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Influence of trapping on the exciton dynamics of Al xGaj_,As films
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We present a systematic study on the exciton relaxation in high-purity AlGaAs epilayers. The time
for the excitonic photoluminescence to reach its maximum intensity, defindg,asshows a
nonmonotonic dependence on excitation density which is attributed to a competition between
exciton localization and carrier—carrier scattering. A phenomenological four level model fully
describes the influence of exciton localizationtgy,. This localization effect is enhanced by the
increase of the Al content in the alloy and disappears when localization is hindered by rising the
lattice temperature above the exciton trapping energy20©5 American Institute of Physics
[DOI: 10.1063/1.1885173

The simultaneous availability of commercial pulsed la-PL was energy and time resolved by a synchroscan streak
sers and of nanostructured semiconductors in the late 1970&amera in conjunction with a spectrometer. The time and
concentrated the attention of the optical studies on carrieenergy resolution of the overall setup is better than 12 ps and
dynamics on these heterostructures, diverting it from bulk).4 meV, respectively. A low-temperature cw PL excitation
[1I-V materials. GaAs and AlGaAs are the constituent mate-characterization of the samplésot shown herg allowed a
rials of many heterostructures like VCSELS, superlatticesprecise determination of the free and bound exciton emission
microcavities, cavity LEDs, or GRINSCH. The light emis- peaks(FX and BX, respectively. Despite the presence of
sion characteristics of these heterostructures are fairly welpcalization centers, the narrowness of the excitonic lines
understood as they have been the subject of intense study fdfitll width at half maximum below 1 meV for the GaAs
the past decadeA precise knowledge of the properties of epilaye) guarantees the good quality of the samples.
their elemental constituents is needed for the complete un- Figure 1 shows the PL spectra at 5 K and low excitation
derstanding of the behavior of these devices and for the delensity(n=1.8x 10" cm™®) of the GaAs(black ling andx
sign of future systems based on these materials. Howeve¥,0.03(grey ling samples 1 ns after the excitation. The PL is
little attention has been paid to the luminescence dynamicgominated by the emission froFX andBX (A%-X, D%-X), as
of bulk GaAs, and even less to that of AlGaAs. Only recentlywell as by electron-acceptde-A°) recombination(peaks
some work€™* which complement but not complete older have been identified following Refs. 7 and)18n exciton
scattered studies? have investigated the emission dynamicslocalization energy in acceptor related sites, of about
just in GaAs, since good alloy samples have not been avail-7 meV, can be extracted from the peaks’ position. At low
able. However, important issues in 1lI-V alloys, such as theexcitation densities, thBX luminescence overcomes that of

influence of defects or aluminum content on the exciton dytheFXas the Al fraction in the alloy is augmented, due to the
namics, have not been addressed. increase in the number of defects. However, at high excita-

In this letter, we present a systematic study of the effection densities(n~7.5x10'°cm™) the PL is completely
of exciton localization on the photoluminescen¢eL)  dominated by th&X emission in all samples. In the analysis
buildup in bulk GaAs and AGa,_,As with x up to 0.05. In of the_ time-resolved PL we will concentrate on th¥ and
the past, exciton localization effects in bulk GaAsand A%-X lines.
quantum well§QWs),>** have mainly been studied through
their influence on the excitonic luminescence decay time.
Still we have found that exciton localization has a stronger
influence on the rise dynamics, which we characterize by the
time the free-exciton PL takes to reach its maximuip,.

We investigated four high quality &Ba,_,As epilayers
of 2.5um thickness, with Al concentratiox=0,0.015, 0.03,
and 0.05, grown by molecular beam epitd&yAll the
samples, which were nominally undoped, showgtlype
conductivity with hole concentrations in the range 1-8
X 10" cm3. The samples were mounted on a cold finger
cryostat, which enabled precise control of the temperature
between 5 and 45 K, and were nonresonantly photoexcited 1505 1510 1515153 158 155 156
with a Ti:sapphire laser that produced 2 ps long pulses. The Energy (eV)
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FIG. 1. Low temperaturé5 K) PL spectra of the GaAglack line andx
dauthor to whom correspondence should be addressed; electronic mait:0.03(grey line samples recorded at a delay of 1 ns after excitaf@ei-
alberto.amo@uam.es tation density 1.& 10* cm3; excitation energy 1.630 8V
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FIG. 3. (Color online (a) Time for the free exciton to reach its maximum

FIG. 2. (Color onling (a) Time evolution of theFX (solid dot3 and theBX intensity, ta @s a function of excitation density in the four investigated
(A%-X; open dots for the GaAs sampléexcitation density 1.& 10 cm3, Al,Ga;_,As epilayers at a lattice temperature of 5 K. Aluminum content is
T=5 K); (b) same asa) for the AL,Ga, ,As x=0.03 samplet,., is indicated indicated in each curveb) t,,,, as a function of excitation density for the
by horizontal bars. The solid lines are fits to the model described in the tex&aAs sample at different lattice temperatures.
(1=464 ps, 15=1240 ps, andr,=7,5=565 ps for GaAs The inset shows
the level scheme and the transitions considered in the model.

the temporal traces extracted from the four-level model to

the FX andBX data. For the sake of reducing the number of
Figure 2 depicts the time evolution of theX (solid  fitting parameters, the fits were performed assuming the
pointy and A%-X (BX; open points emissions for the GaAs same recombination times fé¥X and BX (7,=7g). Good
and thex=0.03 samples under the same conditions as in Figagreement is found between the experiments and the fits.
1. tnax Which can be easily assigned, as indicated in theFrom the fitting parameters we have found a trapping tigie
figure by the horizontal bars, is considerably longer for thefour times shorter in th&=0.03 epilayer than in the GaAs
GaAs than for thex=0.03 sample. We have observed thatone, evidencing a density of traps about four times greater in
tmax i also longer for théX than for theFX (Fig. 2 in all  the x=0.03 sample 5o [trapg~).”
investigated samples, revealing longer energy relaxation pro-  Figure 3a) shows the dependence of tRX-t 0 ON €X-
cesses in the case of tiBX. In addition, as can be clearly citation density at 5 K for the four investigated epilayers. All
seen for GaAs in Fig. (), the BX presents a concave time the samples show a similar nonmonotonic behatievith a
evolution at short times after the excitation, while that of themaximumt,,,, at a carrier densitp~ 1.2x 10'® cmi3=n,,.
FX'is convex. The concave curvature of tBX traces indi-  This density corresponds to a mean distance between exci-
cates that the buildup of thBX population results from a tons of~40 nm, which is of the same order of magnitude as
multistep relaxation process. Both facts, the shaytgy for the exciton Bohr radiugag) in GaAs(11.2 nm. Hence, for
FX than for theBX and the concave curvature, evidence that,~ N €Xciton-exciton elastic scattering is an important
the source of th&X luminescence is the trapping BX with  source of scattering events and results in a fast relaxation of
center of mass momentuki~0, in a cascade process simi- FX with large K toward the radiative states witk~0, as
lar to that observed when carriers from the barrier arq:)reviousb/ reported in QWJ&‘S_':I‘7 Exciton-free carrier colli-
trapped in quantum dofs:* sions also take place for the highest excitation densities con-
In order to account for this cascade process we havgidered in this work, and take part in the fast relaxation of
considered a four-level rate-equation model as depicted iarriers as also demonstrated in the case of GWEhe
the inset of Fig. &). The excitation pulse creates electron- higher the carrier density in the sample the more efficient
hole pairs which rapidly<20 p3*® form excitons with large  these processes become, resulting in a decreasg,ofiith
K (level 3 in the inset TheseFX relax their kinetic energy increasing excitation density. The threshold density only
towards the radiativi&K ~0 states(level 2) via emission of  depends omg and thus is expected to be independent of the
acoustic phonon&with a characteristic timey. FX can then Al content for the low concentrations considered in this let-
either radiatively recombinér,) or get trapped in localiza- ter, as borne out by our experiments.
tion sites(7g) giving rise to aBX population(level 1), which Forn<n,.,, FX-tn.increases with increasing excitation
can also radiatively recombinér,g). The differential rate density. This behavior can be understood if trapping Xfin
equations that describe the dynamics of such a four-levdbcalized states is taken into account in the framework of the
model can be easily analytically integrated. proposed four-level model. The PL spectra in all investigated

Figure 2 also shows the@multaneoudeast squares fits of samples are dominated X emission for densities below
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n..x. Therefore, at the lowest studied densities, there are twexciton—carrier scattering dominate the dynamics. For low
mechanisms for the depletion of excitons from e 0 FX  excitation densitiest,y is strongly influenced by the trap-
level: (i) exciton radiative recombination, aiid) trapping of  ping of FX into BX states. The competition between local-
FX with K~0 into localizedBX states. As the excitation jzation and carrier—carrier scattering obtains a nonmonotonic
density is increased3X trapping states are gradually filled dependence of the rise timey,, on excitation power.
up to their saturation. Whemis high enough, the number of A four-level phenomenological model fully describes
available localization sites is small compared to #¥  the excitation-density, aluminum-content, and lattice-

population, and the trapping chanrii) has very little effect temperature dependence of the rise time.
on the dynamics of thé&X population. The direct conse-
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