
phys. stat. sol. (c) 2, No. 2, 906–909 (2005) / DOI 10.1002/pssc.200460337 

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Dynamics of relaxation and trapping of excitons in AlxGa1–xAs 
films 

A. Amo*1, M. D. Martin1, L. Klopotowski1, L. Viña1, A. I. Toropov2, and K. S. Zhuravlev2 
1 Dept. Física de Materiales, Universidad Autónoma de Madrid, 28049 Madrid, Spain 
2 Institute of Semiconductor Physics, Pr. Lavrentieva, 13, 630090 Novosibirsk, Russia 

Received 29 June 2004, accepted 9 July 2004 
Published online 15 February 2005 

PACS 71.35.–y, 78.47.+p, 78.55.Cr, 78.66.Fd 

Carrier relaxation in high quality AlxGa1–xAs (x up to 5%) epilayers has been investigated by means of 
time resolved photoluminiscence. The time for the excitonic PL to reach the maximum intensity shows a 
non-monotonic behaviour with increasing excitation density, which is attributed to the competition be-
tween exciton localization and carrier-carrier scattering. The increase of the Al content enhances the alloy 
scattering and increases the number of localization sites, moderately accelerating the dynamics. A four-
level rate equation model qualitatively describes the influence of trapping in the exciton dynamics at low 
excitation densities.  

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction 

The performance of semiconductor optoelectronic devices are greatly influenced by the relaxation and 
lifetimes of photoexcited electron-hole pairs. To optimize the speed of such devices it is important to 
have a precise knowledge of the response of the carriers to a short optical pulse. GaAs quantum wells 
(QWs) have been the subject of intense study using time-resolved spectroscopy in the last decades [1–3]. 
Those studies show that the energy of photoexcited carriers relaxes via emission of acoustic phonons and 
through exciton-exciton interaction [1]. In spite of the fact that the ternary compound AlxGa1–xAs is a key 
material to fabricate heterostructures with GaAs active layers, such as superlattices, GRINSCH, micro-
cavities, etc, very little attention has been paid to the excitonic dynamics in this material, mainly due to 
the lack of high quality epilayers. To understand the relaxation processes in these complex heterostruc-
tures it is crucial to understand them in their bulk constituents. 
 The physical processes governing the energy relaxation of excitons in bulk GaAs have been investi-
gated in the past by a detailed analysis of their time evolution, paying special attention to the time for the 
photoluminescence (PL) to reach its maximum (tmax). A wide dispersion in tmax values can be found in the 
literature, from ~50 ps [4] up to ~1 ns [5]. In this paper we present a systematic analysis of tmax in several 
AlxGa1–xAs epilayers under non-resonant excitation for various excitation densities. We will show that tmax 
can be significantly influenced by the trapping of excitons, leading to a non-monotonic behaviour in the 
dependence of tmax with excitation density. Furthermore, we will demonstrate that the time profiles are 
altered by the presence of localization centers.  

2 Sample description and experimental setup 

Four high quality AlxGa1–xAs epilayers of 2.5 µm thickness, with Al concentration x=0, 1.5%, 3% and 
5%, grown by Molecular Beam Epitaxy have been investigated [6]. All the samples, which were nomi-
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nally undoped, showed p-type conductivity, with hole concentrations ranging between 1-8x1014 cm–3. The 
samples are mounted in a cold finger cryostat, and all the measurements are performed at a temperature 
of 5 K. The optical excitation source is an Ar+-pumped Ti:Shappire laser with 2 ps long pulses and a 
repetition rate of 82 MHz. The PL, excited non-resonantly, is dispersed by a 60 cm spectrograph and 
time-resolved by a synchroscan streak camera. The overall time resolution of the system is below 12 ps 
and the energy resolution better than 0.2 meV. Low temperature characterization of the samples by cw 
photoluminescence excitation (not shown here) allows a precise identification of the free and bound 
exciton peaks (FX and BX, respectively) [7]. Despite the existence of emission from localized states, the 
narrowness of the lines at low excitation densities assures the good quality of the samples. 
 

3 Results 

Figure 1 shows the PL spectra of the GaAs sample for low and high excitation densities. At low excita-
tion densities (solid line), band-to-acceptor –e–-A0– and acceptor BX states –A0-X, (A0-X)*–, related to 
carbon impurities [6], as well as FX luminescence can be clearly seen. At higher densities (dashed line), 
the emission from the FX overcomes that of the BX, due to the filling of the finite number of localized 
states. Concomitantly, the FX energy redshifts with increasing density as a consequence of the change in 
binding energy and bandgap renormalization caused by the many body carrier-carrier interactions that 
take place at high excitation powers [8]. 
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 Figure 2a shows the time evolution of the FX and the A0-X emission in GaAs. tmax can be easily as-
signed, as depicted in the figure for the FX. The characteristic values of tmax are in the range of 1 ns, in 
agreement with previously reported values for high-quality GaAs epilayers [5]. 
 Figure 3a depicts the dependence of tmax on carrier density (n) for the AlxGa1–xAs epilayers investigated. 
All the layers show a similar non-monotonic behaviour, with a maximum tmax at a carrier density 
n~1.2x1016 cm–3 = nx–x. This density corresponds to a mean distance between excitons of ~40 nm. This 
distance is of the same order of magnitude as the exciton Bohr radius (aB) in GaAs (11.2 nm). Hence, for 
n>nx–x, exciton-exciton scattering will lead to the relaxation of excitons towards states with centre of 
mass momentum K~0. This mechanism reduces tmax significantly, as has been previously reported in 
QWs [1, 9]. The threshold density nx–x depends on aB only and thus is independent of the Al content for 
low concentrations. For n<nx–x, tmax shows a steady increase with increasing carrier density. This behav-
iour can be understood considering the trapping of FX with K~0 into localized states. The PL spectra in 
this regime show the emission of both BX and FX (Fig. 1, solid line). We have also observed that tmax is 
longer for the BX than for the FX (Fig. 2a), revealing longer energy relaxation processes in the case of 
BX. Additionally, at short times after excitation, the PL evolution of the BX is concave, while that of the 
FX is convex. The concave curvature of the BX traces indicates that the build up of the BX population 
results from a multi-step relaxation process. All these facts evidence that the source of the BX lumines-

Fig. 1 Low temperature PL spectra of the 
GaAs epilayer recorded at a delay of 2 ns at 
excitation densities of 2x1014 cm–3 (solid line) 
and 1x1017 cm–3 (dashed line) and excitation 
energy 1.630 eV. 
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cence is the trapping of FX with K~0, in a cascade process similar to that observed when carriers from 
the barrier are trapped in quantum dots [4, 10]. 
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Fig. 2 (a) Time evolution of the FX (solid line) and the BX (A0-X; dashed line) for the GaAs sample for an excita-
tion density of 7.5x1014 cm–3 and excitation energy 1.563 eV. (b) Time evolution of the FX (solid line) and the BX 
(dashed line) extracted from the four level model described in the text. The inset shows the level scheme and the 
transitions considered in the model. 
 
 To account for this cascade process we have considered a four-level rate equation model, which is 
depicted in the inset of Fig. 2b. The pump pulse creates electron-hole pairs, which rapidly form excitons 
with large K (level 3). Then, excitons relax towards the radiative states with K~0 (level 2), via emission 
of acoustic phonons [5]. This is the conventionally considered energy relaxation step, characterized by τk. 
From these states the FX may either radiatively recombine (τr) or get trapped (τB) giving rise to a BX 
population (level 1), which can also radiatively recombine (τrB). The rate equations derived from this 
model can be easily solved analytically. Figure 2b shows the time evolution traces for the FX and the BX 
extracted from the model for typical times: τk = 800 ps, τB = 900 ps, τr = τrB = 1000 ps. A comparison of 
the two panels in Fig. 2 shows the good agreement between the simulations and the experiments: the 
main features of the experimental traces are reproduced, including the concave curvature of the BX time 
evolution at short times after excitation. 
 The model accounts also for the carrier density dependence of tmax at low powers depicted in Fig. 3a. 
The number of trapping states is finite (of the order of the residual hole density 1-8x1014 cm–3) and these 

states are gradually filled when the excitation density is increased. When the excitation density is high 
enough, the number of localization sites is small compared to the FX population, and the trapping chan-
nel can be neglected in the dynamics of the exciton population. This situation can be described by the 
model eliminating the BX level. Keeping the same values of τk (800 ps) and τr (1000 ps) and taking 
τB→∞, the model gives a tmax considerably longer –900 ps– than that obtained in the presence of the lo-
calization channel –615 ps– (↑, ↓ in Fig. 3b). This is in qualitative agreement with the increase of tmax 
with carrier density shown in Fig. 3a. 
 The main effects of raising the Al content in the samples are an enhancement of the alloy scattering 
and an increase in the number of localization traps. This increase results in a reduction of the trapping 
time τB [11] and therefore a decrease of tmax, as borne out by our experiments. The influence of τB on the 
dynamics of the FX is summarized in Fig. 3b, which displays the computed FX time evolution for differ-
ent τB’s using the above mentioned values of τk, τr and τrB. The solid line corresponds to no trapping 
(τB→∞), modelling the case when all the localized states are occupied (n>nx–x). For n<nx–x (shaded box in 
Fig. 3a), the reduction of tmax with increasing Al content, due to the increase of the localization sites, is 
reproduced by the model by reducing τB (Fig. 3b), i.e. higher localization probability. For a 5% of Al the 
trapping time is reduced by a factor of ~20. 
 This simple phenomenological model can account for the dispersion in tmax values found in the litera-
ture in GaAs epilayers. Shen et al. [4] find a value of tmax for the FX at 2 K of ~50 ps, which is almost 
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independent of the excitation density. This result can be well reproduced by our four level model if τB is 
very short compared to τk. Indeed their PL spectra are dominated by the BX emission at all excitation 
powers, evidencing a high density of localization sites. 

10
14

10
15

10
16

10
17

0

200

400

600

800

1000

t m
a
x

  
(p
s)

Carrier density  (cm
-3

)

0 %

1.5 %

3 %

5 %

n
x-x

a

0 500 1000 1500 2000

τ
B
/16

no trapping (τ
B
=∞ )

τ
B
/8

τ
B
/2

τ
B
/4

τ
B

F
X
 P
L
 i
n
te
n
si
ty
 (
ar
b
. 
u
n
it
s)

Time (ps)

b

 

Fig. 3 (a) Measured tmax as a function of excitation density for the FX in the four investigated AlxGa1–xAs epilayers 
(b) Simulated FX time evolution for different values of τB.↑ (↓) indicate tmax for τB = ∞ (900 ps) and for the carrier 
densities highlighted by the shaded box. 
 

4 Conclusions 

We have studied the relaxation, trapping and recombination dynamics of excitons in high quality  
AlxGa1–xAs (x ≤ 5%) epilayers. We have observed that the time to reach the maximum emission intensity 
displays a non-monotonic behaviour with excitation power. We have found two different regimes in the 
relaxation dynamics delimited by the exciton density for which the distance between excitons and their 
size becomes comparable (nx–x). Below this density, the relaxation is governed by the trapping of FX into 
BX. Above nx–x exciton-exciton scattering is the predominant mechanism. We have proposed a four-level 
rate equation model that can qualitatively account for the different responses to changing the excitation 
density and the Al content. 
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