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The temperature dependences of the peak position and width of the photoluminescence band in
Algqlng 01:Gay g layers were explained by Monte Carlo simulation of exciton localization and
hopping. The introduction of a doubled-scaled potential profile due to inhomogeneous distribution
of indium allowed obtaining a good quantitative fit of the experimental data. Hopping of excitons
was assumed to occur through localized states distributed on a 16 meV energy scale within the
In-rich clusters with the average energy in these clusters dispersed on a(Kk2gere\) scale.

© 2003 American Institute of Physic§DOI: 10.1063/1.1625111

Group-lll nitride based visible-ultraviolet light emitters bution within a finite lifetime (leading to a narrower
have attracted a great deal of attention due to their potentidinewidth).
applications in lighting, fluorescence excitation, medicine, A quantitative model of the anomalous behavior of the
etc! The progress in improving efficiency of light emitting emission band was developed for either extremely-law
diodes as well as in achieving an increasingly shorter emismost “zero”) temperatures or relatively high temperatures
sion wavelength continues rapidiy.Introduction of indium  with carriers being already under thermal equilibrium condi-
and/or aluminum into GaN plays a key role in strain andtions. In the case of almost zero temperatures, the initial
band engineering of nitridésIndium is demonstrated to redshift of the band peak was successfully described in
smooth the chaotic band-tail potential induced by partial disznSe-based quantum wells within the framework of the ki-
order in the nitride alloys due to composition fluctuatns netic theory*® At high temperatures, typically at>80 K, a
and, thus, facilitates hopping of localized excitons at lowmodel that accounts for the temperature-induced blueshift of
temperature§.An “anomalous” S-shaped temperature de- the PL peak in InGaN-based structures was proposed by as-
pendence of the photoluminescertP&) band peak observed suming a Gaussian distribution of localized stdtefwever,
in InGaN,®AlGaN,® and AllnGaN®"?as well as W-shaped neither the S-shaped PL band peak nor W-shaped linewidth
dependence of the full width at half maximuWHM)'***  temperature dependences were quantitatively described for
are usually considered as a signature of exciton hopffif§.  nitrides in a wider temperature range.

The following qualitative explanation of the anomalous  |n this letter, we report on Monte Carlo simulation of
temperature behavior of the emission band in semiconduqemperature dynamics of the localized exciton hopping in
tors was proposed to interpret the observation of this pheguaternary AlinGaN, that is a general example of group-lIi
nomenon in InGaAs/InP single quantum weifsAn initial  nitride alloy with the qualitative features of exciton motion
temperature-induced redshift of the band peak was attributegequced from temperature and excitation power density PL
to an increased mobility of excitons and, hence, their abilitygependence’!® The simulation results enabled us to obtain
to move over longer distances to deeper localized states. Thequantitative description of the nonmonotonous temperature
blueshift that is observed with further increase of the temyehavior of the Stokes shift and linewidth in In-containing
perature was attributed to the population of the localizedyroyp-11 nitride alloy in the temperature range of 8—150 K.
exciton states with increasingly higher energy, whereas the Figure 1 shows the experimentgoints and calculated
subsequent redshift is due to the typical band gap shrinkag(sﬁnes) PL dependences of the Stokes shift and FWHM
with temperature. An abrupt increase of the linewidth withgs  fynctions  of temperature for a  Qu2n-thick
temperature was related to thermalization of excitons OVeA|,,Iny 0;GasN sample. The measured PL Stokes shift
localized states, as opposed to the situation at lower tempergfightly increases with increasing temperature from 8 to 60 K
tures with excitons being unable to attain equilibrium distri- 344 decreases with a further increase of temperature up to
300 K, the highest temperature used in this study. The PL
dElectronic mail: karolis.kazlauskas@ff.vu.lt linewidth also features a nonmonotonous temperature behav-
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events, either hopping to another state or radiative annihila-
0 10 200 300 tion from a current state, was randomly selected. The ener-
Temperature (K) gieg Qf t_he localized states at which the event of radi_atiye
annihilation occurred were recorded to compose the emission

FIG. 1. Experimentalpointy and calculatedlines temperature depen- SP€ctra. Since a relatively thick epilay@.2 um) was con-

dences of the Stokes shife) and FWHM (b) in the Aly4Ing0:Ga N sidered, a three-dimensional version of the Monte Carlo
sample. Dashed lines, straightforward Monte Carlo simulation for the posimulation procedure was used.

tential roughness=16 meV; solid lines, results for double-scaled potential . . . .

profile with an additional broadenind’=42 me\) due to dispersion in _The dashed lines in Fig. l_ depl(?t the _reSUItS of the
average localization energy of In-rich clusters. Dotted lines indicate theStraightforward Monte Carlo simulation with the most
thermalized behavior according to the band-tail-filling model. relevant set of fitting parametens,ro=3X 10° and Na3

=0.1, respectively. Although the simulated temperature de-

ior. The linewidth increases with temperature in the range opendence of the Stokes shift quantitatively agrees with the

8—75 K, remains almost constant for 75-170 K and agairfXPerimental on¢Fig. 1(a)], the simulated FWHM appears
increases for 170—300 K. to be much narrower than the measured valigg. 1(b)].

The dotted line in Fig. 1 shows the temperature evoluAS expected af >80 K, thermal equilibrium is established
tion of the Stokes shift and FWHM in accordance with the@nd the Monte Carlo simulation yields identical results with
band-tail-filing model for thermalized carriers with the the band-tail-filing model, i.e., a monotonously decreasing
Gaussian distribution of localized states and dispersionStokes shift and a temperature independent linew(dditted

=16 meV’ This model provides the following expression lines.

for the temperature dependence of the Stokes shift: To achieve a quantitative description of the temperature
dependence of both the Stokes shift and FWHM in the entire
Estokes= — 02/KgT (1) temperature range, we propose a model of a double-scaled

potential profile in an AlinGaN alloy. The model implies the

and yields the temperature independent valuem{/ﬂ for ~ formation of In-rich clusters due to composition fluctuations
FWHM. However, the validity of this latter model under in AlinGaN (see the sketch of the proposed potential profile
conditions of thermal equilibrium restricts its use to rela-in Fig. 2). Within the framework of this model at low tem-
tively high temperatures. Hence, this model is only capablgeratures, exciton hopping over chaotic potential fluctuations
to describe the Stokes shift in the temperature range of 80with a roughnessr is restricted within the native cluster.
150 K. The initial increase of the Stokes shift in the tempera-Consequently, the overall emission band is a superposition of
ture range of 8—60 K can be caused by redistribution oharrow bands due to exciton annihilation in each cluster. Be-
nonthermalized excitons into lower-energy localized sttes. cause of the fluctuations in size or/and in indium content,

To have a complete description of the PL temperaturd.e., in average localization energy of the individual In-rich
dynamics we employed the Monte Carlo simulation proce-lusters, an additional inhomogeneous line broaderdings
dure (similar to that described in Refs. 16 and)¥®r the introduced. Our model is supported by experiments that re-
phonon-assisted exciton hopping over localized states distealed the variation of the band peak energy at different
tributed randomly in space with a densi§. The hopping iocations within samples owning to the inhomogeneity In
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with 1% of In with the roughness of the potential profile in
the individual clusters of 16 meV and their distribution in
average localization energy of 42 meV. We suggest that the
proposed model could be successfully applied to describe the
temperature behavior of the emission band in ternary nitrides
as well.
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