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Spatial and temporal luminescence dynamics in an In  ,Ga;_,N single
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Akio Kaneta,® Koichi Okamoto, Yoichi Kawakami, and Shigeo Fuijita
Department of Electronic Science and Engineering, Kyoto University, Kyoto 606-8501, Japan

Giichi Marutsuki, Yukio Narukawa, and Takashi Mukai
Nichia Corporation, 491 Oka, Kaminaka, Anan, Tokushima, 774-8601 Japan

(Received 18 June 2002; accepted 14 October 002

Spatial distribution of photoluminescenéBL) with spectral, spatial, and/or time resolution has
been assessed in an,@y _,N single-quantum-wellSQW) structure using scanning near-field
optical microscopgSNOM) under illumination-collection mode at 18 K. The near-field PL images
revealed the variation of both intensity and peak energy in PL spectra according to the probing
location with the scale less than a few hundredths of a nanometer. PL linewidth, the value of which
was about 60 meV in macroscopic PL, was as small as 11.6 meV if the aperture size was reduced
to 30 nm. Clear spatial correlation was observed between PL intensity and peak wavelength, where
the regions of strong PL intensity correspond to those of long wavelength. Time-resolved SNOM—
PL study showed the critical evidence that supports the model of diffusion of carriers to potential
minima. © 2002 American Institute of Physic§DOI: 10.1063/1.152691]7

Current progress in the fabrication technology oftrometer developed at JASCO Corp. Two types of fibers
In,Ga _,N/GaN/Al,Ga _ N heterostructures has led to the were used in this study; double-tapered Ge-doped;SiO
achievement of near ultraviolet, violet, blue, green, and ameores with aperture diameter of 30 or 150 nm for detecting
ber light emitting diode$-3 Two models have been reported cw-PL, and single-tapered pure-SiCores with aperture di-
so far to account for luminescence dynamics of an InGaNameter of 300 nm for detecting TRPL. An,{Ba ,N-based
quantum well structure. The first one is that incorporation oflaser diode emitting at 400 nifleveloped at Nichia Corp.

In to Ga site is effective for suppressing nonradiative recomwas used as the excitation source of cw—PL. PL signal col-
bination centers related to point defett#snother one is the lected by the fiber probe was introduced into a monochro-
effect of exciton localization induced by compositional fluc- mator with spectral resolution of about 1 meV, and then de-
tuation of In, where the pathways of nonradiative recombi-tected by a cooled charge coupled device detetRuper
nation centers are hindered once excitons are captured g€ientific, Spec-10:400B/LN For the TRPL measurement,
potential minima® the frequency-doubled mode-locked,®%: Ti laser emitting

Several reports have recently been appeared on the sp@t 400 nm with the pulse width of 1.5 ps was used as an
tial mapping of luminescence in J6a,_ N single-quantum excitation source. A streak camefidamamatsu Photonics,
wells (SQWS by cathodoluminescende? or by photolumi- ~ C5680 was used as a detector.

nescencePL) using scanning-near field optical microscopy  Fi9ure 1 shows the PL mapping plotted with PL peak
(SNOM).29-18 Most of the SNOM results were obtained us- intensity[(a)] as well as with PL peak wavelendftb)] at 18

ing an illumination-mode system, which is very difficult to K under photoexcitation power density of 100 W/cosing

know whether excitons and/or carriers producing PL are di2 15.0 nm.aperture fiber probe. It was found that the relative
rectly photogenerated at the probe region or they are diﬁuse@l‘ intensity fluctuates from 1 to 6, and that the PL peak
from outside. This problem can be overcome by means of an
illumination-collection mod¥ developed recently for the as-
sessment of wide gap semiconductb&®

In this letter, the spatial inhomogeneiety and the tempo-
ral dynamics have been assessed at 18 K in a blue emittin(
In,Ga,_,N SQW by employing SNOM-PL and SNOM-
time-resolved PL(TRPL) under the illumination-collection
mode.

The sample is composed of sapphi@®02 substrate, a
1.5-um-thick undoped-GaN, a 2.@m-thick n-type GaN:Si,
a 3-nm-thick InGa_,N-SQW active layerX=about0.2) 1.0
and a 5-nm-thick undoped GaN layer. Macroscopic PL peak
is located at about 490 nm at room temperature. The mea-

surements were performed with NFS-300 near-field specFIG. 1. Near-field PL image mapped with PL peak intensityand peak
wavelength(b) at 18 K. The excitation power density is 100 Wmow
condition. The scanning area is#nx4 um using a 150 nm aperture fiber
dElectronic mail: kaneta@fuijita.kuee.kyoto-u.ac.jp probe.
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FIG. 2. (a) Near-field PL image mapped with PL peak intensity using a 300
nm aperture fiber probe at 18 Ko) PL lifetimes plotted as a function of the  FIG. 3. Time-integrated PL and TRPL spectra as a function of time after
position along the white bar shown {g). pulsed excitation obtained at position(d and position B(b) at 18 K. (c)
Decay spectra of PL intensity of position A and B.

wavelength is distributed from 470 to 490 nm, both of which
consist of island-like structures within the range approxi-PL peak at 458 nm decays with the lifetime of 3.8 ns, while
mately 0.1-1um. A clear correlation was observed betweenthe longer peak at 464 nm does with 6.4 ns. However, for the
the PL intensity and wavelength, where the areas of strongig. 3(b), the PL band is composed of single emission peak
PL intensity correspond to those of long PL wavelengthassociated with one LO-phonon replica, and decays with 8.4
(small PL peak energy Temperature dependence of macro-ns. Two emission bands with different PL lifetimes in Fig.
scopic PL measurements reveals that the internal quantuB{a) are probably because the two regions having different
efficiency (7;,) is nearly unity(0.9-1.0 below 100 K?°?!  energy levels are included within the probing aperture, and
The PL peak intensity marig. 1(a)] shows a relative inten- the excitons and/or carriers generated at the shorter wave-
sity variation of approximately 1-6, corresponding to thelength region transfer to the longer wavelength regions dis-
7int Variation of 0.17-1.00 if the maximum is 1.00. If non- tributed within or out of the aperture. Figure 4 shows the PL
radiative recombination alone explained the spatial variationpeak energies plotted as a function of excitation power under
then the spatially averaged quantum efficiency is estimatedw condition for two data points, namely for the weak inten-
to be 0.41 taking into account the area of each PL intensitysity region[averaged 100 data point for smaller value than
This value is much smaller than unity that is the macroscopi@5% of PL maximum intensity I(,5)], and for the strong
nint @S mention earlier. Therefore, nonradiative recombinaintensity regions(averaged 100 data point for larger value
tion alone cannot explain the results; diffusion of carrersthan 75% ofl ). The PL peak energy increases with in-
from the low-intensity to the high-intensity regions must oc-creasing excitation power in both the strong intensity region
cur. and the weak intensity region. However, the blueshift is
In order to confirm such a mechanism, TRPL was emdarger in the weak intensity region than in the strong intensity
ployed under SNOM configuration. Figurda® shows the region for the same excitation intensity. These results can be
PL-image mapped with the cw PL intensity taken with thisexplained by assuming that the density of states of localized
fiber probe under 100 W/cm TRPL was detected across the levels decreases with increasing localization depth. Hence,
white bar drawn in the figure with the photoexcitation energymore filling of the exciton and/or carrier band occurs in the
density is 14uJd/cnt. PL lifetimes of the emission peak are weak intensity region than in the strong intensity region for
plotted as a function of position as shown in Figh)2It was  the same excitation intensity. An additional factor that prob-
found that the short lifetime&2.5—4.8 n¥ rapidly jump to
the longer one$7.6—9.0 nyat about 0.75um. This position

Carrier densty (cm-?)

corresponds to the boundary where PL intensity changes 101 10" 102

from approximately 2.5 to 5.0. The PL lifetime) is ex- T A

pressed by the equation by, 74/=1/Traq+ UTnonrad 264 18K 1470.0
J_r 1/7':[ran§v where 7,44 a_nd Thonrad @€ radiative and nonradia- g g2 | T €
t_|ve_ lifetimes, resp_ectlvely, aneh, s repr_e_sents the transfer > i * ] 475.0::‘5
lifetime to lower lying energy levels arising from the local- % 260 | “ B
ization phenomena. As mentioned earlier, the term of 2 2
1/monragCan be neglected at this temperature. Therefore, the § 258 + 3 weak intensity '480'0§
shorter lifetimes at weak PL regions are contributed from the o regon

transfer lifetimes. This can be interpreted as PL peak ener- 256 [ oogon " 1ags0
gies of such regions are smaller than other surrounding re- T AT BT Y S

gions. Figures &) and 3b) show the time-integrated PL, as Excitation power (W/crf)

well as time-resolved PL spectra as a function of time after _
FIG. 4. PL peak energy as well as PL peak wavelength as a function of

pulsed excitation monitored at positions A and B, respec- > ™ . . . .
. . . . . . excitation power density at 18 K, averaged at weak PL intensity region, and
tively. Time-integrated PL spectrum in Fig(e@ is composed 4 strong PL intensity region. The error bar shows the distribution of the

of two-emission bands peaking at 458 and 464 nm. The maigata.
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