power SPE peak for the MQW and slightly on t
low-energy side for the epilayer. The modal gain~dotted
line! was measured using the variable stripe excitat
method of Shaklee and Leheny.17,18 The spectra were take
with I exc@I th for excitation length less than 200mm to
minimize reabsorption-induced distortions in the spec
The modal gain maxima are 250 and 150 cm21 for the
MQW and the epilayer, respectively. We see that the
peak for long excitation lengths (.5000 mm) is situated on
the low-energy tail of the gain curve measured for sm
excitation lengths (,200 mm). This is explained by gain
and absorption competition in the band-tail region of th
alloy, where gain saturation with longer excitation lengt
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combined with the background absorption tail leads to a r
shift of the SE peak with increasing excitation length. T
modal gain spectrum for the MQW is seen to be significan
broader (;24 nm FWHM! than that of the epilayer (;7 nm
FWHM!, although both peak significantly below the onset
the ‘‘soft’’ absorption edge.

The modal gain spectra as a function of above-gap opt
excitation density are shown in Figs. 4~a! and 4~b! for the
MQW and the epilayer, respectively. The excitation densi
in Fig. 4 are given with respect to the SE threshold measu
for long (.2000mm) excitation lengths. A clear blueshift i
the gain peak with increasing optical excitation is seen
the MQW. This blueshift was observed to stop forI exc
.12I th . Further increases inI exc result only in an increase
in the modal gain maximum. The maxima of the gain spec
in Fig. 4~a! are redshifted by more than 160 meV with r
spect to the ‘‘soft’’ absorption edge of the InGaN well la
ers. The large shift in the gain maximum to higher ene

FIG. 3. PL ~dashed lines!, SE ~solid lines!, and modal gain
~dotted lines! spectra taken at 10 K from~a! an InGaN/GaN MQW
and~b! an InGaN epilayer. The SE and gain spectra were meas
for excitation lengths of.5000 and,200 mm, respectively. The
maximum modal gain is 250 and 150 cm21 for the InGaN/GaN
MQW’s and InGaN epilayer, respectively. The low-density PL
spectra are also shown for reference.
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with increasingI exc is consistent with band filling of local-
ized states in the InGaN active layers. Similar behavior w
observed at room temperature~RT!. ~We note that optical
gain is observed only for photon energies below the mobi
edge measured in energy-selective studies described l
giving further evidence that localized states are the origin
optical gain in the InGaN/GaN MQW structures.! The blue-
shift in the gain spectra of the InGaN epilayer is seen to
considerably smaller than that of the MQW. It was also o
served to stop at considerably lower-excitation densities.
modal gain spectra of both samples correspond spect
with the low-energy tail of the band-tail state absorpti
bleaching spectra, with the crossover from absorption to g
corresponding approximately with the maximum in the o
served bleaching.

Figure 5 shows the absorption spectra of the InGaN e
ayer near the fundamental absorption edge at 10 and 30
respectively. The oscillatory structure is a result of thin-fi
interference. With increasing excitation density of the abo
gap pump pulse, the absorption coefficient in the band-
region decreases significantly. This bleaching saturated
I exe exceeding;2MW/cm2 at 10 and 300 K. Similar behav
ior is observed for the MQW sample, the only differen
being a larger spectral region exhibiting absorption bleach
due to the larger band tailing exhibited by the MQW samp
Differential absorption spectra,Da(I exc)5a(I exc)2a(0),
are also shown in Fig. 5 for clarity. We note that the induc
transparency associated with the absorption bleaching
quite large, exceeding 33104 cm21 at both 10 and 300 K.
The spectral region in which SE is observed is also indica
in Fig. 5. Clear features in the induced absorption bleach
spectra are seen to coincide with these spectral regions
are attributed to net optical amplification~gain! of the probe
pulse. Again, similar behavior was observed for the InGa
GaN MQW sample. Both InxGa12xN-based structures wer
observed to exhibit markedly different behavior in th
a(I exc) andDa(I exc) spectra than has been observed in G
thin films.27,28

Figure 6 shows the results of nanosecond nondegene
optical pump-probe experiments performed on~a! the
InGaN/GaN MQW and~b! the InGaN epilayer. Absorption

ed

FIG. 4. 10-K modal gain spectra of~a! an InGaN/GaN MQW
and~b! an InGaN epilayer as a function of above-gap optical ex
tation density. The excitation densities are given with respect toI th

measured for long (.2000mm) excitation lengths. A clear blue
shift in the gain maximum and gain/absorption crossover poin
seen with increasing excitation density for the MQW sample. T
trend is much less obvious for the InGaN epilayer. .
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bleaching of the band-tail states is clearly seen for both st
tures with increasingI exc, where the bleaching is seen
cover the entire spectral range of the absorption tails of
samples. The bleaching is peaked at;3.02 eV for both
samples, but is spectrally much broader for the MQW, c
sistent with its increased absorption tail. We note that
maximum in the absorption bleaching is significantly blu
shifted with respect to the luminescence maximum for b

FIG. 5. Optical absorption spectra of an InGaN epilayer near
fundamental absorption edge at~a! 10 K and~b! 300 K as a func-
tion of above-gap optical excitation density. Differential absorpt
spectra,Da(I exc)5a(I exc)2a(0), at ~c! 10 K and~d! 300 K as a
function of above-gap optical excitation for the sample. The
energy is indicated by arrow for completeness.

FIG. 6. 10-K nanosecond nondegenerate pump-probe ex
mental results for~a! an InGaN/GaN MQW and~b! an InGaN ep-
ilayer showing absorption bleaching (Da negative! of band-tail
states with increasing excitation density,I exc. Da(I exc)5a(I exc)
2a(0) andI o5100 kW/cm2.
c-

e

-
e
-
h

samples. This is explained by the intraband relaxation
photogenerated carriers, where the carriers are created
energies above the mobility edge~will be shown later!, but
are quickly caught in the potential wells of the band-t
states. Further intraband relaxation at low temperatures
then only occur by phonon-assisted tunneling to~deeper!
neighboring potential wells or by further relaxation to low
energy states within the same wells until the poten
minima are reached. Radiative recombination of these st
is expected to be mainly from these potential minim
whereas higher-energy states are temporarily occupied by
relaxing carriers. The latter results in the observed absorp
bleaching.

An interesting difference between the two structures is
behavior of the absorption bleaching asI th is exceeded. As
the pump density is increased, the bleaching is observe
increase for both samples, but asI th is exceeded, the bleach
ing of the MQW tail states is seen todecreasesignificantly
with increasing excitation, while the bleaching of the ep
ayer tail states continues to increase with increasing exc
tion density. This is shown in Figs. 6~a! and 6~b!, where the
dotted and dashed lines show the bleaching spectra for e
tation densities belowI th and the solid lines show the bleach
ing spectra for excitation densities aboveI th . The differ-
ences in behavior are explained by considering
recombination lifetimes shown in Figs. 1~a! and 1~b!. Al-
though radiative recombination from these samples occ
from potential minima, states of higher energy are tem
rarily occupied as the carriers excited by the pump be
relax, resulting in the observed bleaching peaked at hig
energy than the luminescence maximums. The bleachin
the InGaN/GaN MQW decreases for excitation densit
aboveI th because of the fast depopulation of the states fr
which SE originates. Carriers with energies above the
peak now have a much greater number of available low
energy states. This, in turn, results in a decrease in st
occupied at higher energies and, therefore, a decrease i
observed bleaching for excitation densities aboveI th . This
behavior has been previously observed in other mater
where intrinsic disorder through compositional fluctuatio
has lead to similar carrier localization as is observed her29

The absence of the absorption bleaching decrease for ex
tion densities aboveI th in the InGaN epilayer results from it
short recombination lifetime (;0.8 ns! with respect to the
pump pulse (;5 ns FWHM! @see Fig. 1~b!#. For the epil-
ayer, the recombination lifetime is always significant
shorter than the pump pulse, leading to no noticeable red
tion in the relaxation dynamics of the higher-energy ban
tail states asI th is exceeded. Therefore, no noticeable chan
in the bleaching behavior is observed. It is important to n
that the modal gain shown in Figs. 3~a! and 3~b! ~dotted
lines! corresponds spectrally with the low-energy tail of t
localized state absorption bleaching, with the crossover fr
absorption to gain corresponding approximately with t
maximum in the observed bleaching for both samples, in
cating that the gain originates from the localized states.T
induced transparency maximum of the MQW sample cor
sponds spectrally to the mobility edge, as will be shown
Sec. III C. The experimental results presented in this sec
indicate that localized carriers responsible for band-tail s
bleaching share the same recombination channels as the
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riers responsible for optical gain and SE in InGaN/G
MQW’s, providing strong evidence that optical gain orig
nating from localized carriers exists in this material syste

C. Excitation energy dependence of SPE and SE

In this section, we present the results of energy-selec
SPE and SE studies of the InGaN/GaN MQW’s. SPE~SE!
was observed for excitation photon energies over a w
spectral range above the SPE~SE! peak position.

1. SPE with various excitation energies: Energy-selective
PL and PLE

Figure 7 shows 10-K InGaN-related PL spectra measu
with four different excitation photon energiesEexc of ~A!
3.81,~B! 3.54,~C! 3.26, and~D! 2.99 eV. EachEexc is indi-
cated over the PLE spectrum for reference. The InGa
relatedmain peakandsecondary peakare shown with peak
energies of 2.80 and;2.25 eV, respectively. The oscilla
tions on the main PL peak are due to Fabry-Perot inter
ence fringes. WhenEexc varies from above~curve A) to
below ~curveB) the near-band-edge emission energyEg of
the AlGaN capping layer (Eg,AlGaN), the relative intensity
ratio of the main peak to the secondary peak noticea
changes. ForEexc,Eg,GaN (Eg of the GaN barriers!, the sec-
ondary peak has nearly disappeared, while the main p
remains~curve C). When the excitation energy is furthe
decreased to just above the InGaN main emission p
~curveD), no noticeable change is observed for the PL sh
except for a decrease in the overall intensity of the emiss
We now examine the changes in the main peak shape
excitation energy. The inset in Fig. 7 shows the normaliz
spectra for the main peak on a linear scale. We notice tha
the excitation energy is decreased~from curveA to curveD),
the intensity of the lower-energy side of the main peak
reduced, whereas that of the higher-energy side is enhan
This results in a;7-meV blueshift of the peak energy and
narrower spectral width for the main peak with decreas
excitation energy. These facts strongly reflect that the rec

FIG. 7. Evolution of the PL emission of the InGaN/GaN MQW
for excitation energies of~A! 3.81,~B! 3.54,~C! 3.26, and~D! 2.99
eV. Note the change in the intensity ratio of the main peak to
secondary peak between spectra. The inset shows a linear-scal
of the normalized main emission spectra, which are vertica
shifted for clarity. The excitation photon energies are indicated o
the PLE spectrum for reference.
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bination mechanism of the InGaN-related emission is sign
cantly affected by the excitation~or carrier generation! con-
ditions, as can be seen later.

The upper part of Fig. 8 shows the 10-K PLE spectra
the InGaN-related main PL emission monitored at~a! 2.87,
~b! 2.81, ~c! 2.75, and~d! 2.68 eV. The PL spectrum fo
Eexc53.81 eV is also shown in this figure for referenc
When the PLE detection energy is set below the peak ene
of the main emission~curves c and d), the contributions
from the InGaN wells, the GaN barriers, and the AlGa
capping layer are clearly distinguishable, while for the det
tion energy above and at the peak position of the main em
sion Ep,InGaN ~curves a and b), the PLE signal below
Eg,AlGaN shows almost a constant intensity across theEg,GaN
region, indicating that the carrier generation in the InG
rather than in the GaN plays an important role. In both cas
the PLE signal aboveEg,AlGaN is suddenly diminished, obvi-
ously due to the absorption of the AlGaN capping lay
When the detection energy is belowEp,InGaN ~curvesc and
d), the contributions of both the GaN and AlGaN regions a
enhanced compared to the curvesa and b: as the detection
energy decreases, the PLE signal aboveEg,GaN is monotoni-
cally raised with respect to the almost flat region of the P
signal between 3.15 and 3.4 eV. These facts imply that
Eexc.Eg,GaN, the lower-energy side of the InGaN ma
emission peak is governed mainly by carrier generation
the GaN barriers and subsequent carrier transfer to the
GaN wells. From the different PLE contributions for th

e
plot
y
r

FIG. 8. 10-K PLE spectra taken at detection energies of~a! 2.87,
~b! 2.81,~c! 2.75,~d! 2.68,~e! 2.57,~f! 2.41,~g! 2.24, and~h! 2.01
eV. The PL spectrum for an excitation energy of 3.81 eV is a
shown for reference. The spectra are shifted in the vertical direc
for clarity and the respective detection energies are marked. As
detection energy decreases, the contribution of the AlGaN cap
layer noticeably increases. When the detection energy is lower
2.24 eV, the contribution of the InGaN wells is almost negligibl
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higher- and lower-energy sides ofEp,InGaN, we can expect
different recombination mechanisms for various excitat
energies, as will be described later.

The lower part of Fig. 8 also shows the 10-K PLE spec
for the secondary peak taken for detection at~e! 2.57, ~f!
2.41,~g! 2.24, and~h! 2.01 eV. When the detection energy
higher than 2.24 eV, the InGaN wells still partly contribu
to the secondary-peak emission~curvese and f ), while for
the detection energy below 2.24 eV, the contribution of
InGaN wells almost disappears~curvesg and h). Note that
as the detection energy decreases, the contribution of
AlGaN capping layer is noticeably increased. These fa
indicate that the main source of the secondary peak does
originate from the InGaN wells but originates predominan
from the AlGaN capping layer and partly from the GaN la
ers~consistent with the so-calledyellow luminescence band!.
This observation was also confirmed by PL measurem
using the 325-nm line of He-Cd laser with varying excitati
intensities. As the excitation intensity increases, the rela
emission intensity ratio of the InGaN main peak to the s
ondary peak increases. That is, the intensity of the main p
increases linearly, whereas that of the secondary peak s
rates with increasing excitation intensity. This is another
dication of the contribution of defect-related emission to
secondary peak. Therefore, we conclude that the main p
is due to the InGaN wells, while the secondary peak
mainly from the AlGaN capping layer and the GaN barrie
rather than the InGaN wells. ForEexc.Eg,AlGaN, most car-
riers are generated in the AlGaN capping layer and th
photogenerated carriers partly migrate into the MQW reg
~corresponding to the main peak! and partly recombine via
defect-related luminescence in the AlGaN layer itself and
GaN barriers~corresponding to the secondary peak!.

Since the PLE observations in the frequency domain
closely related to the carrier dynamics in the time doma
we performed TRPL measurements at 10 K for differentEexc
to clarify the temporal dynamics of the luminescence. T
time-integrated PL spectra obtained from the TRPL exp
ments show the same behavior as observed in the abov
PL measurements for the InGaN-related main emission~see
Fig. 7!: a blueshift of the peak energy and a spectral narro
ing of the lower-energy side asEexc decreases from abov
Eg,AlGaN to belowEg,GaN. The carrier recombination lifetime
becomes longer with decreasing emission energy, and th
fore, the peak energy of the emission shifts to the low-ene
side as time progresses, as shown in Fig. 1. No signific
change in lifetime at and above the peak energy posi
(td;12 ns at the peak position! was observed whenEexc
was varied. However, the peak position reached the low
energy side faster for theEexc.Eg,GaN case than for the
Eexc,Eg,GaN case, and after;20 ns, the peak position i
almost the same for both cases. The starting peak positio
lower for the Eexc.Eg,GaN case than for theEexc,Eg,GaN
case, so for theEexc.Eg,GaN case, the redshifting behavio
with time is smaller and most carriers recombine at relativ
lower energies. The carriers generated from the GaN bar
~or AlGaN capping layer! migrate toward the InGaN wells
and the carrier transfer allows the photogenerated carrie
have a larger probability of reaching the lower-energy sta
at the MQW interfaces. This may be due to more bind
and scattering of carriers by interface defects and rough
n
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near the MQW interface region, since the carriers go throu
the MQW interfaces during the carrier transfer, enhanc
trapping and recombination rates at the interface-rela
states. Therefore, the lower emission peak energy pos
and the spectral broadening to lower energies forEexc

.Eg,GaN indicate that the lower~or deeper! energy tail states
are more related to the interface-related defects and rou
ness at the MQW interfaces than to the alloy fluctuations
impurities within the InGaN wells. ForEexc,Eg,GaN,
though, the carriers responsible for the emission are dire
generated within the InGaN wells and thus recombine
relatively higher emission energies.

It should be noted that the PLE spectra of Fig. 8 sh
different slopes forEexc,3.0 eV in curvesb, c, and d. In
order to investigate details of this phenomenon, we carr
out energy-selective PL measurements using a femtose
Ti:sapphire laser as a tunable excitation forEexc,Eg,GaN.
The excitation photon energy from the frequency-doub
Ti:sapphire laser was tuned across the states responsibl
the ‘‘soft’’ absorption edge of the InGaN layers. SPE w
observed for excitation photon energies over a wide spec
range above the SPE peak position~2.8 eV at 10 K!. As the
excitation photon energy was tuned from just below the ba
gap of the GaN barrier layers to the high-energy side of
InGaN absorption edge, no significant changes in the S
spectra were observed. The only change was a decrea
the emission intensity as the excitation photon energy w
tuned below the higher-energy side of the ‘‘soft’’ InGa
absorption edge, consistent with the reduction in the abs
tion coefficient with decreasing photon energy in this sp
tral region. However, as the excitation photon energy w
tuned below approximately 2.98 eV, significant changes
the SPE spectra were observed. For excitation photon e
gies below;2.98 eV, emission from the low-energy wing o
the main InGaN PL peak became more and more pronoun
with decreasing excitation photon energy. This is illustra
in Figs. 9~a!, 9~b!, and 9~c!. The spectra in Fig. 9 have bee
normalized at 2.79 eV for clarity. Figs. 9~b! and 9~c! clearly
show the onset of this behavior to occur for excitation ph
ton energies below approximately 2.98 eV. This behav
indicates that the transition from localized to extended ba
tail states is located at;2.98 eV. As such, this energy de
fines the ‘‘mobility edge’’ of the band-tail states in this stru
ture, where carriers with energy above this value are free
migrate and those of lesser energy are spatially localized
~large! potential fluctuations in the InGaN layers.

The redshift in the SPE is explained as follows: wh
Eexc is higher than the mobility edge, the photogenera
carriers can easily populate the tail states by their migrat
but their lifetimes are relatively short due to the presence
nonradiative recombination channels. AsEexc is tuned below
the mobility edge, the nonradiative recombination rate is s
nificantly reduced due to the capture of the carriers in sm
volumes. This increase in lifetime with decreasingEexc re-
sults in increased radiative recombination from lower-ene
states. The position of the mobility edge is seen to be;180
meV above the SPE peak and; 130 meV below the start o
the InGaN absorption edge. Its spectral position indica
extremely large potential fluctuations are present in the
GaN active layers of the MQW, leading to carrier confin
ment and resulting in efficient radiative recombination.
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2. Energy-selective optically pumped SE

To elucidate whether the CLO recombination respons
for the observed SPE is also responsible for SE in th
materials, a similar experiment was performed using na
second optical pulses generated by a frequency doubled
plified dye laser, as described in Sec. II.~The excitation spot
size was approximately 10035000mm.! The experiments
were performed on both MQW’s with Si-doped (n;2
31018 cm23) and undoped (n,131017 cm23) GaN barri-
ers. Figure 10 shows the behavior of the SE peak asEexc is
tuned from aboveEg,AlGaN to below the absorption edge o
the InGaN active layers. AsEexc is tuned to lower energies
no noticeable change is observed in the SE spectrum
Eexc crosses a certain value, at which point the SE spect
redshifts quickly with decreasingEexc. The inset of Fig. 10

FIG. 9. ~a! Spontaneous emission spectra from an InGaN/G
MQW with 2 31018 cm23 Si doping in the GaN barriers as
function of excitation photon energy. The excitation photon ene
for a given spectrum is indicated by the corresponding arrow on
x axis. The spectra have been normalized at 2.79 eV for clarity.
absorption edge measured by PLE is also shown.~b! and ~c! 10-K
spontaneous emission intensity from an InGaN/GaN MQW at~b!
2.61 eV and~c! 2.695 eV relative to the peak emission intensity~at
2.79 eV! as a function of excitation photon energy. The solid lin
are given only as a guide for the eye. A clear shift in the emiss
lineshape is seen for excitation photon energies below;2.98 eV.
The absorption edge measured by PLE is also given~solid line! for
comparison.
e
e
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illustrates the SE spectra position change as a function
Eexc for the InGaN/GaN MQW with undoped GaN barrie
layers, while the main part of Fig. 10 gives the behavior
the SE peak for the doped MQW, which is presented in F
11. The SE peak position is seen to be relatively insensi
to Eexc for energies higher than;2.925 eV, but asEexc is
tuned below this value, the SE peak position is seen to r
shift quickly. This redshift of the emission for excitatio
photon energies below a certain value is consistent with
mobility edge behavior observed for the SPE, as descri
above. The behavior of the SE peak is due to enhanced p
lation inversion at lower energies as the carriers are confi
more efficiently with decreasingEexc. The mobility edge
measured in these experiments lies;110 meV above the
SPE peak,;62 meV above the SE peak, and;185 meV
below the absorption edge of the InGaN well regions. T
location of the mobility edge with respect to the SPE and
peaks further indicates that large potential fluctuations
present in the InGaN active regions, resulting in strong c
rier localization. This explains the efficient radiative recom
bination ~stimulated and spontaneous! observed from these
structures as well as the low temperature sensitivity of
SE, as will be shown in Sec. III E 2.

As a measure of the coupling efficiency of the exciti
photons to the gain mechanism responsible for the SE p
I th was measured as a function ofEexc. A comparison be-
tween this and the coupling efficiency obtained for the S
peak measured by PLE is given in Fig. 11, where 1/I th is
plotted as a function ofEexc to give a better measure of th
coupling efficiency and afford an easier comparison to
results of PLE measurements. Four distinct slope change
seen in the PLE spectrum. The first, at;3.12 eV, marks the
beginning of the ‘‘soft’’ absorption edge of the InGaN-activ
region, whereas the other three, located at;2.96 eV, 2.92

N

y
e
e

n

FIG. 10. SE peak position as a function of excitation phot
energy,Eexc, for the InGaN/GaN MQW with 231018 cm23 Si
doping in the GaN barriers. ‘‘Mobility edge’’ type behavior i
clearly seen in the SE spectra with decreasingEexc. The solid lines
are given only as a guide for the eye. The inset shows the redsh
the SE peak with decreasingEexc asEexc is tuned below the ‘‘mo-
bility edge’’ for an InGaN/GaN MQW with undoped GaN barrier
The excitation photon energies for the given SE spectra are re
sented by the arrows in the inset. The dotted line in the inse
given as a reference for the unshifted SE peak position. The
spectra have been normalized and displaced vertically for clari
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7580 PRB 61YONG-HOON CHOet al.
eV, and 2.87 eV suggest varying degrees of localization.
change in 1/I th at ;3.1 eV is due to a decrease in the a
sorption coefficient below the absorption edge, and is an
pected result. The change in 1/I th at ;2.92 eV~indicated by
the dotted line! is coincident with a slope change in the PL
spectrum and is attributed to a significant decrease in
effective absorption cross section for excitation photon en
gies below the mobility edge~indicated by the dashed-dotte
line!. The band filling maximum~shown by a dashed line in
Fig. 11! corresponds to the slope change at 2.875 eV in
PLE spectrum in Fig. 11. The inset of Fig. 11 shows t
same comparison over a wider energy range for both
Si-doped and undoped MQW’s. A strong correlation b
tween the SE threshold and PLE measurements is cle
seen over the entire range for both samples. The correla
between the high-density behavior presented here and th
PLE results indicates that carrier localization plays a sign
cant role in both the SPE and SE processes.

Furthermore, we note that optical gain of the InGaN/G
MQW (n;231018 cm23) ~see Fig. 4! is observed only for
photon energies below the mobility edge and the indu
transparency maximum of the same MQW~see Fig. 6! cor-
responds spectrally to the mobility edge measured in
energy-selective optical experiments. These facts strongly
dicate that localized carriers responsible for band tail s
bleaching share the same recombination channels as the
riers responsible for optical gain and SE in InGaN/G
MQW’s, providing strong evidence that optical gain orig
nates from localized carriers in this material system.

D. Excitation length dependence of SE

With the recent observation of two different SE pea
from InxGa12xN/GaN MQW’s grown by Nichia Chemica
Industries30 we see the possibility that some of the vari
results reported in the literature may stem from slightly d

FIG. 11. Inverse SE threshold as a function of excitation pho
energyEexc ~solid squares! shown in comparison with the results o
low-power PLE experiments~solid line! for the Si-doped InGaN/
GaN MQW. The band-filling maximum is included in the plo
~dashed line! as is the ‘‘mobility edge’’ shown in Fig. 9~dashed-
dotted line!. The dotted line shows the excitation photon energy
which the SE threshold is found to increase quickly with decreas
Eexc. The inset shows the same comparison over a wider en
range for both the undoped and Si-doped InGaN/GaN MQW’s
lustrating the similarities over the entire energy range.
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ferent experimental conditions, which are shown here to
sult in significant changes in the SE behavior. We report
results of a detailed study of the SE behavior of these two
peaks as a function of excitation length (Lexc) and I exc and
illustrate dramatically different SE behavior in InxGa12xN
MQW’s for relatively small changes in the experiment
conditions. The observation of these two distinct SE pe
from InxGa12xN/GaN MQW’s grown under different condi
tions by separate research groups suggests this SE beh
is a general property of present state-of-the-art InxGa12xN
based blue laser diodes. As such, a better understandin
the SE and lasing behavior of these structures is impor
for the development and optimization of future laser dio
structures.

Typical power-dependent emission spectra at 10 K for
InGaN/GaN MQW sample with barrier Si doping ofn52
31018 cm23 are shown in Fig. 12 for an excitation lengt
Lexc51300mm. At low I exc, we observe a broad SPE pea
at ;2.81 eV, consistent with low power cw PL spectra. A
I exc is increased, a new peak emerges at;2.90 eV @desig-
nated here as SE peak~1!# and grows superlinearly with
increasingI exc. If we continue to increaseI exc, we observe
another new peak at;2.86 eV@designated here as SE pea
~2!# which also grows superlinearly with increasingI exc. SE
peak ~1! is observed to be the statistical distribution of
multitude of narrow (;0.1 nm) emission lines. Both SE
peaks~1! and ~2! originate on the high-energy side of th
low-power SPE peak~given by the dashed line in Fig. 12!
and are redshifted by more than 30 nm below the ‘‘so
absorption edge. Both SE peaks were found to be highly
polarized, with a TE to TM ratio of;200. SE peak~2! was
studied in previous sections and attributed to stimulated
combination of localized states through nanosecond non
generate optical pump-probe experiments showing that
onset of SE has a direct impact on the bleaching dynamic
the band-tail states in these samples~see Sec. III B!, and
through the use of energy-selective optically pumped

n

t
g
gy
-

FIG. 12. 10-K SE spectra~solid lines! from an InGaN/GaN
MQW sample subjected to several excitation densities, whereI 0

5100 kW/cm2. The low power PL~dashed line! and PLE~dotted
line! spectra are also shown for comparison. The SE spectra h
been normalized and displaced vertically for clarity.
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PRB 61 7581LINEAR AND NONLINEAR OPTICAL PROPERTIES OF . . .
studies showing ’’mobility edge’’ type behavior in the S
spectra as the excitation photon energy is varied~see Sec. III
C 2!.

Figure 13~a! shows theI th of SE peaks~1! and ~2! as a
function ofLexc. We note thatI th for peak~2! is larger than
that of peak~1! for all excitation lengths employed, but ap
proaches that of peak~1! with increasing Lexc in an
asymptotic fashion. The highI th of peak~2! with respect to
peak ~1! and its increased presence for longerLexc suggest
that it results from a lower gain process than that of peak~1!.
Figure 13~b! shows the peak positions of SE peak~1! and SE
peak~2! as a function ofLexc at 10 K. ForLexc,500 mm,
only SE peak~1! is observed with a peak emission phot
energy at 10~300! K of ;2.92 (2.88) eV and anI th of
;100 (475) kW/cm2. As I exc is increased and/orLexc is
increased, a new SE peak@SE peak~2!# emerges at 2.86
~2.83! eV at 10~300! K. The peak positions were measure
for I exc fixed relative to the SE thresholds of the respect
peaks; i.e.,I exc52I th . As Lexc is increased, SE peak~1!

FIG. 13. ~a! SE threshold as a function of excitation length f
SE peaks~1! and ~2! at 10 K for an InGaN/GaN MQW.~b! Peak
position of SE peaks~1! and~2! as a function of excitation length a
10 K for an InGaN/GaN MQW. The inset shows the behavior o
served at room temperature. The solid lines are given only as gu
for the eye.
e

shifts to lower energies due to a reabsorption process, w
the SE peak~2! position is observed to be weakly depende
on Lexc. The apparent blueshift of SE peak~2! with increas-
ing Lexc seen in Fig. 13~b! is a result of the experimenta
conditions. Since theI th of SE peak~2! is a strong function
of Lexc, the peak positions shown for smallLexc are forI exc
considerably higher than for largeLexc. The slight redshift
of SE peak~2! with increasingI exc due to many-body effects
and lattice heating~see Fig. 14! then manifests itself as th
apparent blueshift seen in Fig. 13~b!. The same phenomeno
is observed at 300 K, as shown in the inset of Fig. 13~b!. The
redshift of SE peak~1! with increasingLexc can be explained
by gain and absorption competition in the ‘‘soft’’ absorptio
edge of the InGaN-active regions, where gain saturation w
longer Lexc combined with the background absorption ta
leads to the observed redshift. The fact that SE peak~2! does
not experience a reabsorption-induced redshift with incre
ing Lexc is explained by the significant reduction of the a
sorption tail in this spectral region~see Fig. 12!.

The gain saturation behavior of SE peak~1! is consistent
with the observation of Kuballet al.31 of a high-gain mecha-
nism in the band-tail region of MQW’s with similar activ
regions. The large spectral range exhibiting gain is explai
by compositional fluctuations inside the active region. It
also consistent with the observation by Nakamura32,33 that
the external quantum efficiency of his cw blue laser diod
decreaseswith increasing cavity length. These similaritie
combined with the relatively lowI th of SE peak~1! with
respect to SE peak~2! and its similar spectral position with
laser emission from diodes of similar structure,34 suggest that
lasing in current state-of-the-art cw blue laser diodes or
nates from the gain mechanism responsible for SE peak~1!.
Its origin may lie in an entirely different degree of carri
localization than is responsible for SE peak~2!. Further ex-
periments are needed to clarify this issue.

The dependence of the emission intensity of peaks~1! and
~2! on I exc is shown in Fig. 14 forLexc51300mm at 10 K.
The emission of peak~1! increases in a strongly superline

-
es

FIG. 14. Emission intensity of SE peaks~1! and ~2! as a func-
tion of optical excitation density at 10 K, illustrating gain compe
tion between SE peaks~1! and ~2!. The excitation length is 1300
mm. The respective SE thresholds of SE peaks~1! and ~2! are
indicated for completeness. The solid lines are given only as gu
for the eye.
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fashion (;I exc
3.8 ) until the I th of peak~2! is reached, at which

point it turns linear, indicating that peak~2! competes for
gain with peak~1!. This is most likely a result of competition
for carriers or reabsorption of the emitted photons. The p
ence of SE peak~2! is therefore seen to be deleterious to S
peak~1!. The same process is observed at RT and for vari
excitation lengths. This gain competition may limit this m
terial’s performance in high-power laser diode applicatio
where increased driving current and/or longer cavity leng
may result in a shift in the dominant gain mechanism an
drastic change in the emission behavior.

E. Temperature dependence of SPE and SE

Recently, a temperature-induced luminescence blues
was observed in InxGa12xN single QW light-emitting di-
odes, and an involvement of band-tail states w
proposed.35,36 However, the correlation between th
temperature-induced anomalous emission behavior with
carrier dynamics is not well understood. In this section,
present the results of temperature-dependent PL, integr
PL intensity, TRPL, and the results of optically pumped
studies well above the RT~175–575 K!.

1. Carrier dynamics of temperature-induced emission shift

In general, the temperature-induced fundamental ene
gap shrinkage of GaN and InxGa12xN epilayers can be de
scribed by the Varshni empirical equation,37 Eg(T)5Eg(0)
2aT2/(b1T), where Eg(T) is the transition energy at
temperatureT, anda and b are known as Varshni therma
coefficients. Previously, from photoreflectance studies,
parametersa58.3231024 eV/K (1031024 eV/K! and b
5835.6 K~1196 K! for the GaNG9

v-G7
c (In0.14Ga0.86N) tran-

sition were obtained.38,39For simplicity, Varshni thermal co-
efficients obtained from the GaN and In0.14Ga0.86N
transitions38,39 were used for theEg estimation of the
Al0.07Ga0.93N and In0.18Ga0.82N layers, respectively. The
temperature-dependent PL peak shift for the GaN
Al0.07Ga0.93N layers was consistent with the estimated e
ergy decrease of about 65 meV between 10 and 300
whereas the InGaN-related PL emission did not follow
typical temperature dependence of the energy gap shrink
as will be shown later.

Figure 15 shows the evolution of the InGaN-related
spectra for~a! an InGaN/GaN MQW and~b! an InGaN ep-
ilayer over a temperature range from 10 to 300 K. As
temperature increases from 10 K toTI , whereTI is 70 ~50!
K for the MQW ~epilayer!, EPL redshifts 19~10! meV. This
value is about five times as large as the expected band
shrinkage of;4 ~2! meV for the MQW~epilayer! over this
temperature range.39 For a further increase in temperatur
the PL peak blueshifts 14~22.5! meV fromTI to TII , where
TII is 150 ~110! K for the MQW ~epilayer!. By considering
the estimated temperature-induced band-gap shrinkag
;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 temperatur
further increased aboveTII , the peak positions redshif
again. From the observed redshift of 16~45! meV and the
expected band-gap shrinkage of;43 ~51! meV from TII to
300 K for the MQW~epilayer!, we estimate an actual blue
s-
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shift of the PL peak relative to the band-edge to be about
~6! meV in this temperature range.

Figure 16 shows an Arrhenius plot of the normalized
tegrated PL intensity for the InGaN-related PL emission o
the temperature range under investigation. The total lumin
cence intensity from this sample is reduced by only one
der of magnitude from 10 to 300 K, indicating a high P
efficiency even at high temperatures. AtT.70 K, the inte-
grated PL intensity is thermally activated with an activati
energy of about 35 meV. In general, the quenching of
luminescence with temperature can be explained by ther
emission of the carriers out of a confining potential with
activation energy correlated with the depth of the confin
potential. Since the observed activation energy is much
than the band offsets as well as the band-gap difference
tween the wells and the barriers, the thermal quenching
the InGaN-related emission isnot due to the thermal activa
tion of electrons and/or holes from the InGaN wells into t
GaN barriers. Instead, the dominant mechanism leading
the quenching of the InGaN-related PL is due to thermio
emission of photogenerated carriers out of the poten
minima caused by potential fluctuations, such as alloy a
interface fluctuations, as will be discussed later.

To elucidate the kinetics of carrier recombination, we p
formed TRPL measurements over the same tempera
range. Figure 17 showsEPL , the relative energy difference
(DE) betweenEPL andEg at each temperature, and the d
cay times (td) monitored at the peak energy, lower-ener
side, and higher-energy side of the peak as a function
temperature. A comparison clearly shows that the temp
ture dependence ofDE andEPL is strongly correlated with
the change intd . For both the InGaN/GaN MQW and th
InGaN epilayer, we found an overall increase oftd with
increasing temperature forT,TI , in qualitative agreemen
with the temperature dependence of radiat
recombination.23,24 As shown in Sec. III A, in this tempera
ture range,td becomes longer with decreasing emission e
ergy, and hence, the peak energy of the emission shifts to
low-energy side as time proceeds. This behavior is a cha

FIG. 15. Typical InGaN-related PL spectra for~a! an InGaN/
GaN MQW and~b! an InGaN epilayer in the temperature ran
from 10 to 300 K. The main emission peak of both samples sho
an S-shaped shift with increasing temperature~solid circles!. All
spectra are normalized and shifted in the vertical direction for c
ity. Note that the turning temperature from redshift to blueshift
about 70 and 50 K for the InGaN/GaN MQW and the InGaN ep
ayer, respectively.
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teristic of localized carriers, which in this case is most like
due to alloy fluctuations~and/or interface roughness in th
MQW’s!. As the temperature is further increased beyondTI ,
the lifetime of the MQW~epilayer! quickly decreases to les
than 10~0.1! ns and remains almost constant betweenTII
and 300 K, indicating that nonradiative processes predo
nantly affect the emission. This is further evidenced by
fact that there is no difference between the lifetimes mo
tored above, below, and at the peak energy forT.TI , in
contrast to the observations forT,TI . This characteristic
temperatureTI is also where the turnover occurs from re
shift to blueshift forDE and EPL with increasing tempera
ture. Furthermore, in the temperature range betweenTI and
TII , where a blueshift ofEPL is detected,td dramatically
decreases from 35 to 8~0.4 to 0.05! ns for the MQW~epil-
ayer!. Above TII , where a redshift ofEPL is observed, no
sudden change intd occurs for both the MQW and the epi
ayer.

From these results, the InGaN-related recombinat
mechanism for different temperature ranges can be expla
as follows:~i! For T,TI , since the radiative recombinatio
process is dominant, the carrier lifetime increases, giving
carriers more opportunity to relax down into lower-ener
tail states caused by the inhomogeneous potential fluc
tions before recombining. This reduces the higher-ene
side emission intensity, and thus, produces a redshift in
peak energy position with increasing temperature.~ii ! For
TI,T,TII , since the dissociation rate is increased and ot
nonradiative processes become dominant, the carrier
times decrease greatly with increasing temperature and
become independent of the emission energies. Thus, du
the decreasing lifetime, these carriers recombine be
reaching the lower-energy tail states. This gives rise to
apparent broadening of the higher-energy side emission

FIG. 16. Normalized integrated PL intensity as a function of 1T
for the InGaN-related emission in the InGaN/GaN MQW’s~open
circles!. The inset shows InGaN-related PL spectra for the temp
ture range from 10 to 300 K. An activation energy of;35 meV is
obtained from the Arrhenius plot.
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leads to a blueshift in the peak energy.~iii ! For T.TII , since
nonradiative recombination processes are dominant and
lifetimes are almost constant@in contrast to case~ii !#, the
photogenerated carriers are less affected by the chang
carrier lifetime so that the blueshift behavior becom
smaller. Note that the slope ofDE is very sensitive to the

a-

FIG. 17. InGaN-related PL spectral peak positionEPL ~open
squares! and decay timetd as a function of temperature in~a! an
InGaN/GaN MQW and~b! an InGaN epilayer.DE ~closed squares!
represents the relative energy difference betweenEPL and Eg at
each temperature. The minimum value ofDE is designated as zero
for simplicity. Note that the lower energy side of the PL peak ha
longer lifetime than the higher energy side below a certain temp
ture TI , while there is no difference between lifetimes monitor
above, below, and at the peak energy aboveTI , whereTI is about
70 ~50! K for the MQW ~epilayer!. This characteristic temperatur
TI is also where the turnover occurs from redshift to blueshift of
InGaN PL peak energy with increasing temperature. A blues
behavior of emission peak energy with increasing temperatur
still seen at room temperature for the InGaN/GaN MQW, while t
behavior is much less for the InGaN epilayer.
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change intd with temperature for both the InGaN epilay
and the InGaN/GaN MQW’s. Since this blueshift behavior
smaller than the temperature-induced band-gap shrinkag
this temperature range, the peak position exhibits an ove
redshift behavior. Consequently, the change in carrier rec
bination mechanism with increasing temperature causes
S-shaped redshift-blueshift-redshift behavior of the peak
ergy for the main InGaN-related emission. It should be no
that we observed similar temperature-induced S-sha
emission behavior for both the InGaN epilayers and
InGaN/GaN MQW’s, even thoughtd of the latter is about
two orders of magnitude longer than that of the former. T
fact strongly reflects that the anomalous temperature-indu
emission shift mainly depends on the change in carrier
combination dynamics rather than the absolute value oftd .

2. High-temperature optically pumped SE

As we have mentioned in Sec. III D, SE peak~1! at 10 K
for the InGaN/GaN MQW sample with barrier Si doping
n5231018 cm23 was observed to be a statistical distrib
tion of a multitude of narrow (;0.1 nm! emission lines~see
Fig. 12!. No noticeable broadening of these narrow emiss
lines in SE peak~1! was observed as the temperature w
tuned from 10 K to 575 K. This is illustrated in Fig. 18
Dotted lines represent the broad SPE spectra taken at pu
ing densities approximately half that of the SE threshold
each temperature. As we raiseI exc aboveI th , a considerable
spectral narrowing occurs~solid lines in Fig. 18!. The emis-
sion spectra are comprised of many narrow peaks of less
0.1 nm FWHM. The major effect of the temperature chan
from 200 K @Fig. 18~a!# to 450 K @Fig. 18~c!# was a shift of
the SPE and SE peaks toward lower energy.

We found that an increase in the temperature leads
decrease in PL intensity. This indicates the onset of effic
losses and a decrease in quantum efficiency of MQW’s.
high temperatures, only a small fraction of carriers rea
conduction-band minima, and most of them recombine n
radiatively. The modal gain depends only on radiatively
combining carriers. Therefore, the temperature increase
ciently decreases modal gain and leads to an increase in
SE threshold. To evaluate the number of carriers that rec
bine radiatively, we studied the integrated PL intensity a
function of excitation power for different temperatures,
shown in Fig. 19~a!. For the temperature range studied, w
found that under low excitation densities, the integrated
tensity I integ from the sample almost linearly increases w
pump densityI p ~i.e. I integ}I p

g , whereg50.8–1.3), whereas
at high excitation densities, this dependence becomes su
linear ~i.e., I integ}I p

b , where b52.2–3.0). The excitation
pump power at which the slope ofI integ changes correspond
to I th at a given temperature. Interestingly, the slopes
I integ below and above theI th do not significantly change
over the temperature range involved in this study. This
flects that the mechanism of SE in InGaN/GaN MQW’s
RT remains the same as we raise the temperature to hund
of degrees above RT.

The temperature dependence ofI th is shown in Fig. 19~b!
~solid dots!. SE was observed throughout the entire tempe
ture range studied, from 175 K to 575 K. The SE thresh
was measured to be;25 kW/cm2 at 175 K,;55 kW/cm2 at
300 K, and;300 kW/cm2 at 575 K, and roughly followed
in
all
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an exponential dependence. It is likely that such a lowI th is
due to the large localization of carriers in MQW’s. The so
line in Fig. 19~b! represents the best result of the lea
squares fit of the experimental data to the empirical fo
I th(T)5I oexp(T/Tc) for the temperature dependence of t
I th . The characteristic temperature,Tc , was estimated to be
162 K in the temperature range of 175–575 K for th
sample. This value of characteristic temperature is consi
ably larger than the near RT values reported for laser st
tures based on other III-V~Refs. 40 and 41! and II-VI ~Refs.
42 and 43! materials, where the relatively small values ofTc
were a strong limiting factor for high-temperature laser o
eration. Such a low sensitivity of theI th to temperature
changes in InxGa12xN/GaN MQW’s opens up enormous op
portunities for their high-temperature applications. The la
diodes with InxGa12xN/GaN lasing mediums can potentiall
operate at temperatures exceeding RT by a few hundred
grees Kelvin.

IV. DISCUSSION

The main objective of this paper is to discuss the resp
sible SPE and SE mechanisms in state-of-the-art blue-li
emitting InxGa12xN/GaN MQW structures grown on sap
phire. Recently, the influence of IEF and CLO on optic
properties in both GaN/AlxGa12xN and InxGa12xN/GaN
QW’s has been reported by several authors. One notes
the emission characteristics may be influenced by the m
rial system~e.g., GaN/AlxGa12xN or InxGa12xN/GaN) and
alloy composition in the active region~e.g., x,0.1 or x
.0.15 in InxGa12xN/GaN QW’s!, as well as other structura
properties~e.g., well thickness, doping concentration, num
ber of QW’s, etc.!. The InxGa12xN/GaN QW samples used
in this work have sufficient In composition to move emissi
wavelengths into the blue region of the visible spectrum.
the case of InxGa12xN/GaN QW’s, unfortunately, both IEF
and CLO effects may be generally enhanced with increas
In alloy composition~at least up to 50%!, which makes it

FIG. 18. SE spectra of SE peak~1! for an InGaN/GaN MQW
with barrier Si doping ofn5231018 cm23 at ~a! 200 K, ~b! 300 K,
and ~c! 450 K, illustrating that SE peak~1! is composed of a mul-
titude of narrow (,0.1 nm! peaks that do not noticeably broade
with increasing temperature. These SE spectra were collected
excitation densities twice the SE threshold for the respective t
peratures. The SPE spectra~dotted lines! are also shown for exci-
tation densities half of the SE threshold at each temperature. Th
spectra have been normalized for clarity.
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difficult to extract one effect from the other. Although on
may try to exclude~or reduce! the influence of alloy compo
sitional fluctuation by introducing sample configuratio
with nonalloy ~or small-alloy! active regions, such a
GaN/AlxGa12xN QW’s, the results obtained from thes
samples may not necessarily be extended to the cas
samples with rather large-alloy active regions, such as
blue-emitting InxGa12xN/GaN QW’s presented in this work

First, we note that most of the earlier works by seve
groups using optical properties to assign the responsible
combination mechanism mainly relied on some of the f
lowing experimental observations~as shown in Sec. III A!:

FIG. 19. ~a! Integrated intensity of InGaN/GaN MQW emissio
as a function of optical excitation density for different temperatur
The slope change from 0.8–1.3 to 2.2–3.0 indicates the trans
from SPE to SE.~b! Temperature dependence of the SE threshold
the temperature range of 175–575 K for the InGaN/GaN MQ
sample. The solid line represents the best least-squares fit to
experimental data~solid dots!. A characteristic temperature of 16
K is derived from the fit over the temperature range of 175–575
of
e

l
e-
-

~a! a Stokes shift between the emission peak energy
absorption edge~Fig. 1!, ~b! a redshift behavior of emission
with decay time~equivalently, a rise in decay time with de
creasing emission energy! ~Fig. 1!, and~c! a blueshift behav-
ior of emission with increasing optical power density~Fig.
2!. Interestingly, although many groups observed similar
perimental findings for the QW’s, their interpretations on t
observations have been quite different and the observat
have been used to support both the IEF and CLO mod
The main reason is that these observations may be—at
qualitatively—explained in terms of both the IEF and CL
models,6,12,44as follows. In the presence of an IEF, the ele
trons and holes are separated to opposite sides within
InxGa12xN wells. An overlap between the wave functions
these spatially separated electrons and holes allows thei
diative recombination within the wells at a lower energy th
if there is no IEF@observation~a!#. When carriers are eithe
optically or electrically generated, the generated carriers p
tially screen the IEF, and thus, separated electrons and h
come spatially closer together. Accordingly, the effecti
band gap that was reduced by the IEF begins to approach
band gap without the IEF@observation~c!#. As time pro-
ceeds, the generated carriers recombine, and hence, the
screened by the generated carriers recovers@observation~b!#.
In the presence of CLO, on the other hand, large poten
fluctuations result in the emission from localized carriers
potential minima while the absorption mostly occurs at t
average potential energy@observation~a!#. As the excitation
power increases, the carriers can fill the band-tail state
the fluctuations and thus the average emission energy
creases@observation~c!#. As time proceeds, the carriers g
down to the lower band-tail states and shows the reds
behavior with time@observation~b!#. Accordingly, the trend
of the above experimental observations~a!, ~b!, and~c! can
be plausibly explained by the IEFand/or CLO models, es-
pecially for the case of InxGa12xN/GaN QW’s. Because of
this ambiguity, therefore, one could not strongly argue wh
effect is the predominant emission mechanism without m
direct experimental evidence. Although we do not rule o
the influence of IEF in the InxGa12xN/GaN QW’s, most of
our observations in this study cannot be explained in
framework of the IEF~EHP! alone for SPE~SE!, without the
consideration of strong CLO, as follows.

The nonlinear optical properties of band-tail states
highly excited InGaN/GaN MQW’s have been investigat
using variable-stripe gain spectroscopy and nanosecond
degenerate optical pump-probe spectroscopy~see Sec. III B!.
The experimental results were compared with those obta
from an InGaN layer of comparable indium composition. W
observed~d! a large blueshift behavior in the gain maximu
with increasing pump power in variable stripe gain spectr
copy ~Figs. 3 and 4! and ~e! an absorption bleaching~in-
duced transparency! behavior with increasing pump powe
density in nondegenerate pump-probe experiments~Figs. 5
and 6!. Optical gain studies showed substantial blueshifts
the gain maximum with increasing above-gap optical exc
tion. The blueshifting behavior was attributed to the filling
localized band-tail states due to the intense optical pu
The large spectral region covered by the blueshift eviden
the large magnitude of the potential fluctuations presen
the InGaN active layers. Nanosecond nondegenerate op
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pump-probe spectroscopy of the near band edge transi
shows strong bleaching of band-tail states with increas
above-gap optical excitation. The magnitude of the bleach
was found to be significantly affected by the onset of S
indicating the carriers responsible for bleaching and SE sh
the same recombination channels. These results pro
strong evidence for the dominance of localized state rec
bination in the gain and SE spectra of the InxGa12xN/GaN
heterostructures.

Excitation energy dependence studies of SPE and SE
ply important information about the energy boundary b
tween localized and delocalized states~see Sec. III C!. We
observed~f! different PL spectra for different excitation pho
ton energies above and below the GaN band gap with c
firmation through an evolution of PLE spectra as a funct
of detection energy in InGaN emission~Figs. 7 and 8!, ~g! a
mobility edge type behavior in SPE spectra as the excita
photon energy is tuned across the states responsible fo
broadened absorption edge of the InGaN-active regions~Fig.
9!, and ~h! a mobility edge type behavior in not only S
spectra, but also the SE threshold with varying excitat
photon energy across the InGaN absorption band tail~Figs.
10 and 11!. Based on observation~f!, we believe that the
lower-energy tail states are more related to the interfa
related defects and roughness at the MQW interfaces ra
than to alloy fluctuations and impurities within the InGa
wells. We note that SPE and SE peak energies are well
low the mobility edge obtained in the energy selective S
and SE experiments@~g! and ~h!#, respectively. The relative
position of the mobility edge with respect to the absorpt
edge and the SPE and SE peak positions indicates the e
sion originates from carriers localized at low-energy ba
tail states due to extremely large potential fluctuations in
InGaN-active layers of the MQW’s. The results on S
threshold density as a function of excitation energy is v
consistent with the PLE spectra, indicating the coupling
ficiency of the exciting photons to the gain mechanism
sponsible for the SE peak is correlated with that of the S
mechanism. The correlation between the high-density beh
ior and the low-density cw PLE results indicates that CL
plays a significant role in both the SPE and SE processe

To investigate SE features further, the dependence of
on excitation length in InGaN/GaN MQW structures w
measured~see Sec. III D!. ~i! Two distinctly different SE
peaks were observed with different dependencies on ex
tion length~Fig. 12!. ~j! The high-energy SE peak exhibits
strong redshift with increasing excitation length due to co
petition between an easily saturable gain mechanism a
background absorption tail, while the lower-energy SE pe
does not exhibit this reabsorption-induced redshift with
creasing excitation length~Fig. 13!. ~k! The presence of the
lower energy SE peak has been shown to be detrimenta
the higher energy SE peak due to gain competition in
InGaN-active region~Fig. 14!. This competition may prove
to be an obstacle in the design of InxGa12xN-based high-
power laser diodes, where high current densities and/or l
cavity lengths can lead to a shift in the dominant gain mec
nism and a change in emission characteristics.

The temperature dependence of the emission feat
gives important insight into the recombination mechani
responsible for the SPE and SE~see Sec. III E!. We showed
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~l! an abnormal temperature-induced ‘‘S-shaped’’ emiss
shift and its carrier dynamics as a function of temperat
~Figs. 15, 16, and 17!, ~m! a narrow FWHM of SE spectra
and its temperature invariance in the temperature rang
175–575 K~Fig. 18!, and~n! an extremely low SE threshold
density and rather low temperature dependence of SE thr
old ~Fig. 19!. The integrated PL intensity and carrier lifetim
as a function of temperature reveal that the InGaN-rela
emission is strongly affected by the change in carrier reco
bination dynamics with increasing temperature. The anom
lous temperature-induced emission behavior is attributed
the inhomogeneity and carrier localization in the MQW
Therefore, the InGaN-related SPE features are significa
affected by different carrier recombination dynamics th
vary with temperature, because of band-tail states aris
from large In alloy fluctuations, layer thickness variation
and/or defects in the MQW’s. We note that observation~l! is
not explainable in the framework of IEF alone without co
sideration of CLO. Increasing the temperature wou
strongly affect the recombination features by means of th
mal filling of band tail states in the presence of CLO.
other words, thermally populated carriers at band-tail sta
recombine with different average emission peak energies,
pending on the change in carrier lifetime and their therm
energy. Note that, even at RT, the temperature-induced b
shift behavior of the SPE peak of InGaN/GaN MQW’s
still observable, and the emission peak energy is still low
than the mobility edge, as shown by the energy selective
experiments in Sec. III C. This suggests that CLO plays
important role in InGaN/GaN MQW structures even at R
operation. The SE spectra observations~m! and ~n! further
indicate that the SE is strongly related to CLO, rather th
EHP. We studied SE in optically pumped InGaN/Ga
MQW’s in the temperature range of 175–575 K. The ch
acteristic temperature derived from the temperature dep
dence of the SE threshold was 162 K. The integrated em
sion intensity versus pumping density was examined
different temperatures. We observed that the slopes of
integrated emission intensity below and above the SE thre
old are not sensitive to temperature changes. We showed
a low SE threshold and a weak temperature sensitivity of
SE threshold make InxGa12xN MQW’s an attractive materia
for the development of laser diodes operable well above

Finally, we emphasize that our observations~a!, ~b!, ~c!,
~f!, ~g!, and ~l! are consistent with the CLO model for th
SPE mechanism, while~f!, ~g!, and ~l! cannot be explained
by IEF alone without introducing the CLO effect. We als
stress that our SE observations~d!, ~e!, ~h!, ~i!, ~j!, ~k!, ~m!,
and~n! strongly indicate that the responsible mechanism
SE is also CLO, rather than EHP. Accordingly, we demo
strate that our observations are more consistent with the C
model than the IEF and EHP models for SPE and SE, res
tively.

V. CONCLUSIONS

We have systematically investigated both the spontane
and stimulated emission properties of blue-light-emitti
InxGa12xN/GaN MQW structures on sapphire using vario
linear and nonlinear optical techniques. Our findings in
range from low ~for spontaneous emission! to high ~for
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stimulated emission! optical power densities are consisten
understandable in the context of localization of photogen
ated carriers associated with strong potential fluctuatio
The excitation power, excitation photon energy, excitat
length, and temperature dependence of the emission s
carrier localization behaviors for both spontaneous a
stimulated emission, demonstrating the presence and im
tant role of strong inhomogeneous potential fluctuations
the InxGa12xN-active region and heterointerface vicinity.

The internal electric field effect~due to spontaneou
and/or piezoelectric polarization! alone does not explain th
observed spontaneous emission features~e.g., mobility-edge-
type behavior and an anomalous temperature depende!.
In addition, the comprehensive experimental results stron
, a

a,

hi

A.

n

.
.

y

K

ta,

a

,

en
r-
s.
n
ow
d
or-
n

e
ly

indicate that the stimulated emission has the same mi
scopic origin as the spontaneous emission, i.e., radiative
combination of localized states. Consequently, we concl
that carriers localized at potential fluctuations
InxGa12xN-active layers and interfaces plays a key role
not only spontaneous but also stimulated emission of st
of-the-art blue-light-emitting InxGa12xN/GaN quantum-well
structures.
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