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We have systematically studied both the spontaneous and stimulated emission properties in blue-light-
emitting InGa, _,N/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 theAa _,N 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 thg @& _,N active region of the lfGa,_,N/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 fluctuation&a N 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 InGa, _,N/GaN quantum structures.

[. INTRODUCTION combination of carriers localized at band-tail states of poten-
tial fluctuations has also been discussed as an important SPE
With the recent progress made in nitride growth technolimechanism in IgGa,_,N/GaN QW's and even in
ogy, much research has been devoted to group-lll nitridé&saN/AlLGa, _,N QW'’s that exclude alloy fluctuations in the
wide-gap semiconductors for their applications such as ultraactive regiorf 12 The inhomogeneous potential fluctuations
violet (UV)-visible light emitters, solar-blind UV detectors, can be caused by alloy composition fluctuation, well size
and high-temperature and high-power electronic devices. lirregularity, and/or other crystal imperfections such as point
spite of poor structural qualitye.g., the large dislocation defects and dislocations, resulting in a spatial band-gap
density of nitride epitaxial layers compared to other IlI-V variation in the plane of the layers. The radiative recombina-
semiconductors, high-brightness light-emitting diddasd  tion in In,Ga,_,N/GaN multiple QW’'s(MQW's) has also
cw blue laser diodésbased on IgGa, N structures have been attributed to emission from highly localized deep states
been achieved with high performance and high quantum eferiginating from quantum dot-like and phase-separated In-
ficiency. Understanding the physical mechanisms giving riseich regions in the well$®* This carrier localization(CLO)
to spontaneous emissig8PB and stimulated emissioi8E)  formed in the plane of the layers enhances the quantum ef-
in In,Ga _,N-based structures is crucial not only from the ficiency by suppressing lateral carrier diffusion, thereby re-
viewpoint of physical interest but also in designing practicalducing the probability for carriers to enter nonradiative re-
devices. Although a wealth of SPE and SE studies in GaNeombination centers.

based quantum wellQQW'’s) (such as IpGa _,N/GaN and For SE, there have been several attempts to account for
GaN/ALGa, _,N) have been reported, the results in the lit- the gain and lasing mechanism in IlI-V and II-VI semicon-
erature are varied and controversial. ductors. Whereaslectron-hole plasm&HP) recombination

For SPE, it has been discussed that the built-in macrois accepted as the gain mechanism in most Ill-V semicon-
scopic polarization, which consists of the spontaneous polaductors, such as GaAs and InP, there is a debate over
ization due to interface charge accumulations between twavhether the SE in Ga _,N-based structures is caused
constituent materials and the piezoelectric polarization due tmostly by EHP. A considerable amount of attention has been
lattice-mismatch-induced strainplays a significant role in given to the potential role of strongly localized band-tail
the wurtzite I1I-V nitrides systerfi. These polarization states in the SE and lasing processes jGB_,N MQW's.
charges generate lauilt-in internal electric field(IEF) di-  Although many data support CLO recombination as the
rected along the growth directigiperpendicular to the lay- mechanism leading to SPE in these materials, the results for
er9 and modify both electronic energy levels and wave func-SE behavior in the literature are varied and often controver-
tions. These internal polarization fields give rise to changesial. This has led some research groups to assign the SPE
in optical matrix elements and can be screened by photoggseak to recombination of localized carriers, and the SE peak
nerated electron-hole pairs. It has been argued that the spote- a more traditional EHP recombination originating from
taneous polarization and/or the strain-induced piezoelectrifree carriers, while others claim that recombination originat-
polarization play an important role in carrier recombinationing from strong CLO is the origin of both SPE and SE.
in both GaN/ALGa, N and InGa,_N/GaN QW's>~’ Re- Ambiguities in the interpretation of some experimental
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findings and a lack of direct experimental evidence make avas 0.1um thick and capped by a 0.0Bm-thick GaN
unambiguous identification of the responsible SPE and Skayer.
mechanisms in kGa N MQW's difficult, so controver- To evaluate the interface quality and structural param-
sies in the proposed emission mechanisms remain and a cogters, such as the average In composition of the wells and the
sistent model that properly describes the experimental obseperiod of the SL, the samples were analyzed with high-
vations is still not available. Accordingly, more direct resolution x-ray diffractiofHRXRD) using CuK «; radia-
experimental observations giving insight into several physition. The average In composition was measured by HRXRD,
cal aspects, in addition to the traditional ones, are required tessuming Vegard’s law. The angular distances between the
clarify the responsible recombination mechanism for bothsgtellite SL diffraction peaks and Gal0002 reflections
linear and nonlinear optical properties. In this paper, wewyere obtained byw—26 scans. The spectra clearly show
present a comprehensive study of both the SPE and SE bigher-order satellite peaks indicating high interface quality
haviors of InGa,_xN/GaN MQW structures by means of a and good layer periodicity. In addition, we observed that the
variety of optical techniques. We focus especially on opticalMQW samples are fully pseudomorphic from symmetric and
characteristics of kGa, ,N/GaN heterostructures with  asymmetric reciprocal space mapping. The details of our
~0.2 used for state-of-the-art blue-light-emitting structuresHRXRD analysis were reported elsewhéte.
and InGa, _,N thin films with comparable. For the study Low-density SPE properties were investigated by PL,
of SPE, we employed photoluminesceiie&), PL excitation  PLE, and TRPL spectroscopy. PL spectra were measured
(PLE), and time-resolved PLTRPL) spectroscopy. For the using the 325-nm line of a 20-mW cw He-Cd laser. PLE
study of SE, we carried out optically pumped SE, variableexperiments were performed using gquasimonochromatic
stripe gain, and nanosecond nondegenerate pump-prolight dispersed by &-m monochromator from a xenon lamp.
spectroscopy. Furthermore, using these techniques, we haT&PL measurements were carried out using a tunable pico-
investigated the excitation power, excitation photon energysecond pulsed laser system consisting of a cavity-dumped
excitation length, and temperature dependence of the emigtye laser synchronously pumped by a frequency-doubled
sion from these materials. Combining the results of themode-locked Nd:YAQyttrium aluminum garngtiaser as an
above studies, we find only CLO in the,Ba_,N active  excitation source and a streak camera for detection. The out-
regions provides an adequate explanation for the observegslit laser pulses from the dye laser had a duration of less than
SPE and SE behavior of these materials. 5 ps and were frequency doubled into the UV spectral region
This paper is organized as follows. Section Il gives detailfpy a nonlinear crystal. The overall time resolution of the
about the sample structures and experimental conditions. lgystem was better than 15 ps.
Sec. lll, we present the experimental results to demonstrate Optically pumped SE was performed in side-pumping ge-
that localized carriers indeed play a central role in SPE, SEgmetry where edge emission from the samples was collected
and the formation of gain in lia,_,N/GaN MQW struc- into a Spex 1.0-m spectrometer and recorded by an optical
tures. In Sec. IV, we compare and discuss the experimentahultichannel analyzer or a UV-enhanced gated charge-
results. Our conclusions are summarized in Sec. V. coupled devicgCCD). The third harmonid355 nnm of an
injection-seeded Nd:YAG laser with a pulse width of 6 ns
and a repetition rate of 30 Hz was used as the pumping
source. The laser beam was focused on the sample surface
The Iny ,;8Ga g N/GaN (to be referred as InGaN/GaN Uusing a cylindrical lens to form an excitation spot in the form
hereafter MQW structures used in this study were grown onof a line® The laser light intensity could be attenuated con-
c-plane sapphire substrates by metalorganic chemical vapdinuously using a variable neutral density filter.
deposition(MOCVD). A set of samples, nominally identical ~ For the optical gain measurements, the variable stripe ex-
apart from deliberate variations in the Si doping concentracitation length method was useti® The samples were op-
tion, were grown specifically to study the influence of Sitically excited by the third harmoni@55 nm) of an injection
doping in the GaN barriers. The samples consisted of a GaNeededQ-switched Nd:YAG lasef ~5 ns full width at half
buffer layer (1.8um) and a 12-period multiple quantum maximum(FWHM), 10 Hz repetition rate The excitation
well consisting of 3-nm-thick InGaN wells and 4.5-nm-thick beam was focused to a line on the sample surface using a
GaN barriers, followed by a 100-nm-thick &:Ga, o\ (to  cylindrical lens and the excitation length was precisely var-
be referred as AlGaN hereafiarapping layer. Trimethylgal- i€d using a mask connected to a computer-controlled stepper
lium (TMGa), trimethylindium (TMIn), trimethylaluminum, —motor. The emission was collected from one edge of the
and ammonia were used as the precursors and disilane wadmples, coupled into a-m spectrometer, and spectrally
used as then-type dopant. The growth temperatures of theanalyzed using a UV-enhanced CCD. The modal gain
GaN base layer, the superlatti¢®L) region, and the AIGaN gmod E) at energyE is extracted from
capping layer were 1050, 790, and 1040 °C, respectively.
The TMGa and TMIn fluxes during the SL growth were 5 l1(E,L1) exdgmod E)L1]—1
and 14umol/min, respectively, while the ammonia flow was I,(E,Ly) eXdgmod E)Lo]—1
held constant at 0.35 mol/min. The doping concentrations
were obtained from secondary-ion mass spectroscopy anith L, , two different stripe excitation lengths arig, the
Hall measurements. The JndGa g N (to be referred as In- measured emission intensities. Special care was taken to
GaN hereafterepilayer used for comparison was grown by avoid gain saturation effects in the optical gain spectra, so
MOCVD at 800 °C on a 1.§zm-thick GaN layer deposited that the gain spectra are measured for stripe lengths shorter
at 1060 °C ornc-plane sapphire substrates. The InGaN layerthan those for which saturation effects occur.

II. EXPERIMENTS
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For the nanosecond nondegenerate optical pump-probe Wavelength (nm)
experiments, the third harmonic of the Nd:YAG laser de- 480 460 440 420 400 380 360 340
scribed abové€355 nn) was used to synchronously pump the 180 —T1T—T—T—T—T T

individual samples and a dye solution. The superradiant
emission from the dye solutioftovering the entire spectral
range of the localized statewas collected and focused onto 14.0
the samples, coincidental with the pump beam. The intensity 12.0 [
of the probe was kept several orders of magnitude lower than :
the pump beam to avoid any nonlinear effects due to the  10.0
probe. The spot size of the probe was kept-at that of the 8.0k
pump to minimize the role of variations in the pump inten-
sity across the excitation spot. The transmittbcbadbang
probe(with and without the pump begmvas then collected
and coupled into -m spectrometer and spectrally analyzed
using a UV-enhanced, gated CCD. The samples were
mounted on a copper heat sink attached to a wide tempera-~ 1 g
ture range cryostat/heater system.

For the energy selective PL study, the second harmonic of 0.8
a mode-locked Ti:sapphire laser was used as a tunable exci- 0.6

16.0 [ (a) InGaN/GaN MQW
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tation source to excite the sample normal to the sample sur- GaN ]
face. The emission was collected normal to the sample sur- 04T A .
face, coupled into a 1-m spectrometer, and spectrally ol — v o - ]
analyzed using a CCD. For energy selective SE experiments, 26 28 30 32 34 36
the second harmonic of an injection-seed€@switched Photon Energy (eV)

Nd:YAG laser(532 nm was used to pump an amplified dye

laser. The deep-red to near-infrared radiation from the dye FIG. 1. 10-K PL(solid lineg, PLE (dashed lings and TRPL
laser was frequency doubled in a nonlinear crystal to achievéopen circley data for(a) an InGaN/GaN MQW andb) an InGaN
the near-UV to violet laser radiation needed to optically ex-epilayer. Both were grown by MOCVD or-plane sapphire. A

cite the InGa_,N/GaN MQW'’s in the spectral region of large Stokes shift of the PL emission from the InGaN layers with
interest. The frequency-doubled radiation-4 ns pulse respect to the band-edge measured by PLE spectra is observed. The

width, 10 Hz repetition rafewas focused to a line on the near-band-edge emission from the GaN and AlGaN layers was ob-

sample surface. The excitation spot size was approximatel rved at 3.48 a_nd 3.6 eV, respectively. The PLE cor_nributions from
100X 5000 xm. The emission from the sample was collected e GaN layergin (&) and (b)] and the AlGaN layefin (3] are
from one eﬁgel of the sample, coupled into a 1-m SpeCtrom(Elearly seen. A rise in lifetime with decreasing emission energy,

i d trall | d usi UV-enh d cCh resulting in a redshift behavior of the emission with time, reflects
eter, and spectrally analyzed using a -enhance * that the InGaN-related emission is due to radiative recombination of

carriers localized at potential fluctuations.

lll. RESULTS
epilayer, which can lead to larger potential fluctuations. The
temporal dynamics of the luminescence were also measured

Figure 1 shows typical PL, PLE, and TRPL data of theusing the TRPL technique. The effective recombination life-
InGaN-related emission with a peak energy 2.8 and time as a function of detection energy across the 10-K PL
~2.99 eV at 10 K for(a) an InGaN/GaN MQW andb) an  spectrum of(a) the InGaN/GaN MQW andb) the InGaN
InGaN epilayer, respectively. The 10-K near-band-edgeepilayer is also shown in Fig. 1. It should be noted that the
emission from the AlGaN cladding layém (a)] and the rise in the effective lifetimer with decreasing emission en-
GaN layerdin (a) and(b)] are also clearly seen at 3.60 and ergy across the PL spectrum, resulting in a redshift behavior
3.48 eV, respectively. For the PLE detection energy of theof the emission peak energy as time progresses, gives favor-
InGaN-related emission peak, the contributions from theable evidence that the InGaN-related emission is due to ra-
GaN layers[in (a) and (b)] and from the AlGaN capping diative recombination of carriers localized at potential fluc-
layer[in (a)] are clearly distinguishable, and the energy po-tuations. It is well known that the recombination of localized
sitions of the absorption edge are well matched to the Plcarriers is governed not only by radiative recombination but
peak positions. The absorption of the InGaN wells in thealso by the transfer to and trapping in the energy tail
MQW increases monotonically, reaching a maximum atstates-*!° The differences inr between the two samples
~3.1 eV, and remains almost constant until absorption byndicate that the potential fluctuations localizing the carriers
the GaN barriers occurs at 3.48 eV. A large Stokes shift ofare significantly smaller in the epilayer than in the MQW.
this InGaN-related SPE peak with respect to the absorptiomhe SPE peak is attributed to radiative recombination of lo-
edge measured by low power PLE spectroscopy is clearlgalized states in an analysis along the same vein as
observed for both samples. The band-tail states responsibMarukawaet al}* We note that the observed longer lifetime
for the “soft” absorption edge are seen to be significantlyfor the MQW’s compared to those reported by other groups
larger in the MQW than in the epilayer, as is the resultingis probably due to relatively larger degree of carrier localiza-
Stokes shift of the SPE peak. This is most likely due to theion caused by a larger number of QW’s and/or different
increased number of interfaces in the MQW compared to thgrowth conditions used in this wof&°-%

A. General optical characteristics
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10K VSE () inversion is achieved and net optical gain results in the ob-
served SE peak. We see thginduced 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 significantly
larger in the MQW than in the epilayer. For a large enough
l exc, the blueshift of the SPE with increasihg, . stops, and
further increases ih., result in SE, indicated by the arrows
in Fig. 2. The SE peak is seen to grow out of the low-energy
wing of the blueshifted SPE peak for both samples.

The Stokes shift between PL and PLE spectra, the redshift
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 local-
ized at potential fluctuations. Moreover, the larger Stokes
shift, longer lifetime, and larger SPE blueshift with excita-
tion density for the MQW compared to those for the epilayer

FIG. 2. Evolution of InGaN emission spectra from below to strongly reflect that the potential fluctuations are significantly
above SE threshold,,, at 10 K for(a) an InGaN/GaN MQW and  larger in the MQW than in the epilayer. In general, the fol-
(b) an InGaN epilayer. The emission was collected in a surfacdowing effects are expected to lead to an emission shift in
emission geometnyl,, for the MQW and epilayer was found to be MQW'’s. They are not expected to be observed in epilayers:
~170 and 130 kW/cr respectively, for the experimental condi- (i) the quantum confinemerblueshify, (i) the built-in in-
tions. A large blueshift of the emission is cleary seen with increasternal electric field(redshify, and (iii) the potential fluctua-
ing excitation density for the MQW sample, showing band filling of tions (redshify related to the presence of MQW interfaces.
localized states. These potential fluctuations can be caused by alloy disorder,
impurities, interface irregularities, and/or self-formed quan-

The lifetimes were also measured as a function of temtum dots in the QW active regions. As seen in Fig. 1, the
perature. The rise in effective recombination lifetime with redshift behavior is apparently larger than the blueshift in the
increasing temperature observed from 16-900(20) K for ~ MQW. This indicates that the MQW interfaces affect the
the MQW (epilaye) is indicative of recombination domi- €mission properties mainly by means (@) and/or(iii). Al-
nated by radiative recombination channels, whereas the déough internal electric fields may be present in the MQW,
crease inr with increasing temperature far>100 (20) K pptentlal fluc_:tuat|ons are more I|ke'ly to dominate the emis-
indicates the increasing dominance of nonradiative channefion properties of the sample considering the 3-nm-thick In-
in the recombination procedd?* We observed that the GaN well widths of the MQW. In addition, the different
MQW has a significantly larger than the epilayer for all 9rowth conditions between the MQW and the epilayer may
temperatures studied, and the lifetimes of both are signifidlSo affect the degree of potential fluctuations.
cantly larger than that of GaN epilayers and
heterostructure®:? This is attributed to suppression of non-
radiative recombination by the localization of carriers at sta-
tistical potential fluctuations arising from the nonrandom na-
ture of this alloy. Figure 3 shows the relevant 10-K PL, PLE, SE, and

Figure 2 shows the evolution of the 10-K emission spectranodal gain spectra fdia) the InGaN/GaN MQW andb) the
with increasing excitation pump density () for (@) the InGaN epilayer. Note that theaxis of (b) covers half that of
InGaN/GaN MQW andb) the InGaN epilayer. The spectra (a). Representative SE spectra are shoalid line) for
shown in Fig. 2 were taken with an excitation energy of 3.49pump densityt ¢,= 1.9, (I denotes the SE threshgldnd
eV and collected in a surface emission geometry to minimizen excitation spot size of 100X 5000 wm. Note that the SE
the effects of reabsorption on the emission specirhe SE  peak is situated at the end of the absorption tail for both
peak is due to a leak of the in-plane SE at the sample edgeamples. The SE is seen to occur on the high-energy side of
No SE was observed from the middle of the sample in thishe low-power SPE peak for the MQW and slightly on the
geometry, indicating the high quality of the samplelow-energy side for the epilayer. The modal gdabotted
structure?®) The pump spot size was 1mn? and the exci- line) was measured using the variable stripe excitation
tation wavelength was the third harmonic of the Nd:YAG method of Shaklee and Leheh$'® The spectra were taken
laser described aboy855 nmj. As |, is increased, the SPE with 1,31, for excitation length less than 2Q0m to
peak of the MQW is observed to blueshift until it reachesminimize reabsorption-induced distortions in the spectra.
~2.9 eV; after this point it is observed to increase only inThe modal gain maxima are 250 and 150 ¢nfor the
intensity until the SE threshold is reached. The SE is seen tMQW and the epilayer, respectively. We see that the SE
develop on the low-energy side of the SPE peak. The bluepeak for long excitation lengths{5000 wm) is situated on
shift of the SPE with increasing,, is attributed to band the low-energy tail of the gain curve measured for small
filling of localized states due to the intense optical pump.excitation lengths €200 uwm). This is explained by gain
With increasingl ¢, the filling level increases and the PL and absorption competition in the band-tail region of this
maximum shifts to higher energies until sufficient populationalloy, where gain saturation with longer excitation lengths

Epilayer |

Intensity (arb. units)
Intensity (arb. units)

275 285 295 3.05 285 295 305 3.15
Photon Energy (eV) Photon Energy (eV)

B. Nonlinear optical characteristics: Optical gain
and pump-probe spectroscopy
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= S FIG. 4. 10-K modal gain spectra ¢&) an InGaN/GaN MQW
25 26 27 28 29 30 3.1 32 33 and(b) an InGaN epilayer as a function of above-gap optical exci-
Photon Energy (eV) tation density. The excitation densities are given with respet,to
measured for long>% 2000 xm) excitation lengths. A clear blue-
shift in the gain maximum and gain/absorption crossover point is
seen with increasing excitation density for the MQW sample. This
trend is much less obvious for the InGaN epilayer. .

with increasingl ¢, iS consistent with band filling of local-
ized states in the InGaN active layers. Similar behavior was
observed at room temperatuRT). (We note that optical
gain is observed only for photon energies below the mobility
edge measured in energy-selective studies described later,
giving further evidence that localized states are the origin of
optical gain in the InGaN/GaN MQW structurg3he blue-
shift in the gain spectra of the InGaN epilayer is seen to be
considerably smaller than that of the MQW. It was also ob-
served to stop at considerably lower-excitation densities. The
modal gain spectra of both samples correspond spectrally
R\ S with the low-energy tail of the band-tail state absorption
o8 29 3.0 31 32 bleaching spectra, with the crossover from absorption to gain
' ! : \ ' corresponding approximately with the maximum in the ob-
served bleaching.

FIG. 3. PL (dashed lings SE (solid lines, and modal gain Figure 5 shows the absorption spectra of the InGaN epil-
(dotted line$ spectra taken at 10 K fror®) an InGaN/GaN MQw  ayer near the fundamental absorption edge at 10 and 300 K,
and(b) an InGaN epilayer. The SE and gain spectra were measurefespectively. The oscillatory structure is a result of thin-film
for excitation lengths of>5000 and< 200 wm, respectively. The interference. With increasing excitation density of the above-
maximum modal gain is 250 and 150 cifor the InGaN/GaN ~ gap pump pulse, the absorption coefficient in the band-tail
MQW's and InGaN epilayer, respectively. The low-density PLE region decreases significantly. This bleaching saturated for
spectra are also shown for reference. | o €XCeeding~2MW/cn? at 10 and 300 K. Similar behav-

ior is observed for the MQW sample, the only difference
combined with the background absorption tail leads to a redbeing a larger spectral region exhibiting absorption bleaching
shift of the SE peak with increasing excitation length. Thedue to the larger band tailing exhibited by the MQW sample.
modal gain spectrum for the MQW is seen to be significantlyDifferential absorption spectrad a(l gy = a(lexd — @(0),
broader ¢-24 nm FWHM than that of the epilayer<7 nm  are also shown in Fig. 5 for clarity. We note that the induced
FWHM), although both peak significantly below the onset oftransparency associated with the absorption bleaching is
the “soft” absorption edge. quite large, exceeding>310* cm™! at both 10 and 300 K.

The modal gain spectra as a function of above-gap opticarhe spectral region in which SE is observed is also indicated
excitation density are shown in Figs(a#and 4b) for the  in Fig. 5. Clear features in the induced absorption bleaching
MQW and the epilayer, respectively. The excitation densitiespectra are seen to coincide with these spectral regions and
in Fig. 4 are given with respect to the SE threshold measuredre attributed to net optical amplificatiggain) of the probe
for long (>2000 wm) excitation lengths. A clear blueshift in pulse. Again, similar behavior was observed for the InGaN/
the gain peak with increasing optical excitation is seen forGaN MQW sample. Both Ga, _,N-based structures were
the MQW. This blueshift was observed to stop fy,,  observed to exhibit markedly different behavior in the
>12l,,. Further increases ih, result only in an increase «(lo,J andA a(lq4) spectra than has been observed in GaN
in the modal gain maximum. The maxima of the gain spectrahin films 2’28
in Fig. 4(a) are redshifted by more than 160 meV with re-  Figure 6 shows the results of nanosecond nondegenerate
spect to the “soft” absorption edge of the InGaN well lay- optical pump-probe experiments performed ¢a the
ers. The large shift in the gain maximum to higher energyinGaN/GaN MQW andb) the InGaN epilayer. Absorption

PL Intensity (arb. units)
w
M

PLE Intensity (arb. units)

Photon Energy (eV)
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Photon Energy (sV) Photon Energy (eV) samples. This is explained by the intraband relaxation of
2% 3% 8% 3w 290 295 880 305 310 photogenerated carriers, where the carriers are created with
"} InGaN epiayer @ inGiaN epilayer energies above the mobility edgeill be shown latey, but

— are quickly caught in the potential wells of the band-tall

'_g states. Further intraband relaxation at low temperatures can

{06 then only occur by phonon-assisted tunneling(deepey

ot 1 04 T neighboring potential wells or by further relaxation to lower
Tooswwer 1 s energy states within the same wells until the potential
T EoMen? minima are reached. Radiative recombination of these states
is expected to be mainly from these potential minima,
whereas higher-energy states are temporarily occupied by the
relaxing carriers. The latter results in the observed absorption
bleaching.

1 — .- oios Mwien?
T —- 025 MWiem®

£ —— 1 omwiem
- 2.0 MWiom®

E 1 'g An interesting difference between the two structures is the
5 / 5 behavior of the absorption bleaching las is exceeded. As
‘;'”_amw,mz..v_\ J: ] 1‘5 the pump density is increased, the bleaching is observed to
D LT e - - otowmwent] increase for both samples, butlasis exceeded, the bleach-
T e T oMW ing of the MQW tail states is seen tecreasesignificantly
e aoe aos a0 P PR with increasing excitation, while the bleaching of the epil-
Photon Energy (eV) Photon Energy (eV) ayer tail states continues to increase with increasing excita-

tion density. This is shown in Figs(® and &b), where the
FIG. 5. Optical absorption spectra of an InGaN epilayer near thelotted and dashed lines show the bleaching spectra for exci-

fundamental absorption edge @ 10 K and(b) 300 K as a func-  tation densities below, and the solid lines show the bleach-
tion of above-gap optical excitation density. Differential absorptioning spectra for excitation densities abolg. The differ-
spectral a(lexd = a(lexd —«(0), at(c) 10 K and(d) 300 Kas a ences in behavior are explained by considering the
function_ o_f a_bove-gap optical excitation for the sample. The SE.acombination lifetimes shown in Figs(a) and 1b). Al-
energy is indicated by arrow for completeness. though radiative recombination from these samples occurs

from potential minima, states of higher energy are tempo-
bleaching of the band-tail states is clearly seen for both struasarily occupied as the carriers excited by the pump beam
tures with increasind.,., Where the bleaching is seen to relax, resulting in the observed bleaching peaked at higher
cover the entire spectral range of the absorption tails of thenergy than the luminescence maximums. The bleaching of
samples. The bleaching is peaked -aB.02 eV for both the InGaN/GaN MQW decreases for excitation densities
samples, but is spectrally much broader for the MQW, conabovel,, because of the fast depopulation of the states from
sistent with its increased absorption tail. We note that thevhich SE originates. Carriers with energies above the SE
maximum in the absorption bleaching is significantly blue-peak now have a much greater number of available lower-
shifted with respect to the luminescence maximum for bottenergy states. This, in turn, results in a decrease in states

occupied at higher energies and, therefore, a decrease in the

10 10 observed bleaching for excitation densities abbye This
F 10K (@ || 10K () behavior has been previously observed in other materials
5[ InGaN/GaN MQW InGaN epilayer 1s where intrinsic _dlsorde_r throug_h C_omp05|_t|onal fluctuations
has lead to similar carrier localization as is observed fere.
0 ] 40 The absence of the absorption bleaching decrease for excita-
i ] tion densities abovky, in the InGaN epilayer results from its
‘-‘E i {5 "E short recombination lifetime~£0.8 ng with respect to the
& o S pump pulse 5 ns FWHM [see Fig. 1b)]. For the epil-
=} I 1-10 5 ayer, the recombination lifetime is always significantly
% -10 | % shorter than the pump pulse, leading to no noticeable reduc-
| [ 115 5 tion in the relaxation dynamics of the higher-energy band-
5| tail states as$,;, is exceeded. Therefore, no noticeable change
i 120 in the bleaching behavior is observed. It is important to note
20 | 1.5 t.hat the modal gain shown in_ Figs(a® and 3b) (dqtted
lines) corresponds spectrally with the low-energy tail of the
o5 Ll e . ‘ T BP9 localized state absorption bleaching, with the crossover from

é.g é.o 3.1“ absorption to gain corresponding approximately with the
maximum in the observed bleaching for both samples, indi-
cating that the gain originates from the localized states.The

FIG. 6. 10-K nanosecond nondegenerate pump-probe experinduced transparency maximum of the MQW sample corre-
mental results fofa) an InGaN/GaN MQW andb) an InGaN ep-  Sponds spectrally to the mobility edge, as will be shown in
ilayer showing absorption bleaching\ & negative of band-tail  Sec. lll C. The experimental results presented in this section
states with increasing excitation density,.. Aa(led=a(lod  iNdicate that localized carriers responsible for band-tail state
— a(0) andl,=100 kw/cnf. bleaching share the same recombination channels as the car-

2.7 ‘2‘.8 2.9‘ ‘:‘3.0 3.1 32
Photon Energy (eV) Photon Energy (eV)
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FIG. 7. Evolution of the PL emission of the InGaN/GaN MQW
for excitation energies afA) 3.81,(B) 3.54,(C) 3.26, andD) 2.99
eV. Note the change in the intensity ratio of the main peak to the M
secondary peak between spectra. The inset shows a linear-scale plot
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of the normalized main emission spectra, which are vertically 3 (@) 3

shifted for clarity. The excitation photon energies are indicated over F 103, ]

the PLE spectrum for reference. - e
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riers responsible for optical gain and SE in InGaN/GaN
MQW’s, providing strong evidence that optical gain origi- Photon Energy (eV)

nating from localized carriers exists in this material system. . .
g y FIG. 8. 10-K PLE spectra taken at detection energids)a?.87,

(b) 2.81,(c) 2.75,(d) 2.68,(e) 2.57,(f) 2.41,(g) 2.24, andh) 2.01
C. Excitation energy dependence of SPE and SE eV. The PL spectrum for an excitation energy of 3.81 eV is also

shown for reference. The spectra are shifted in the vertical direction

In this section, We present the results of en?rgy'seleCtiV?or clarity and the respective detection energies are marked. As the
SPE and SE studies of the InGaN/GaN MQW's. SBIE)  etection energy decreases, the contribution of the AlGaN capping

was observed for excitation photon energies over a Widgyer noticeably increases. When the detection energy is lower than
spectral range above the SPEE) peak position. 2.24 eV, the contribution of the InGaN wells is almost negligible.

1. SPE with various excitation energies: Energy-selective

bination mechanism of the InGaN-related emission is signifi-
PL and PLE

cantly affected by the excitatiofor carrier generationcon-
Figure 7 shows 10-K InGaN-related PL spectra measureditions, as can be seen later.
with four different excitation photon energids,,. of (A) The upper part of Fig. 8 shows the 10-K PLE spectra for
3.81,(B) 3.54,(C) 3.26, and(D) 2.99 eV. EaclE,,.is indi-  the InGaN-related main PL emission monitoredat2.87,
cated over the PLE spectrum for reference. The InGaN¢b) 2.81, (c) 2.75, and(d) 2.68 eV. The PL spectrum for
relatedmain peakandsecondary peakre shown with peak E...=3.81 eV is also shown in this figure for reference.
energies of 2.80 and-2.25 eV, respectively. The oscilla- When the PLE detection energy is set below the peak energy
tions on the main PL peak are due to Fabry-Perot interferof the main emissior(curvesc and d), the contributions
ence fringes. Wherk,,. varies from abovecurve A) to  from the InGaN wells, the GaN barriers, and the AlGaN
below (curve B) the near-band-edge emission enefgyof  capping layer are clearly distinguishable, while for the detec-
the AlGaN capping layer B4 acan), the relative intensity tion energy above and at the peak position of the main emis-
ratio of the main peak to the secondary peak noticeablgion E, ,can (curves a and b), the PLE signal below
changes. FOEq,<Eg can (Eg4 Of the GaN barriers the sec-  Eg acan Shows almost a constant intensity acrossEggsan
ondary peak has nearly disappeared, while the main pealegion, indicating that the carrier generation in the InGaN
remains(curve C). When the excitation energy is further rather than in the GaN plays an important role. In both cases,
decreased to just above the InGaN main emission peathe PLE signal aboveg aican is suddenly diminished, obvi-
(curveD), no noticeable change is observed for the PL shapeusly due to the absorption of the AlGaN capping layer.
except for a decrease in the overall intensity of the emissioriVhen the detection energy is beldgy, ;,gan (Curvesc and
We now examine the changes in the main peak shape wittl), the contributions of both the GaN and AlGaN regions are
excitation energy. The inset in Fig. 7 shows the normalizedenhanced compared to the cunaesndb: as the detection
spectra for the main peak on a linear scale. We notice that, anergy decreases, the PLE signal abByg;,y is monotoni-
the excitation energy is decreag@m curveAto curveD),  cally raised with respect to the almost flat region of the PLE
the intensity of the lower-energy side of the main peak issignal between 3.15 and 3.4 eV. These facts imply that for
reduced, whereas that of the higher-energy side is enhancefley>Egy can, the lower-energy side of the InGaN main
This results in a~7-meV blueshift of the peak energy and a emission peak is governed mainly by carrier generation in
narrower spectral width for the main peak with decreasinghe GaN barriers and subsequent carrier transfer to the In-
excitation energy. These facts strongly reflect that the recomaN wells. From the different PLE contributions for the
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higher- and lower-energy sides Bf, jhgan, We can expect near the MQW interface region, since the carriers go through
different recombination mechanisms for various excitationthe MQW interfaces during the carrier transfer, enhancing
energies, as will be described later. trapping and recombination rates at the interface-related
The lower part of Fig. 8 also shows the 10-K PLE spectrastates. Therefore, the lower emission peak energy position
for the secondary peak taken for detection(@t 2.57, (f) and the spectral broadening to lower energies EqQf
2.41,(g) 2.24, andh) 2.01 eV. When the detection energy is > E, gayindicate that the lowefor deeperenergy tail states
higher than 2.24 eV, the InGaN wells still partly contribute are more related to the interface-related defects and rough-
to the secondary-peak emissi¢@urvese and f), while for  ness at the MQW interfaces than to the alloy fluctuations and
the detection energy below 2.24 eV, the contribution of thempurities within the InGaN wells. ForEq,<Eg gans
InGaN wells almost disappeatsurvesg andh). Note that though, the carriers responsible for the emission are directly
as the detection energy decreases, the contribution of thgenerated within the InGaN wells and thus recombine at
AlGaN capping layer is noticeably increased. These factselatively higher emission energies.
indicate that the main source of the secondary peak does not It should be noted that the PLE spectra of Fig. 8 show
originate from the InGaN wells but originates predominantlydifferent slopes forE.,.<3.0 eV in curvesb, ¢, andd. In
from the AlGaN capping layer and partly from the GaN lay- order to investigate details of this phenomenon, we carried
ers(consistent with the so-callgeellow luminescence bapd out energy-selective PL measurements using a femtosecond
This observation was also confirmed by PL measurementsi:sapphire laser as a tunable excitation &Y <Eg gan-
using the 325-nm line of He-Cd laser with varying excitation The excitation photon energy from the frequency-doubled
intensities. As the excitation intensity increases, the relativdi:sapphire laser was tuned across the states responsible for
emission intensity ratio of the InGaN main peak to the secthe “soft” absorption edge of the InGaN layers. SPE was
ondary peak increases. That is, the intensity of the main peadbserved for excitation photon energies over a wide spectral
increases linearly, whereas that of the secondary peak sattange above the SPE peak positi@8 eV at 10 K. As the
rates with increasing excitation intensity. This is another in-excitation photon energy was tuned from just below the band
dication of the contribution of defect-related emission to thegap of the GaN barrier layers to the high-energy side of the
secondary peak. Therefore, we conclude that the main pedkGaN absorption edge, no significant changes in the SPE
is due to the InGaN wells, while the secondary peak isspectra were observed. The only change was a decrease in
mainly from the AlGaN capping layer and the GaN barriersthe emission intensity as the excitation photon energy was
rather than the InGaN wells. Féfe,>Eg aigan, Most car-  tuned below the higher-energy side of the “soft” InGaN
riers are generated in the AlGaN capping layer and thesabsorption edge, consistent with the reduction in the absorp-
photogenerated carriers partly migrate into the MQW regiortion coefficient with decreasing photon energy in this spec-
(corresponding to the main peaind partly recombine via tral region. However, as the excitation photon energy was
defect-related luminescence in the AlGaN layer itself and theuned below approximately 2.98 eV, significant changes in
GaN barriergcorresponding to the secondary peak the SPE spectra were observed. For excitation photon ener-
Since the PLE observations in the frequency domain argies below~2.98 eV, emission from the low-energy wing of
closely related to the carrier dynamics in the time domainthe main InGaN PL peak became more and more pronounced
we performed TRPL measurements at 10 K for diffefegt.  with decreasing excitation photon energy. This is illustrated
to clarify the temporal dynamics of the luminescence. Then Figs. 9a), 9(b), and 9c). The spectra in Fig. 9 have been
time-integrated PL spectra obtained from the TRPL experinormalized at 2.79 eV for clarity. Figs(l9 and 9c) clearly
ments show the same behavior as observed in the above ashow the onset of this behavior to occur for excitation pho-
PL measurements for the InGaN-related main emis&ee  ton energies below approximately 2.98 eV. This behavior
Fig. 7): a blueshift of the peak energy and a spectral narrowindicates that the transition from localized to extended band-
ing of the lower-energy side &5s,,. decreases from above tail states is located at 2.98 eV. As such, this energy de-
Eg aican t0 belowE, g,n. The carrier recombination lifetime  fines the “mobility edge” of the band-tail states in this struc-
becomes longer with decreasing emission energy, and theraire, where carriers with energy above this value are free to
fore, the peak energy of the emission shifts to the low-energynigrate and those of lesser energy are spatially localized by
side as time progresses, as shown in Fig. 1. No significar(large potential fluctuations in the InGaN layers.
change in lifetime at and above the peak energy position The redshift in the SPE is explained as follows: when
(74~12 ns at the peak positiprwas observed whei.,. Egyc IS higher than the mobility edge, the photogenerated
was varied. However, the peak position reached the lowerearriers can easily populate the tail states by their migration,
energy side faster for th&.,.>Eg can Case than for the but their lifetimes are relatively short due to the presence of
Eexc<Eg,can Case, and after-20 ns, the peak position is nonradiative recombination channels. &g, is tuned below
almost the same for both cases. The starting peak position the mobility edge, the nonradiative recombination rate is sig-
lower for the Eqxc>Eg can Case than for thée,<Eg gy Nificantly reduced due to the capture of the carriers in small
case, so for thé&.,>E,4 oy Case, the redshifting behavior volumes. This increase in lifetime with decreasigg, re-
with time is smaller and most carriers recombine at relativelysults in increased radiative recombination from lower-energy
lower energies. The carriers generated from the GaN barriergtates. The position of the mobility edge is seen to0
(or AlGaN capping layermigrate toward the InGaN wells, meV above the SPE peak ard 130 meV below the start of
and the carrier transfer allows the photogenerated carriers the InGaN absorption edge. Its spectral position indicates
have a larger probability of reaching the lower-energy statesxtremely large potential fluctuations are present in the In-
at the MQW interfaces. This may be due to more bindingGaN active layers of the MQW, leading to carrier confine-
and scattering of carriers by interface defects and roughnessent and resulting in efficient radiative recombination.
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Photon Energy (eV) FIG. 10. SE peak position as a function of excitation photon
energy,Eq,., for the InGaN/GaN MQW with 2x10*® cm 3 Sj
doping in the GaN barriers. “Mobility edge” type behavior is

© clearly seen in the SE spectra with decreastng.. The solid lines

0.11 are given only as a guide for the eye. The inset shows the redshift of
w 010 ) the SE peak with decreasirf}, . asE.,. is tuned below the “mo-
‘= 0.09 c bility edge” for an InGaN/GaN MQW with undoped GaN barriers.
3 3 . . . .
5 os 5 The excitation photon energies for the given SE spectra are repre-
& 007 b sented by the arrows in the inset. The dotted line in the inset is
. 0.06 . given as a reference for the unshifted SE peak position. The SE
g 0.05 g spectra have been normalized and displaced vertically for clarity.
< 004 <
-~ 0o < illustrates the SE spectra position change as a function of

0.02 Ecyxc for the INGaN/GaN MQW with undoped GaN barrier

OO e s ars 01 layers, while the main part of Fig. 10 gives the behavior of
Excitation Photon Energy (eV) the SE peak for the d_o_ped_ MQW, which is pr_esen_ted in I_:_lg.
11. The SE peak position is seen to be relatively insensitive
FIG. 9. (a) Spontaneous emission spectra from an InGaN/GaNoO E,. for energies higher than-2.925 eV, but af.,, is
MQW with 2 x10® cm™2 Si doping in the GaN barriers as a tuned below this value, the SE peak position is seen to red-
function of excitation photon energy. The excitation photon energyshift quickly. This redshift of the emission for excitation
for a given spectrum is indicated by the corresponding arrow on thgghoton energies below a certain value is consistent with the
x axis. The spectra have been normalized at 2.79 eV for clarity. Thenobility edge behavior observed for the SPE, as described
absorption edge measured by PLE is also shalwnand(c) 10-K  above. The behavior of the SE peak is due to enhanced popu-
spontaneous emission intensity from an InGaN/GaN MQWbat  |ation inversion at lower energies as the carriers are confined
2.61 eV andc) 2.695 eV relative to the peak emission intenséy  more efficiently with decreasin@.,.. The mobility edge
2.79 eV) as a function of excitation photon energy. The solid lines ,easured in these experiments lied10 meV above the
gre given iny as a guide.for. the eye. A clear .shift in the emissionSPE peak~62 meV above the SE peak, and185 meV
Iﬁfggﬁ;'sﬂ j’r‘?eer:j fgn?:gg[r'gg Shgtfg ;n;rs%esiszmg ?gﬁ' below the absorption edge of the InGaN well regions. The
comparisoﬂ g y g location of the _mo_bility edge with respect to the SPE_and SE
' peaks further indicates that large potential fluctuations are
present in the InGaN active regions, resulting in strong car-
rier localization. This explains the efficient radiative recom-
To elucidate whether the CLO recombination responsibléination (stimulated and spontanequsbserved from these
for the observed SPE is also responsible for SE in thesstructures as well as the low temperature sensitivity of the
materials, a similar experiment was performed using nanoSE, as will be shown in Sec. Ill E 2.
second optical pulses generated by a frequency doubled am- As a measure of the coupling efficiency of the exciting
plified dye laser, as described in Sec.(The excitation spot  photons to the gain mechanism responsible for the SE peak,
size was approximately 1606000 xm.) The experiments |, was measured as a function Bf,.. A comparison be-
were performed on both MQW’s with Si-dopech2  tween this and the coupling efficiency obtained for the SPE
x 108 cm™3) and undopedr{<1x10' cm %) GaN barri- peak measured by PLE is given in Fig. 11, wherklis
ers. Figure 10 shows the behavior of the SE peakgsis  plotted as a function oE.,. to give a better measure of the
tuned from aboveEg 5can t0 below the absorption edge of coupling efficiency and afford an easier comparison to the
the InGaN active layers. AR, is tuned to lower energies, results of PLE measurements. Four distinct slope changes are
no noticeable change is observed in the SE spectrum untileen in the PLE spectrum. The first,-aB.12 eV, marks the
E.,c Crosses a certain value, at which point the SE spectrurheginning of the “soft” absorption edge of the InGaN-active
redshifts quickly with decreasing.,.. The inset of Fig. 10 region, whereas the other three, located~&.96 eV, 2.92

2. Energy-selective optically pumped SE
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FIG. 11. Inverse SE threshold as a function of excitation photon Photon Energy (eV)

energyE.,. (solid squa_re)sshowq in_comparison v_vith the results of FIG. 12. 10-K SE spectrdsolid lines from an InGaN/GaN
low-power PLE expenmgryt@ohd “_ne) for-thg S"dOpe_d InGaN/ MQW sample subjected to several excitation densities, whgre
GaN MQW. The band-filling maximum is included in the plot =100 kw/cn?. The low power PL(dashed lingand PLE(dotted

(daSheq lingas is the “mobility edge” sho_wn_ in Fig. 9dashed- line) spectra are also shown for comparison. The SE spectra have
dotted ling. The dotted line shows the excitation photon energy atyeen normalized and displaced vertically for clarity

which the SE threshold is found to increase quickly with decreasing

Eqyc. The inset shows the same comparison over a wider energy

range for both the undoped and Si-doped InGaN/GaN MQW's, il-ferent experimental conditions, which are shown here to re-

lustrating the similarities over the entire energy range. sult in significant changes in the SE behavior. We report the
results of a detailed study of the SE behavior of these two SE

eV, and 2.87 eV suggest varying degrees of localization. Thgeaks as a function of excitation lengthy() andl.,. and

change in 1k, at ~3.1 eV is due to a decrease in the ab-jllustrate dramatically different SE behavior in,®a 4N

sorption coefficient below the absorption edge, and is an EXMQW’S for relatively small changes in the experimental

pected result. The change inl J/at ~2.92 eV(indicated by  conditions. The observation of these two distinct SE peaks

the dotted lingis coincident with a slope change in the PLE from |n Ga,_ ,N/GaN MQW’s grown under different condi-

spectrum and is attributed to a significant decrease in thgg g by separate research groups suggests this SE behavior

effective absorption cross section for excitation photon enery 4 general property of present state-of-the-ayG N

gies below the mobility edgendicated by the dashed-dotted based blue laser diodes. As such, a better understaxnding of

line). The band filling maximunishown by a dashed line in . . L
Fig. 11) corresponds to the slope change at 2.875 eV in th the SE and lasing behavior c.)f Fhege structures s |mpqrtant
or the development and optimization of future laser diode

PLE spectrum in Fig. 11. The inset of Fig. 11 shows the
uctures.

same comparison over a wider energy range for both thétr_l_ ical d q o 10 K for th
Si-doped and undoped MQW's. A strong correlation be- ypical power-dependent emission spectra at or the

tween the SE threshold and PLE measurements is clearf)'ﬂC':“"";'/Gaf'\'3 MQW sample with barrier Si doping of=2
seen over the entire range for both samples. The correlatioft 10** cm™® are shown in Fig. 12 for an excitation length
between the high-density behavior presented here and the dwexc= 1300 um. At low Iy, we observe a broad SPE peak
PLE results indicates that carrier localization plays a signifi-at ~2.81 eV, consistent with low power cw PL spectra. As
cant role in both the SPE and SE processes. lexc IS increased, a new peak emerges-&.90 eV[desig-
Furthermore, we note that optical gain of the InGaN/GaNnated here as SE pedl)] and grows superlinearly with
MQW (n~2x 10" cm™3) (see Fig. 4is observed only for increasingl ... If we continue to increask,., we observe
photon energies below the mobility edge and the inducednother new peak at 2.86 eV[designated here as SE peak
transparency maximum of the same MQ®ée Fig. 6 cor-  (2)] which also grows superlinearly with increasihg.. SE
responds spectrally to the mobility edge measured in th@eak (1) is observed to be the statistical distribution of a
energy-selective optical experiments. These facts strongly innyititude of narrow (0.1 nm) emission lines. Both SE
dicate that localized carriers responsible for band tail stat®eaks(1) and (2) originate on the high-energy side of the
bleaching share the same recombination channels as the C#w-power SPE peakgiven by the dashed line in Fig. 12
riers responsible for optical gain and SE in InGaN/GaNgng are redshifted by more than 30 nm below the “soft”
MQW's, providing strong evidence that optical gain origi- 5nsarption edge. Both SE peaks were found to be highly TE
nates from localized carriers in this material system. polarized, with a TE to TM ratio of-200. SE peak2) was
studied in previous sections and attributed to stimulated re-
combination of localized states through nanosecond nonde-
With the recent observation of two different SE peaksgenerate optical pump-probe experiments showing that the
from In,Ga _,N/GaN MQW'’s grown by Nichia Chemical onset of SE has a direct impact on the bleaching dynamics of
Industries® we see the possibility that some of the variedthe band-tail states in these samplese Sec. Il B, and
results reported in the literature may stem from slightly dif-through the use of energy-selective optically pumped SE

D. Excitation length dependence of SE
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FIG. 13. (a) SE threshold as a function of excitation length for
SE peakgq1) and (2) at 10 K for an InGaN/GaN MQW(b) Peak
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10 K for an InGaN/GaN MQW. The inset shows the behavior ob-
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FIG. 14. Emission intensity of SE peak¥) and(2) as a func-
tion of optical excitation density at 10 K, illustrating gain competi-
tion between SE peakd) and (2). The excitation length is 1300
pum. The respective SE thresholds of SE peéksand (2) are
indicated for completeness. The solid lines are given only as guides
for the eye.

shifts to lower energies due to a reabsorption process, while
the SE peak2) position is observed to be weakly dependent
onLey.. The apparent blueshift of SE pe&® with increas-

ing Ly Seen in Fig. 1@) is a result of the experimental
conditions. Since thé,, of SE peak(2) is a strong function

of Leye, the peak positions shown for small, . are forl gy
considerably higher than for larde.,.. The slight redshift

of SE peak(2) with increasingd ., due to many-body effects
and lattice heatingsee Fig. 14 then manifests itself as the
apparent blueshift seen in Fig. (b3. The same phenomenon
is observed at 300 K, as shown in the inset of Fighl3The
redshift of SE peakl) with increasing..,. can be explained
by gain and absorption competition in the “soft” absorption
edge of the InGaN-active regions, where gain saturation with
longer L, combined with the background absorption tail
leads to the observed redshift. The fact that SE g@akoes

served at room temperature. The solid lines are given only as guidg¥ot experience a reabsorption-induced redshift with increas-

for the eye.

studies showing "mobility edge” type behavior in the SE
spectra as the excitation photon energy is vatssd Sec. Il
C 2.

Figure 13a) shows thel,, of SE peakg1) and(2) as a
function ofL,.. We note that, for peak(2) is larger than
that of peak(1) for all excitation lengths employed, but ap-
proaches that of peakl) with increasing Ly In an
asymptotic fashion. The highy, of peak(2) with respect to
peak(1l) and its increased presence for londger. suggest
that it results from a lower gain process than that of pdak
Figure 13b) shows the peak positions of SE pgdkand SE
peak(2) as a function ofL.,. at 10 K. ForL <500 um,

ing Leyc is explained by the significant reduction of the ab-
sorption tail in this spectral regiofsee Fig. 12

The gain saturation behavior of SE pe@k is consistent
with the observation of Kuba#t al3! of a high-gain mecha-
nism in the band-tail region of MQW’s with similar active
regions. The large spectral range exhibiting gain is explained
by compositional fluctuations inside the active region. It is
also consistent with the observation by Nakarmititathat
the external quantum efficiency of his cw blue laser diodes
decreaseswith increasing cavity length. These similarities,
combined with the relatively low,, of SE peak(1) with
respect to SE peaf?) and its similar spectral position with
laser emission from diodes of similar structdfsuggest that
lasing in current state-of-the-art cw blue laser diodes origi-

only SE peak(l) is observed with a peak emission photon nates from the gain mechanism responsible for SE p&ak

energy at 10(300 K of ~2.92 (2.88) eV and ar,, of
~100 (475) KW/cr. As | is increased and/ok . is
increased, a new SE pedBE peak(2)] emerges at 2.86

(2.83 eV at 10(300) K. The peak positions were measured

Its origin may lie in an entirely different degree of carrier
localization than is responsible for SE pe@. Further ex-
periments are needed to clarify this issue.

The dependence of the emission intensity of pédksnd

for Iy fixed relative to the SE thresholds of the respective(2) on |, is shown in Fig. 14 fol.,.= 1300 um at 10 K.

peaks; i.e.loyc=2lin. AS Leyc IS increased, SE peald)

The emission of peakl) increases in a strongly superlinear
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Wavelength (nm)
480 460 440

Wavelength (nm)

fashion (~132) until thel, of peak(2) is reached, at which Wavelength (nm)

point it turns linear, indicating that peaR) competes for
gain with peak(1). This is most likely a result of competition
for carriers or reabsorption of the emitted photons. The pres-
ence of SE peak?) is therefore seen to be deleterious to SE
peak(1l). The same process is observed at RT and for various
excitation lengths. This gain competition may limit this ma-
terial’'s performance in high-power laser diode applications,

T 1 1 T T
(a) InGaN/GaN MQW (b) InGaN Epilayer

10K
30K
S0K
TOK
90K
110K
130K
150K

L
i

PL Intensity (arb. units)

where increased driving current and/or longer cavity lengths 175K v‘/\g._
may result in a shift in the dominant gain mechanism and a 20K )/L
drastic change in the emission behavior. r/\/\ 200K %

26 27 28 29 28 29 30 34

E. Temperature dependence of SPE and SE Photon Energy (eV) Photon Energy (eV)

Recently, a temperature-induced luminescence blueshift F|G. 15. Typical InGaN-related PL spectra ft@ an InGaN/
was observed in IiGa_,N single QW light-emitting di- GaN MQW and(b) an InGaN epilayer in the temperature range
odes, and an involvement of band-tail states wasrom 10 to 300 K. The main emission peak of both samples shows
proposed>®® However, the correlation between the an S-shaped shift with increasing temperat(selid circles. All
temperature-induced anomalous emission behavior with itspectra are normalized and shifted in the vertical direction for clar-
carrier dynamics is not well understood. In this section, wety. Note that the turning temperature from redshift to blueshift is
present the results of temperature-dependent PL, integrat@@out 70 and 50 K for the InGaN/GaN MQW and the InGaN epil-
PL intensity, TRPL, and the results of optically pumped SEayer, respectively.

studies well above the R175-575 K.

1. Carrier dynamics of temperature-induced emission shift

shift of the PL peak relative to the band-edge to be about 27
(6) meV in this temperature range.
Figure 16 shows an Arrhenius plot of the normalized in-

In general, the temperature-induced fundamental energysgrated PL intensity for the InGaN-related PL emission over

gap shrinkage of GaN and @a _,N epilayers can be de-
scribed by the Varshni empirical equati67nEg(T)= E4(0)

—aT?/(B+T), where Ey(T) is the transition energy at a
temperaturel, and « and 8 are known as Varshni thermal

the temperature range under investigation. The total lumines-
cence intensity from this sample is reduced by only one or-
der of magnitude from 10 to 300 K, indicating a high PL
efficiency even at high temperatures. ARt70 K, the inte-

coefficients. Previously, from photoreflectance studies, thgrated PL intensity is thermally activated with an activation

parametersa=8.32x 104 eV/K (10X 10 * eV/K) and B
=835.6 K(1196 K) for the GaNI'g-T'$ (Ing 1/Gay ggN) tran-
sition were obtained®>° For simplicity, Varshni thermal co-
efficients obtained from the GaN and (hnGa g\
transitions®*® were used for theE, estimation of the

Alg o GayodN and In1Gay g\ layers, respectively. The

energy of about 35 meV. In general, the quenching of the
luminescence with temperature can be explained by thermal
emission of the carriers out of a confining potential with an
activation energy correlated with the depth of the confining
potential. Since the observed activation energy is much less
than the band offsets as well as the band-gap difference be-

temperature-dependent PL peak shift for the GaN andween the wells and the barriers, the thermal quenching of
Aly 907G 93N layers was consistent with the estimated en-the InGaN-related emission it due to the thermal activa-
ergy decrease of about 65 meV between 10 and 300 Kijon of electrons and/or holes from the InGaN wells into the
whereas the InGaN-related PL emission did not follow theGaN barriers. Instead, the dominant mechanism leading to
typical temperature dependence of the energy gap shrinkagee quenching of the InGaN-related PL is due to thermionic

as will be shown later.

emission of photogenerated carriers out of the potential

Figure 15 shows the evolution of the InGaN-related PLminima caused by potential fluctuations, such as alloy and

spectra for(a) an InGaN/GaN MQW andb) an InGaN ep-

interface fluctuations, as will be discussed later.

ilayer over a temperature range from 10 to 300 K. As the To elucidate the kinetics of carrier recombination, we per-

temperature increases from 10 KT, whereT, is 70 (50)
K for the MQW (epilayed, Ep, redshifts 1910) meV. This

formed TRPL measurements over the same temperature
range. Figure 17 showsp , the relative energy difference

value is about five times as large as the expected band-gd@AE) betweenEp, andE, at each temperature, and the de-

shrinkage of~4 (2) meV for the MQW! epilaye) over this

cay times {y) monitored at the peak energy, lower-energy

temperature rang®. For a further increase in temperature, side, and higher-energy side of the peak as a function of

the PL peak blueshifts 1#2.5 meV fromT, to T, , where
T, is 150(110 K for the MQW (epilayey. By considering

temperature. A comparison clearly shows that the tempera-
ture dependence &E andEp, is strongly correlated with

the estimated temperature-induced band-gap shrinkage tie change iny. For both the InGaN/GaN MQW and the

~13(7) meV for the MQW(epilaye), the actual blueshift of
the PL peak with respect to the band-edge is abouR275

meV over this temperature range. When the temperature iwith

further increased abovd, , the peak positions redshift
again. From the observed redshift of 45) meV and the
expected band-gap shrinkage ©#3 (51) meV from T, to

InGaN epilayer, we found an overall increase %f with
increasing temperature far<T,, in qualitative agreement
the temperature dependence of radiative
recombinatiorf>?* As shown in Sec. Il A, in this tempera-
ture range,ry becomes longer with decreasing emission en-
ergy, and hence, the peak energy of the emission shifts to the

300 K for the MQW (epilayep, we estimate an actual blue- low-energy side as time proceeds. This behavior is a charac-
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FIG. 16. Normalized integrated PL intensity as a function af 1/ g (1A ML AARELAEREL AL AL
for the InGaN-related emission in the InGaN/GaN MQW&pen © 06 - V\W (b) InGaN Epilayer
circles. The inset shows InGaN-related PL spectra for the tempera- :; 05| —v— lower energy side
ture range from 10 to 300 K. An activation energy-eB5 meV is £ 04 YX —@— peak position
obtained from the Arrhenius plot. = o3[ AAA —A— higher energy side
> 02} y
S orf A”g&&
teristic of localized carriers, which in this case is most likely g ook LTy -1y
due to alloy fluctuationgand/or interface roughness in the 1 1 1 L L L 1
MQW'’s). As the temperature is further increased bey®nd ST T
the lifetime of the MQW (epilaye)p quickly decreases to less 302 | -u-p- 8 -u-a-.
than 10(0.1) ns and remains almost constant betwdgn = . fr. 120
and 300 K, indicating that nonradiative processes predomi- 2 800 oo, 40
R . . . . - - [m 4 —
nantly affect the emission. This is further evidenced by the ~ 008k >
fact that there is no difference between the lifetimes moni- i - E GE’
tored above, below, and at the peak energy TorT,, in 2.96 |- v | o
contrast to the observations far<T,. This characteristic P XY FE TP P PRI P PN PRI T

temperatureT, is also where the turnover occurs from red-
shift to blueshift forAE and Ep| with increasing tempera-

0

50

100 150 200 250 300

Temperature (K)

ture. Furthermore, in the temperature range betwigeand
T, , where a blueshift oEp, is detected,ry; dramatically
decreases from 35 to ®.4 to 0.05 ns for the MQW(epil-
ayen. Above T, , where a redshift oEp, is observed, no
sudden change iny occurs for both the MQW and the epil- represents the relative energy difference betwgep and E4 at
ayer. each temperature. The minimum valuedE is designated as zero
From these results, the InGaN-related recombinatiorior simplicity. Note that the lower energy side of the PL peak has a
mechanism for different temperature ranges can be explaind@nger lifetime than the higher energy side below a certain tempera-
as follows: (i) For T<T,, since the radiative recombination ture T,, while there is no difference between Ilfetlmes_ monitored
process is dominant, the carrier lifetime increases, giving th@P0ve: below, and at the peak energy abByvewhereT, is about
carriers more opportunity to relax down into Iower-energy70 (50) K for the MQW (epilaye). This characteristic temperature

. . . T, is also where the turnover occurs from redshift to blueshift of the
tail states caused by the inhomogeneous potential fIUCtuzilnGaN PL peak energy with increasing temperature. A blueshift

tions before recombining. This reduces the hlgher_energ%ehavior of emission peak energy with increasing temperature is

side emission '”t?'.‘s'ty' f”md. thus, produces a re(.j.shlft n thStill seen at room temperature for the InGaN/GaN MQW, while this
peak energy_posmon Wlth increasing _te_mperatL(ne). For  pehavior is much less for the InGaN epilayer.

T,<T<T,, since the dissociation rate is increased and other

nonradiative processes become dominant, the carrier lifdeads to a blueshift in the peak ener@y.) ForT>T,,, since
times decrease greatly with increasing temperature and alswmnradiative recombination processes are dominant and the
become independent of the emission energies. Thus, due lifetimes are almost constafin contrast to caséii)], the

the decreasing lifetime, these carriers recombine beforphotogenerated carriers are less affected by the change in
reaching the lower-energy tail states. This gives rise to amarrier lifetime so that the blueshift behavior becomes
apparent broadening of the higher-energy side emission arginaller. Note that the slope &E is very sensitive to the

FIG. 17. InGaN-related PL spectral peak positiep, (open
squares and decay timery as a function of temperature i@ an
InGaN/GaN MQW andb) an InGaN epilayerAE (closed squargs
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change in7q with temperature for both the InGaN epilayer (a) T=200k]|[(b) T=300K|[(C) T=250K
and the InGaN/GaN MQW's. Since this blueshift behavior is
smaller than the temperature-induced band-gap shrinkage in
this temperature range, the peak position exhibits an overall
redshift behavior. Consequently, the change in carrier recom-
bination mechanism with increasing temperature causes the
S-shaped redshift-blueshift-redshift behavior of the peak en-
ergy for the main InGaN-related emission. It should be noted
that we observed similar temperature-induced S-shaped
emission behavior for both the InGaN epilayers and the )
InGaN/GaN MQW's, even thoughy of the latter is about o 0 TR
two orders of magnitude longer than that of the former. This 280 2.85 2.90 295 280 285 2.90 2.95 2.80 2.85 290 2.95
fact strongly reflects that the anomalous temperature-induced Photon Energy (eV)

emission shift mainly depends on the change in carrier re-

combination dynamics rather than the absolute valuejof ~ FIG. 18. SE spectra of SE peak) for an InGaN/GaN MQW
with barrier Si doping oh=2x10' cm™2 at(a) 200 K, (b) 300 K,

2. High-temperature optically pumped SE and(c) 450 K, illustrating that SE peail) is composed of a mul-

As we have mentioned in Sec. Il D, SE pe@h at 10 K tltygg of narrow 0.1 nm peal;s thatsdo not noticeably tTIroadznf
for the InGaN/GaN MQW sample with barrier Si doping of with increasing temperature. These SE spectra were collected for
8 . -3 - . < = excitation densities twice the SE threshold for the respective tem-
n=2x10"cm 3 was observed to be a statistical distribu-

. . T : peratures. The SPE specfidotted line$ are also shown for exci-
t'_on ofa mUIt'tu,de of narrow(“o_'l nm emission Ilnes(sge . tation densities half of the SE threshold at each temperature. The SE
Fig. 12. No noticeable broadening of these narrow emissioypectra have been normalized for clarity.

lines in SE peak1l) was observed as the temperature was

tuned fr-Om 10 K to 575 K. This is illustrated in Flg 18. an exponentia| dependence. Itis ||ke|y that such a'gWS
Dotted lines represent the broad SPE spectra taken at pumgge to the large localization of carriers in MQW’s. The solid
ing densities approximately half that of the SE threshold forline in F|g lqb) represents the best result of the least-
each temperature. As we raigg.abovel,, a considerable  squares fit of the experimental data to the empirical form
spectral narrowing occ_w(solld lines in Fig. 18 The emis- Lin(T) =1,exp(T/T,) for the temperature dependence of the
sion spectra are comprised of many narrow peaks of less thaf} . The characteristic temperatuf®,, was estimated to be
0.1 nm FWHM. The major effect of the temperature changej62 K in the temperature range of 175-575 K for this
from 200 K[Fig. 18a)] to 450 K[Fig. 18(c)] was a shift of  sample. This value of characteristic temperature is consider-
the SPE and SE peaks toward lower energy. ably larger than the near RT values reported for laser struc-
We found that an increase in the temperature leads t0 gres pased on other lll-YRefs. 40 and 4land I1-VI (Refs.
decrease in PL intensity. This indicates the onset of efficiengs gnq 43 materials, where the relatively small valuesTof
losses and a decrease in quantum efficiency of MQW's. Afyere a strong limiting factor for high-temperature laser op-
high temperatures, only a small fraction of carriers reachsration. Such a low sensitivity of thi, to temperature
conduction-band minima, and most of them recombine NONzhanges in IxGa,_,N/GaN MQW’s opens up enormous op-
radiatively. The modal gain depends only on radiatively re-notynities for their high-temperature applications. The laser
combining carriers. Therefore, the temperature increase effgigdes with InGa,_,N/GaN lasing mediums can potentially

ciently decreases modal gain and leads to an increase in t'@)?)erate at temperatures exceeding RT by a few hundred de-
SE threshold. To evaluate the number of carriers that recomyrees Kelvin.

bine radiatively, we studied the integrated PL intensity as a
function of excitation power for different temperatures, as
shown in Fig. 18a). For the temperature range studied, we
found that under low excitation densities, the integrated in- The main objective of this paper is to discuss the respon-
tensity li,ieq from the sample almost linearly increases with sible SPE and SE mechanisms in state-of-the-art blue-light-
pump densityl , (i.e.Iimegoclg, whereg=0.8-1.3), whereas emitting InGa _,N/GaN MQW structures grown on sap-
at high excitation densities, this dependence becomes superhire. Recently, the influence of IEF and CLO on optical
linear (i.e., Iimegoclg, where b=2.2-3.0). The excitation properties in both GaN/AGa N and InGa _,N/GaN
pump power at which the slope bf,..4 changes corresponds QW's has been reported by several authors. One notes that
to Iy, at a given temperature. Interestingly, the slopes ofhe emission characteristics may be influenced by the mate-
linteg below and above thé, do not significantly change rial system(e.g., GaN/AlGa _,N or In,Ga _,N/GaN) and
over the temperature range involved in this study. This realloy composition in the active regiofe.g., x<<0.1 or x
flects that the mechanism of SE in InGaN/GaN MQW's at>0.15 in InGa,_,N/GaN QW's, as well as other structural
RT remains the same as we raise the temperature to hundreplioperties(e.g., well thickness, doping concentration, num-
of degrees above RT. ber of QW’s, eto. The InGa _,N/GaN QW samples used
The temperature dependencel gfis shown in Fig. 1¢b) in this work have sufficient In composition to move emission
(solid dotg. SE was observed throughout the entire temperawavelengths into the blue region of the visible spectrum. In
ture range studied, from 175 K to 575 K. The SE thresholdhe case of IgGa _,N/GaN QW'’s, unfortunately, both IEF
was measured to be 25 kW/cnt at 175 K,~55 kW/cnf at  and CLO effects may be generally enhanced with increasing
300 K, and~300 kWi/cnt at 575 K, and roughly followed In alloy composition(at least up to 50% which makes it

InGaN/GaN
MQw

Intensity (arb. units)

IV. DISCUSSION
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() a Stokes shift between the emission peak energy and
absorption edgéFig. 1), (b) a redshift behavior of emission
with decay time(equivalently, a rise in decay time with de-
creasing emission energgFig. 1), and(c) a blueshift behav-
ior of emission with increasing optical power dens(gig.
2). Interestingly, although many groups observed similar ex-
perimental findings for the QW's, their interpretations on the
observations have been quite different and the observations
have been used to support both the IEF and CLO models.
The main reason is that these observations may be—at least
qualitatively—explained in terms of both the IEF and CLO
models®'244as follows. In the presence of an IEF, the elec-
trons and holes are separated to opposite sides within the
InGaN/GaN ] In,Ga 4N wells. An overlap between the wave functions of
MQW these spatially separated electrons and holes allows their ra-
s diative recombination within the wells at a lower energy than
100 1000 if there is no IEF[ observation(@)]. When carriers are either
. optically or electrically generated, the generated carriers par-
Pump Density (kW/sz) tially screen the IEF, and thus, separated electrons and holes
come spatially closer together. Accordingly, the effective
band gap that was reduced by the IEF begins to approach the
band gap without the IEFobservation(c)]. As time pro-
ceeds, the generated carriers recombine, and hence, the IEF
screened by the generated carriers recop@sservatior(b)].
In the presence of CLO, on the other hand, large potential
fluctuations result in the emission from localized carriers at
potential minima while the absorption mostly occurs at the
average potential enerdpbservation(a)]. As the excitation
] power increases, the carriers can fill the band-tail states of
the fluctuations and thus the average emission energy in-
] creasegobservation(c)]. As time proceeds, the carriers go
down to the lower band-tail states and shows the redshift
] behavior with timg observation(b)]. Accordingly, the trend
Ien(T)=1,exp(T/T,) of the above experimental observatid@s, (b), and(c) can
T =162K E be plausibly explained by the IE&nd/or CLO models, es-
‘ pecially for the case of §iGa _,N/GaN QW's. Because of
0 [ this ambiguity, therefore, one could not strongly argue which
150 200 250 300 350 400 450 500 550 600 effect is the _predomlngnt emission mechanism without more
direct experimental evidence. Although we do not rule out
Temperature (K) the influence of IEF in the Ga_,N/GaN QW'’s, most of
our observations in this study cannot be explained in the

FIG. 19. (a) Integrated intensity of InGaN/GaN MQW emission framework of the IEREHP) alone for SPESE), without the
as a function of optical excitation density for different temperatures.consider(,jltion of strong CLO, as follows '

The slope change from 0.8-1.3 to 2.2—-3.0 indicates the transition The nonlinear optical properties of band-tail states in

from SPE to SE(b) Temperature dependence of the SE threshold in,_. . ; . .
the temperaturé Zangepof 175—572 K for the InGaN/GaN MQthlghly eX.Clted InQaN/QaN MQW's have been investigated
sample. The solid line represents the best least-squares fit to f Ing Va”able's.mpe gain spectroscopy and nanosecond non-
experimental datgsolid dot3. A characteristic temperature of 162 egenerat_e optical pump-probe spectrosc(spya Sec. Il 8. .
K is derived from the fit over the temperature range of 175-575 k_The experimental results were ComPa“_"-‘d with thosg_obtalned
from an InGaN layer of comparable indium composition. We
difficult to extract one effect from the other. Although one observedd) a large blueshift behavior in the gain maximum
may try to excludgor reduce the influence of alloy compo- with increasing pump power in variable stripe gain spectros-
sitional fluctuation by introducing sample configurationscopy (Figs. 3 and # and (e) an absorption bleachingn-
with nonalloy (or small-alloy active regions, such as duced transparengybehavior with increasing pump power
GaN/ALGa N QW's, the results obtained from these density in nondegenerate pump-probe experiméhigs. 5
samples may not necessarily be extended to the case ahd 6. Optical gain studies showed substantial blueshifts in
samples with rather large-alloy active regions, such as théhe gain maximum with increasing above-gap optical excita-
blue-emitting InGa, _,N/GaN QW'’s presented in this work. tion. The blueshifting behavior was attributed to the filling of
First, we note that most of the earlier works by severallocalized band-tail states due to the intense optical pump.
groups using optical properties to assign the responsible réhe large spectral region covered by the blueshift evidences
combination mechanism mainly relied on some of the fol-the large magnitude of the potential fluctuations present in
lowing experimental observationas shown in Sec. lll A  the InGaN active layers. Nanosecond nondegenerate optical

Integrated Intensity (arb. units)
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pump-probe spectroscopy of the near band edge transitiorfh an abnormal temperature-induced “S-shaped” emission
shows strong bleaching of band-tail states with increasinghift and its carrier dynamics as a function of temperature
above-gap optical excitation. The magnitude of the bleachingFigs. 15, 16, and 17 (m) a narrow FWHM of SE spectra
was found to be significantly affected by the onset of SE@nd its temperature invariance in the temperature range of
indicating the carriers responsible for bleaching and SE shark75—575 K(Fig. 18, and(n) an extremely low SE threshold
the same recombination channels. These results providéensity and rather low temperature dependence of SE thresh-
strong evidence for the dominance of localized state recon!d (Fig. 19. The integrated PL intensity and carrier lifetime

bination in the gain and SE spectra of theGa, _,N/GaN @S @ function of temperature reveal that the InGaN-related
heterostructures. X emission is strongly affected by the change in carrier recom-

Excitation energy dependence studies of SPE and SE SuPina\tion dynamics with increasing temperature. The anoma-

ply important information about the energy boundary be-0US temperature-induced emission behavior is attributed to
tween localized and delocalized statsse Sec. Ill G We the inhomogeneity and carrier localization in the MQW'’s.

observedf) different PL spectra for different excitation pho- Therefore, the InGaN-related SPE features are significantly

ton energies above and below the GaN band gap with Cor{;}ffected by different carrier recombination dynamics that

firmation through an evolution of PLE spectra as a function/@"y With temperature, because of band-tail states arising

. . . from large In alloy fluctuations, layer thickness variations,
of detection energy in InGaN emissidRigs. 7 and 8 (g) a ; . )
mobility edge type behavior in SPE spectra as the excitatioﬁmd/ or clie.fecktj n thﬁ MfQW S- WE n?':eElt:ha;c obse(vre]l(IOns
photon energy is tuned across the states responsible for tﬁ]%t exp amafeclrll_to € lramewpr 0 h alone without cor:(—j
broadened absorption edge of the InGaN-active redibigs sideration o - Increasing the temperature wou
9), and (h) a mobility edge type behavior in not only SE strongly affect the recombination features by means of ther-
spectra, but also the SE threshold with varying excitatiorfnaI filling of band tail states in the presence of CI_‘O' In
photon energy across the InGaN absorption band(Fagls other words, thermally populated carriers at band-tail states
10 and 11 Based on observatioff), we believe that tHe recombine with different average emission peak energies, de-

lower-energy tail states are more related to the interfacepending on the change in carrier lifetime and their thermal

; . Note that, even at RT, the temperature-induced blue-
related defects and roughness at the MQW interfaces rath&'€"Y . ' ' L
than to alloy fluctuations and impurities within the InGaN shift behavior of the SPE peak of InGaN/GaN MQW's is

wells. We note that SPE and SE peak energies are well bé_nll observable, and the emission peak energy is still lower

low the mobility edge obtained in the energy selective SP han the mobility edge, as shown by the energy selective PL

[ - i iments in Sec. Il C. This suggests that CLO plays an
and SE experimentgg) and (h)], respectively. The relative EXPENmMents in
position of the mobility edge with respect to the absorption/MPortant role in InGaN/GaN MQW structures even at RT

edge and the SPE and SE peak positions indicates the emgperation. The SE spectra observatiémy and (n) further

sion originates from carriers localized at low-energy bang-ndicate that the SE is strongly related to CLO, rather than
g 9y HP. We studied SE in optically pumped InGaN/GaN

tail states due to extremely large potential fluctuations in th .
y 1arge b QW’s in the temperature range of 175-575 K. The char-

InGaN-active layers of the MQW's. The results on SE cteristic temperature derived from the temperature depen
threshold density as a function of excitation energy is very"‘ ! -
Y gy ence of the SE threshold was 162 K. The integrated emis-

consistent with the PLE spectra, indicating the coupling ef-

ficiency of the exciting photons to the gain mechanism reSion Intensity versus pumping density was examined at

sponsible for the SE peak is correlated with that of the SI:,éjifferent temperatures. We observed that the slopes of the

mechanism. The correlation between the high-density beha\'/'jtegratecJ emiss_ipn intensity below and above the SE thresh-
ior and the low-density cw PLE results indicates that CI_Oold are not sensitive to temperature changes. We showed that

plays a significant role in both the SPE and SE processes.a low SE threshold and a weak temperature St_ensitivity pf the
To investigate SE features further, the dependence of S E threshold make JGa._ <N M.QW § an attraciive matenal
on excitation length in InGaN/GaN MQW structures was or the development of laser diodes operable well above RT.

. . . Finally, we emphasize that our observatigag (b), (c),
measuredsee Sec. Il D. (i) Two distinctly different SE ; .
peaks were observed with different dependencies on excit D, @), ar;]d (I_) are Cr??s'Stent with Ithe CLO model Ifqr the
tion length(Fig. 12. (j) The high-energy SE peak exhibits a >" = mechanism, whilé), (g), and(l) cannot be explained

strong redshift with increasing excitation length due to comY |EF alone without introducing the CLO effect. We also

petition between an easily saturable gain mechanism and gress that our S.E pbservatio@t), ), (h, .(i)' 0, (k), (’T‘)'
background absorption tail, while the lower-energy SE pea nd(n) strongly indicate that the responsible mechanism for

does not exhibit this reabsorption-induced redshift with in- E is also CLO, ratherl than EHP. Accord'ingly, we demon-
creasing excitation lengttFig. 13. (k) The presence of the strate that our observations are more consistent with the CLO

lower energy SE peak has been shown to be detrimental tIbnodel than the IEF and EHP models for SPE and SE, respec-

the higher energy SE peak due to gain competition in théVelY-

InGaN-active regior(Fig. 14). This competition may prove

to be an obstacle in the design of, Gy _,N-based high-

power laser diodes, where high current densities and/or long

cavity lengths can lead to a shift in the dominant gain mecha- We have systematically investigated both the spontaneous

nism and a change in emission characteristics. and stimulated emission properties of blue-light-emitting
The temperature dependence of the emission featurda,Ga _,N/GaN MQW structures on sapphire using various

gives important insight into the recombination mechanismlinear and nonlinear optical techniques. Our findings in the

responsible for the SPE and $&ee Sec. Il E We showed range from low (for spontaneous emissiprio high (for

V. CONCLUSIONS
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stimulated emissignoptical power densities are consistently indicate that the stimulated emission has the same micro-
understandable in the context of localization of photogenerscopic origin as the spontaneous emission, i.e., radiative re-
ated carriers associated with strong potential fluctuationssgombination of localized states. Consequently, we conclude
The excitation power, excitation photon energy, excitationthat carriers localized at potential fluctuations in
length, and temperature dependence of the emission shoy Ga, _,N-active layers and interfaces plays a key role in
carrier localization behaviors for both spontaneous anchot only spontaneous but also stimulated emission of state-

stimulated emission, demonstrating the presence anq imppéf_the_art blue-light-emitting lfGa, _N/GaN quantum-well
tant role of strong inhomogeneous potential fluctuations instryctures.

the InGa, _,N-active region and heterointerface vicinity.
The internal electric field effecfdue to spontaneous
and/or piezoelectric polariz_ati_a)ralone does not g_xplain the ACKNOWLEDGMENTS
observed spontaneous emission feat(eas., mobility-edge-
type behavior and an anomalous temperature dependence This work was supported by AFOSR, ARO, ONR, and
In addition, the comprehensive experimental results stronghpARPA.
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