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Recombination dynamics of localized excitons in InGaN quantum dots
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Indium-rich fluctuations in ultrathin InGaN layers act at low temperatures as a dense ensemble of
quantum dotgQD). This leads to a complex potential landscape with localization sites of widely
varying depth for excitons. We report on investigations of the recombination mechanisms of
excitons localized in InGaN/GaN QD structures by time-resolved and spatially resolved
photoluminescence(PL) measurements. The structures were grown by metal-organic
chemical-vapor deposition on §i11) substrates. Sharp lines originating from single QDs could be
observed. Their PL decays show monoexponential behavior. Similar transition energies have
different time constants. Thus, the well-known nonexponential PL decay of the QD ensemble is
assigned to the summation of monoexponential decays originating from individual QDs with
different exciton lifetimes. €004 American Institute of PhysidPDOl: 10.1063/1.1790599

Group Il nitride-based optoelectronic devices are usedample was masked with a 70 nm thick metal cap leaving
in a wide range of applications due to their large band gampertures of about 200 nm diam for spatially resolved inves-
range. InGaN/GaN heterostructures form the active layer iigations. Previous cathodoluminescence investigations dem-
blue-green light-emitting dioded_ED’s) and laser diodes onstrate emission lines originating from single QD states.
commercially available toda"yQuantum do(QD) structures The InGaN QD sample was investigated by time-
could still improve their performance enormou%ly] par-  resolved and time-integrated PL spectroscopy. The QD lumi-
ticular, InGaN QD lasers are expected to have low-thresholdiescence was excited at 353 nm by the second harmonic
current density and better temperature stability comparewave of a mode-locked Ti:sapphire laser. The temporal width
with conventional blue lasers with InGaN quantum wellsof the laser pulses was 2 ps at a repetition rate of 80 MHz.
(QW).? Consequently, InGaN QD structures have been intenThe PL measurements were performed in a helium-flow mi-
sively investigated in recent times. Growth of nanometercroscope cryostat at a temperature of 5 K. The luminescence
scaled islands, similar to the well-known Stranski-Krastanovight was collected through a microscope objective. While
growth mode, as well as QD properties of In-rich fluctua-the luminescence of the entire QD ensemble was detected
tions were reported.’ Spatially resolved luminescence ex- from unmasked areas, single QD luminescence was detected
periments demonstrated sharp emission lines originatinghrough 200 nm apertures in the metal mask. The detection
from single QD states witlé-like density of state4® Time- ~ System consisted of two 0.35 m McPherson monochromators
resolved luminescence investigations on such emission lindd subtractive mode and an ultrafast photo detectoulti-
were reported. Nevertheless, the processes that govern th€hannel platge providing a spectral resolution of about
recombination dynamic of an exciton localized in individual 1 meV and a time resolution of better than 30 ps.

InGaN QDs are still poorly understood. For a deeper com-  The PL spectrum of the entire QD ensemffég. 1(a)]
prehension of these processes a single QD state and its intd1as its maximum at 3.05 eV and a full width at half of maxi-
action with the whole QD ensemble is to be studied. mum (FWHM) of 75 meV. Sharp emission lines of discrete

In this letter we present time-resolved photolumines-QD states were observed from 2.8—3.2 eV indicating QD
cence(PL) investigations on InGaN QD structures. Monoex- 0rigin of the entire emissiofiln Fig. 1(b) the decay of the
ponential decay of the PL is determined for emission linedntegral PL intensity is shown. No rise time was found. A
from single QDs. Meanwhile a nonexponential decay wadonexponential decay was observed. Therefore, we fitted our
observed for the luminescence of the entire QD ensemblélata with stretched exponential model
This behgvior.is gttriputed to disorder in the size and in the 1(t) = Iy exp— (t/7* )P, (1)
composition distribution of the QDs.

The sample was grown by low-pressure metal-organigleveloped for heavily disordered materiajdashed line in
chemical-vapor depositiotMOCVD) on Si(111) substrate. Fig. 1(b)]. Here,7* is the time constant ang is the stretch-
The growth process is described elsewHeReevious cross- ing parameter. The variation ¢ from unity is a measure for
section TEM measurements showed composition fluctuationthe degree of disorder in the material. For the investigated
in the InGaN layer with indium-rich domains. Their lateral QD ensembleg~0.80 was obtained. This well-known non-
size of about 5 nm is comparable to the exciton Bohr radiusexponential behavif*was previously interpreted as a tem-
thus small enough to provide not only strong localization ofporal dependence of the decay time. It was attributed to the
excitons, but also confinement of their wave functions. Thescreening of piezoelectric fields, which influences electron-

hole wave-function overlap through the quantum-confined
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a characteristic energy for the density of states. The latter
FIG. 1. (a) Time-integrated ensemble PL, time constanof the 1/e decay parameter is a measure for the average localization energy of
(squarepand the fitting parametet* (triangles, fit with Eq. (2) (solid line). the QDs.E, denotes the change from three-dimensional-
(b) Time-resolved ensemble PL, Fits with Ed) (dashed lingand Morelet localized QD states to QW states with higher exciton mobil-
al. (Ref. 5 (solid line). ity. Above this energy the transfer of excitons is more prob-
able than their radiative decéﬁ/Applying Eq.(2) [solid line

while progressive depopulation would be followed by ngriagée](al))]in)g?r:gs gnreargifti\é%:ieﬂ?fng\f;radf;g%aﬁsé an
me

electron-hole separation and result in increasing lifetifes. —3.17 eV. The most striking result is that nearly the whole
This effect should be dependent on excitation density. W\ is emitted at energies belok,. Thus, the spectral de-

observed that a decrease of the excitation density of tW‘Eﬁendence of* and 7, yields another unambiguous proof for
orders of magnitude did not result in any change of the shapgye QD origin of the luminescence. While E) gives a
or the time constant of the transient PL. good approximation for our results at higher energies, both,
An alternative explanation can be related to a broad dis+ and 7, differ from the fitting curve on the low energy tail
tribution of exciton lifetimes in QDs with similar transition of the QD ensemble emission band. We attribute the decrease
energies. Morekt al? attribute this variation of lifetimes to of the decay times with lower energy to an increasing con-
an in-plane separation of electrons and holes in different lofinement of excitons in QDs with higher localization energy
calization centers. Though this model yields a good approxi@nd thus with a higher electron-hole overlap.

mation of our resultsolid line in Fig. 1b)], it will be The dynamics of excitons in single QDs were investi-

shown that individual QDs have different exciton lifetimes g_ated usmgL-PL. Flgur(_a 2 ShOWS the tranS|ent_behaV|or of a
ngle QD line emphasized in the inset. Superimposed to the

i . i
and that this leads to the nonexponential decay of the QEztudied line there is a background signal that made up to
ensemble. 70% of the PL intensity. This background signal is attributed

In Fig. 1(a) the spectral dependence of the PL time con-g |yminescence light from the QD ensemble transmitted
stants is shown. The fitting parametérfrom the stretched  through the mask and scattered light from other mask holes.
exponential as well as the & bHecay timer, are presented. To eliminate the transient behavior of the background and
Both time constants show a similar spectral dependencésolate the single QD emission line, two transients for each
Their decrease with increasing energies is generated by ti@D line were recorded: one detected at the maximum of the
rise of transfer processes from QDs providing smaller localline and one 5-10 meV aside. Since the changes in the PL

ization energy. Hence, the decrease of the decay time witdynamic of the entire QD ensemble are negligible for energy

increasing energies indicates the rising contribution of nondifferences of a few me\see also Fig. i the latter transient

radiative recombination of localized excitons. To determingV@S subtracted from the first to obtain the true PL decay of

. . 8
the radiative lifetime of the localized excitons as well as theirthe single QD state as suggesﬁed by Roblqeoml. As .
opposed to the ensemble luminescence, single QD lines

average binding energy and mobility properties, we evalu'show a single-exponential behavior. Their decay times range

ated the results with a model introduced by Gourdon angyetween 0.4 and 1.6 ns.

Lavallard" accounting for lateral energy transfer in a high- | Figure 3 the observed decay times as a function of the
density QD ensemble. Assuming the density of tail states isransition energy are depicted for the ensemble luminescence
proportional to exp-E/E,) the PL decay time for excitons in (squarepand for the investigated single QDsiangley. A
localized states as a function of the spectral position can blrge spread of the latter was observed even at similar detec-
described by tion energies. Consequently, QD states with the same transi-

tion energy do not necessarily have the same exciton life-
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16] i IK I ' ' ] For QDs of a subensemble this leads to different time con-
] ; - 351 ov I ] stants. Thus, the nonexponential PL decay is assigned to the
1.4 Ex. ) I 8 summation of monoexponential decays originating from in-
% 1 1 I I - dividual QDs.
c 1.2 1L T e . . . . .
< | i I ] In conclusion, the recombination dynamics of excitons
£ 1.0 Lot g localized in a single InGaN QD was compared to the recom-
'; 1 . 1 bination dynamics of the entire QD ensemble. The dynamic
@ 0.8 . =" u i i ’ ;
S . . of the exciton decay was found to be monoexponential. The
® {im n ] . . .
0 g6 i nonexponential PL decay of the entire QD ensemble gives an
1 = QD ensemble " 1 unambiguous proof that the disorder of the QD system gov-
0.4+ + single QD - L erns the recombination dynamics.
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