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2 Laboratoire de Photonique et de Nanostructures, Centre National de la Recherche Scientifique
(CNRS), Route de Nozay 91460 Marcoussis, France

E-mail: jlduarte@uel.br

Received 6 November 2006, in final form 22 December 2006
Published 9 February 2007
Online at stacks.iop.org/JPhysCM/19/086207

Abstract
In this paper, the optical properties of a Si doped In0.53Ga0.47As/In0.52Ga0.24

Al0.24As superlattice (SL) are investigated by using the photoluminescence (PL)
technique in the temperature range of 9–300 K. The origins of the optical
transitions observed in the spectra are attributed through the analysis of the
transition behaviour with temperature and excitation power. The linewidths
obtained at 9 and 300 K are smaller than those previously reported in the
literature, and the blueshift observed with increasing temperature has a small
magnitude, indicating the excellent quality of the sample. The experimental
results are compared with theoretical calculations based on the envelope
function formalism, with an excellent accordance. The excitonic emission was
obtained in the range of 9–300 K, and the applicability of the Varshni, Viña,
and Pässler (p-type and ρ-type) models, usually used to describe the variation
of the excitonic energy transition as a function of temperature in semiconductor
materials, was also analysed.

1. Introduction

Special attention has been paid in the last decades to the research of semiconductor
heterostructures regarding the fabrication of optoelectronic devices used in telecommunications
systems. In order to maximize the efficiency of the optical fibres used in these systems, it is
necessary to use lasers emitting in the low dispersion and low loss regions of these fibres, which
are particularly found at wavelengths around 1.3 and 1.55 μm [1].

In1−x−yGayAlx As quaternary alloys present some properties that make them suitable for
the fabrication of several devices [2–5] used in telecommunications and optoelectronic systems,
with some advantages in relation to the alloys initially used: compared with the InGaAsP
family, we can mention, for instance, the largest discontinuity of the conduction band [6] and,
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in relation to the AlGaAs/GaAs system, it has better electrical properties such as higher electron
mobility, larger conduction band discontinuity, lower electron effective mass, and higher
electron saturation velocity [7]. These characteristics allowed the design of many devices based
on the InGaAlAs system, such as waveguides [8], detectors [9], lasers [10, 11], etc.

In quantum well (QW) structures, the linewidth of the excitonic line is frequently taken
as a measure of the sample quality [12]. The tunnelling process, which is characteristic of
superlattices, increases the three-dimensional character of these structures, and the sensitivity
of the wavefunctions to the interface roughness decreases [13]; as a result, the PL linewidth
partially induced by the interface roughness would be slightly reduced [13].

The temperature dependence of the fundamental bandgap energy is an extremely important
characteristic of any semiconductor material and it brings forth great interest, mainly from the
technological point of view. Some models have been proposed to describe this dependence, but
the relation between the physical mechanisms involved with the processes and the parameters
used in the expressions of these models has been intensively discussed [14–24]. Among the
more used models, we can mention the Varshni [14], Viña [18], and Pässler [19] models.

As for the In1−x−yGayAlx As quaternary alloys, few studies of their energy gap and
linewidth variation with temperature have been published. Song et al [25] have recently
discussed the linewidth dependence on temperature in a digital-alloy InGaAs/InGaAlAs multi-
quantum well sample, and they observed a relatively narrow (5.7 meV) linewidth at low
temperature; however, to our knowledge, there is no systematic analysis of the theoretical
models used to describe the energy gap variation with the temperature or the linewidth
dependence on temperature for superlattices with InGaAlAs alloy barriers.

In this study, the results obtained by photoluminescence as a function of temperature and
excitation power for a sample containing a Si doped InGaAs/InGaAlAs superlattice, grown
on InP substrate by molecular-beam epitaxy, are reported. The excitonic transition energy was
measured in the whole temperature range of 9–300 K. The origins of the structures that compose
the photoluminescence spectra are discussed. It is also verified which is the most appropriate
model to adjust the behaviour of the energy ‘gap’ curves as a function of the temperature for this
sample. The observed linewidths are compared with values found in the literature for similar
semiconductor structures.

2. Theoretical models

In 1967, Varshni [14] presented an analytical expression to adjust the measured temperature
dependence of the energy gap for materials. His empirical expression is

Eg(T ) = Eg(0) − αVar
T 2

β + T
(1)

where Eg(0) is the energy gap at 0 K and αVar and β are the parameters to be determined to
adjust the experimental data.

In 1984, Viña et al [18] proposed a semi-empirical model to describe the temperature
dependence of the energy gap, based on the Bose–Einstein statistical distribution for phonons.
The expression proposed by Viña is given by

Eg(T ) = EB − aB

[
1 + 2

exp(�B/T ) − 1

]
(2)

where EB − aB is the energy gap at 0 K, αB represents the strength of the electron–phonon
interaction and �B ≡ h̄ω/kB is the characteristic temperature parameter that represents the
effective phonon energy on the temperature scale [18].
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In 1996, Pässler developed a new analytical four-parameter model (p-type model) to
describe the effect of temperature variation on the energy gap in semiconductor materials [19],
which is described by the following equation:

Eg(T ) = Eg(0) − α�

2

⎡
⎣ p

√
1 +

(
2T

�

)p

− 1

⎤
⎦ (3)

where Eg(0) is the energy gap at zero Kelvin, α ≡ S(∞) ≡ −(dE/dT )T →∞ is the
high-temperature limit for the forbidden gap entropy (the same parameter as in (1)), � is a
characteristic temperature parameter of the material representing the effective phonon energy
(� ≡ h̄ω/kB) in units of absolute temperature [18, 19, 26] (similar to the �B defined for
the Viña model), and p is an empirical parameter related to the shape of the electron–phonon
spectral functions ( f (ω)) [22, 27]. Equation (3) is, actually, an analytical approach of a more
general expression which takes into account a spectral function with a power law dependence
( f (ω) ∝ ων) on the phonon frequency [27].

By modelling a strongly concave spectral function as a combination of a linear part (related
to the contributions of long-wavelength acoustical phonons) plus a singular part (related to the
contributions of optical and short-wavelength acoustical phonons), Pässler proposed in 1998
an alternative model for the description of the dependence on temperature of the excitonic
transitions (ρ-type model), which is especially useful in the case of narrow quantum wells and
short-period superlattices [27]. This analytical representation is

Eg(T ) = Eg(T = 0) − α�0

2

⎡
⎣ρ

2

⎛
⎝ 4

√
1 + π2

6

(
4T

�0

)2

+
(

4T

�0

)4

− 1

⎞
⎠

+ (1 − ρ)

(
coth

(
�0

2T

)
− 1

)⎤
⎦ . (4)

The ρ → 1 limit corresponds to a linear spectral function and, on the other hand, the ρ → 0
limit corresponds to a singular spectral function and, in this case, equation (4) becomes the
Viña expression (equation (2)).

Using the data obtained by Grilli et al [28] for the GaAs bulk crystal, Pässler [22] observed
that the Varshni and Viña curves are almost indistinguishable for temperatures higher than
100 K. However, for T < 80 K there is a clear difference between these curves; in this range,
especially for T < 40 K, the model proposed by Varshni shows a much faster shrinkage (and
stronger curvature) than the experimental curve, overestimating the energy gap for T = 0 K.
On the other hand, the curve obtained through the expression proposed by Viña shows, in this
range, a much slower shrinkage than the curve given by the experimental points, disappearing
completely at T < 20 K, representing a plateau behaviour and underestimating the energy gap
for T = 0 K. These results, as well as the better efficiency of the model proposed by Pässler
(p-type model, equation (3)), have been frequently observed for many semiconductor materials
and structures of semiconductor materials [19, 20, 22, 29–31].

3. Experimental details

The superlattice sample was grown by MBE, in lattice-matched condition, on InP substrate,
and it has 52 periods of an 89 Å thick In0.53Ga0.47As well and a 43 Å thick In0.52Ga0.24Al0.24As
barrier. The structure was finished with a 43 Å thick InGaAs film. The sample was Si doped,
with an impurity concentration of n ≈ 1.2 × 1016 cm−3, measured by the Hall effect. The

3



J. Phys.: Condens. Matter 19 (2007) 086207 E M Lopes et al

Figure 1. Excitation laser power dependence of the 9 K PL spectra for the SL sample. Only low
power PL spectra are shown. The spectra were vertically translated for better visualization.

thicknesses of the wells and the barriers were determined by x-ray measurements, as well as
the verification of the lattice-matched condition (	a/a = 2.2 × 10−4).

Photoluminescence measurements were made at temperatures ranging from 2 to 300 K,
using a 5145 Å line of an Ar+ laser as an excitation source. The spectral analysis of the
luminescence was carried out by a grating spectrometer (Jarrel Ash 600 1 mm−1) with a 0.50 m
focal length and the detection was made by an InGaAs thermo-electrically cooled photodetector
using a standard lock-in technique. Temperature-dependent PL measurements were carried out
using a cryostat coupled to a He closed circuit. Excitation power dependent PL measurements
were obtained at 9 K with laser power ranging between 0.014 and 200 mW, with a ‘spot’
diameter around 260 μm.

To identify the transitions observed in the PL spectra, the theoretical values of the
transitions were calculated using the envelope function formalism [32].

4. Results and discussion

4.1. Recombination process identification

The dependence on the laser excitation power of the PL spectra taken at 9 K and low power
values is shown in figure 1. The spectrum obtained with the lowest power shows three emission
peaks. Peak 3 (the one with the highest energy) becomes more and more intense as the
excitation power is increased, while peaks 1 and 2 become less and less perceptible; for the
highest excitation power (P = 0.440 mW) only peak 3 and a tail on the low energy side
are observed. This behaviour shows that there is saturation, at low excitation intensity, of
the channels through which emissions 1 and 2 are occurring, which is a characteristic of the
emission by impurities, due to their low density of states.

The PL spectra of the SL sample can be fitted accurately by three Gaussian peaks (figure 2).
The dependence on power of the energy peaks, obtained by the fitting procedure for all the
spectra presented in figure 1, is shown in figure 3. The data above 0.440 mW, shown in
figure 3(c), were obtained directly from the PL spectrum, taking the PL peak energy (without
the accomplishment of the fitting procedure).

Figure 3 shows that for excitation power around 0.50 mW peaks 1 and 2 already tend to
stabilize at a certain energy value, while peak 3 moves quickly in energy up to excitation powers
of approximately 10 mW, showing a stabilization behaviour for larger values.
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Figure 2. Gaussian fit of the SL PL spectrum. The dotted lines represent the Gaussian peaks used
for fitting, while the solid line corresponds to the total fit for the experimental PL data for 0.025 mW
excitation.

Figure 3. Power dependence of the energy peak obtained by the fitting procedure using three
Gaussian peaks: (a) peak 1, (b) peak 2, and (c) peak 3 (the data above 0.440 mW were obtained
directly from the PL spectrum considering the energy peak). The error bars were obtained from
the computational fit (except for the data above 0.440 mW, for which they were estimated from the
energy peak). Note that the power range for peak 3 is larger than for peaks 1 and 2. The dotted lines
are used as a guide for the eye.
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Figure 4. Dependence of the integrated PL intensity on excitation power for the three observed
peaks: (a) peak 1, (b) peak 2, and (c) peak 3. The angular coefficient k is less than unity for
transitions involving impurities, and between unity and two for excitonic emissions [33].

Peak 3 is attributed to excitonic recombinations and its initial displacement in energy is
related to the existence of potential fluctuations. With increasing excitation power, the potential
fluctuation states become populated and the generated excitons start occupying higher energy
states. When the potential fluctuation states are completely filled, the excitons start occupying
free exciton states and, due to the great density of such states, the displacement in energy is
small.

Supposing that peaks 1 and 2 originate from transitions involving impurities, they can be
of three types: donor–acceptor (D0–A0), conduction band–acceptor (e–A0), or donor–valence
band (D0–hh).

The displacement of peaks 1 and 2 to higher energies as the excitation power increases
can be explained by considering the participation of donors and acceptors in these optical
recombination processes; i.e., these peaks can be attributed to transitions of the (D0–A0) type.
In this transition type, as the excitation power increases the more distant (D0–A0) pairs saturate
because they have very low recombination rates, which favours the emission of closer (D0–A0)
pairs, resulting in higher energy photons [33].

The analysis of the excitation power (P) dependence of the integrated PL intensity (I ),
Iα PK, is also useful for identification of the recombination processes [33]. This analysis,
performed from 0.014 to 0.440 mW, is shown in figure 4. The three observed transitions have
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Figure 5. Gaussian fit of the SL PL spectrum at 23 K and 0.1 mW.

presented different behaviours: sublinear behaviour for peak 1 (k < 1), approximately linear
behaviour for peak 2 (k ∼ 1), and superlinear behaviour (k ∼ 1.6) for peak 3. Although
the observed behaviour for peak 2 is not clearly sublinear as it should be for an impurity, this
was attributed to the uncertainty of the fitting process (in addition to the uncertainty of the
integrated PL intensity values), but for peak 3 the behaviour is clearly superlinear, confirming
that this peak is related to the excitonic emission.

In order to identify the impurities involved in the transitions, the (e–A0) luminescence
should be collected at low excitation and high temperature conditions, which favours the (e–
A0) transition over the (D0–A0) transition. Figure 5 shows the Gaussian fit of the PL spectrum
obtained at 23 K and 0.1 mW. For the SL in analysis, the temperature of 23 K should be enough
to ionize the present donors. This spectrum presents a clear transition on the lower energy side,
which corresponds to peak 1 shown previously in the variation power spectra.

Taking into account the excitonic binding energy, estimated at (4.0 ± 1.0) meV, and the
kinetic energy contribution (1/2kBT ), one obtains (13.2 ± 2.0) meV and (25.3 ± 2.0) meV for
the ionization energies regarding transitions 1 and 2, respectively. These values agree with those
obtained by Goetz et al [34] for the ionization energies of carbon (13 ± 1 meV) and of silicon
(25 ± 1 meV) in the InGaAs ‘bulk’. This consideration is quite reasonable, because (i) carbon
is one of the most common non-intentional impurities observed in MBE grown samples and
(ii) the studied SL is intentionally doped with silicon.

However, Skromme et al [35] have attributed the ionization energies of 13.5 and 31.9 meV
observed in a GaAs/AlGaAs SL to C acceptors located at barriers and at wells, respectively.
One of the reasons for this attribution is the fact that the binding energy calculated for C
acceptors in an isolated QW is 32.6 meV at the centre of the well and 14.3 meV for acceptors
located at the interfaces [36]. Then, similarly, it is possible that instead of having transition 2
related to the recombination involving C acceptors located at the wells, this transition may be
associated with the recombination involving Si acceptors at the barriers, making it impossible
to determine unequivocally the origin of the transition related to peak 2. Anyway, peak 1 proves
the existence of Si (intentional doping), corroborating the initial assumption for the origin of
the transitions: at low temperatures, peaks 1 and 2 are related to (D0–A0) transitions because
the Si presents an amphoteric character and can be incorporated as donor and/or acceptor.

4.2. Excitonic emission in the temperature range 9–300 K

Figures 6 and 7 show some PL spectra obtained at different temperatures, using 0.1 and 10 mW
as excitation power, respectively.
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Figure 6. SL PL spectra for the temperature variation at 0.1 mW excitation power.

Figure 7. SL PL spectra for the temperature variation at 10 mW excitation power. Note that the
energy ranges between the figures are different.

A previous analysis of the spectra shown in figure 6, with P = 0.1 mW, leads to the
conclusion that peak 2 loses intensity more quickly than peak 1 as the temperature is increased,

8



J. Phys.: Condens. Matter 19 (2007) 086207 E M Lopes et al

Figure 8. Energy peak variation as a function of temperature for peak 3 at excitation powers of 0.1
and 10 mW.

and that peak 3 persists up to higher temperatures (up to approximately 70 K). This fact
reinforces the hypothesis that peaks 1 and 2 are due to impurities and that peak 3 is due to
the excitonic emission. In figure 7, for P = 10 mW, one can observe an exponential tail on
the highest energy side at high temperatures. This asymmetry in the spectrum is related to the
statistical thermal distribution of the carriers in the conduction sub-band and it becomes more
evident with increasing excitation power due to the participation of a larger number of carriers.

Figure 8 shows the energy peak variation for the excitonic transition (peak 3) as a function
of temperature for the excitation powers of 0.1 and 10 mW. The scale is cut at 100 K for better
visualization. In the low temperature region, it is possible to observe a small displacement
to higher energies (‘blueshift’) for the curve obtained with 0.1 mW and, above about 28 K, a
displacement to smaller energies (‘redshift’), in agreement, in the latter case, with the behaviour
commonly observed in PL measurements with temperature variation.

As the temperature increases, there is a redistribution of the population of the states
relative to the potential fluctuations in such a way that the excitons start occupying higher
energies states, resulting in larger recombination energy (emission), which gives rise to the
observed ‘blueshift.’ It is important to point out that during the temperature variation (at low
temperatures) there is a competition between the effect of potential fluctuations and the effect
of energy ‘gap’ reduction with the temperature, the later prevailing after about 28 K for the SL
sample.

For the curve with P = 10 mW, the energy peak variation as a function of temperature
shown in figure 8 does not present a ‘blueshift’. So, the PL peak obtained with this excitation
power and at 9 K gives the appropriate energy value for the SL excitonic transition, 859.3 meV.
From the theoretical calculations accomplished through the envelope function formalism [32],
the energy value for the e1–hh1 transition is 862.1 meV; however, the calculation does not take
into account the excitonic binding energy, estimated in (4.0 ± 1.0) meV, which subtracted from
the obtained value results in (858.1 ± 1.0) meV. Therefore, an excellent agreement between
theory and experimental results is found.

The initial displacement of peak 3 (in energy) with excitation power increasing, observed
in figure 3(c), can also be explained in terms of the effect of the potential fluctuations: as the
excitation power is increased, the energy states relative to the potential fluctuations, which have
a small density of states, become populated and the generated excitons start occupying higher
energy states. When the states related to the potential fluctuations are completely filled, the
excitons start occupying states of free excitons and, due to the great density of states for these
excitons, the energy displacement becomes smaller.
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Figure 9. Varshni, Viña, Pässler p-type, and Pässler ρ-type adjustments for the excitonic energy
peak variation with the temperature. A maximization of the low temperature region is shown in
detail.

The magnitude of the ‘blueshift’ observed in figure 8 (which is the energy difference
between the points at 9 and 28 K) is approximately 1.0 meV, evidencing the good sample
quality. One can also come to this conclusion by comparing the obtained linewidths with
the values for samples considered as state of the art in the literature. For a digital-alloy
InGaAs/InGaAlAs multi-quantum well, Song et al [25] obtained the values of 5.7 and 43 meV
for the linewidths (FWHM) at 9 and 300 K, respectively. For the studied SL sample these values
are ∼5.0 meV (at 0.1 mW, from the Gaussian deconvolution) and 36.1 meV (at 10 mW) for
the linewidths at 9 and 300 K, respectively. These results reveal the excellent sample quality
because, besides being below the values obtained for the sample considered as state of the
art and other values presented in [13], they refer to an intentionally doped SL sample, which
contributes to the linewidth broadening of the PL spectra.

4.3. Fit of the experimental curve of the temperature dependence of the excitonic energy peaks
through the different theoretical models

Figure 9 shows the accomplished adjustments using the Varshni, Viña, Pässler p-type, and
Pässler ρ-type expressions (equations (1), (2), (3), and (4), respectively) for the excitonic
energy peak variation with temperature obtained from the PL spectra.

As frequently observed for several semiconductor materials and semiconductor
heterostructures [19, 20, 22, 29–31], also for the SL sample studied here, it can be noticed,
by analysing the ‘inset’ for the low temperature region, that the Varshni model overestimates
the experimental curve, the Viña model underestimates it, while the Pässler models gives the
best adjustments.

In the detail of figure 9 one can also notice that the model proposed by Varshni shows
a very strong curvature in the low temperature region, overestimating the experimental data
in this range. Then, the Varshni model presents a not so satisfactory adjustment for the SL
analysed, as already observed in other studies considering different semiconductor materials
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Table 1. Parameter values obtained for the temperature dependence of the PL peak using the
Varshni, Viña, Pässler p-type, and Pässler ρ-type models.

Eg(0) (meV) α (10−4 eV K−1) β (K) S2

Model EB − aB (meV) aB (meV) � (K) p ρ (meV)2

Varshni 860.4 ± 0.2 5.5 ± 0.4 445 ± 52 — — 0.644
Viña 859.1 ± 1.2 39.43 ± 0.63 240 ± 3 — — 0.076
Pässler p 859.4 ± 0.1 3.20 ± 0.03 199 ± 4 3.1 ± 0.1 — 0.046
Pässler ρ 859.4 ± 0.1 3.30 ± 0.03 272 ± 9 — 0.17 ± 0.04 0.054

and structures [21, 27, 29]. The Viña model, in spite of considering the Bose–Einstein statistical
distribution in its formulation, gives a much lower curvature in the low temperature range,
which entirely disappears for T < 30 K, underestimating the experimental data. This plateau
behaviour, characteristic of the Viña model, evidences the absence of any dependence of the
‘power type’ (T p) for the dependence on temperature of the excitonic energy transition. This
can be explained by the fact that this model does not include the contribution of the long
wavelength acoustical phonons (important at low temperatures) to the temperature dependence
of the excitonic energy transition. The Pässler models present the best adjustments because,
besides being a four parameter model (unlike the Varshni and Viña models, with three
parameters), they are also based on phonon spectral functions which take into account the
effective contribution from the optical and acoustical phonon branches.

Table 1 presents the parameter values obtained from the adjustments using the four models.
In this table, besides the parameters involved in the theoretical models, the value of the variance
S2 is also shown, which is used as an evaluation criterion for the quality of the reproduction
of the curve described by the experimental data [29]. The expression obtained by using the
Pässler p-type model minimizes S2, despite the fact that the Pässler ρ-type model also presents
a small variance relative to the other two models.

The ρ value, 0.17, obtained from the Pässler ρ-type model indicates that the contribution
of the acoustic phonons is very small, i.e., the reduction of the excitonic transition energy
with increasing temperature, observed for the studied SL, is mainly due to optical phonon
contributions.

5. Summary

The results obtained through the PL measurements with power variation at low temperatures
allowed the classification of transitions 1 and 2 (of lower energies) as being caused by
impurities, and transition 3 as an excitonic recombination. Such measurements, together with
the temperature variation at different excitation powers, showed that the potential fluctuations
are of small magnitude, which, together with the observation of relatively narrow linewidths,
indicates the excellent sample quality.

The temperature variation allowed the formulation of two possibilities for identification of
low energy transitions (1 and 2): (i) transition 1 (lower energy) is related to the Si acceptors
and transition 2 to the C acceptors and (ii) transition 1 is related to the Si acceptors located at
the wells and transition 2 to the Si acceptors located at the barriers.

Adjusting the data obtained for the temperature variation at 10 mW by the Varshni, Viña,
Pässler p-type, and Pässler ρ-type expressions, it was verified that, as well as in other works
with different structures, the Varshni model overestimates the experimental curve, the Viña
model underestimates it, and the Pässler models result in the best adjustments for this SL.
The use of the Pässler ρ-type model has shown that the effective contribution for the excitonic
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energy transition reduction with the temperature is mainly due to the optical phonons for the
studied SL.
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[20] Pässler R 1996 Solid-State Electron. 39 1311
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[27] Pässler R 1998 J. Appl. Phys. 83 3356
[28] Grilli E, Guzzi M, Zamboni R and Pavesi L 1992 Phys. Rev. B 45 1638
[29] Lourenço S A, Dias I F L, Laureto E, Duarte J L, Toginho Filho D O, Meneses E A and Leite J R 2001 Eur. Phys.

J. B 21 11
[30] Lourenço S A, Dias I F L, Duarte J L, Laureto E and Iwamoto H 2001 Superlatt. Microstruct. 29 225
[31] Lourenço S A, Dias I F L, Duarte J L, Laureto E, Poças L C, Toginho Filho D O and Leite J R 2004 Braz. J.

Phys. 34 517
[32] Bastard G 1981 Phys. Rev. B 24 5693
[33] Pavesi L and Guzzi M 1994 J. Appl. Phys. 75 4779
[34] Goetz K H, Bimberg D, Jürgensen H, Selders J, Solomonov A V, Glinskii G F and Razeghi M 1983 J. Appl.

Phys. 54 4543
[35] Skromme B J, Bhat R and Koza M A 1988 Solid State Commun. 66 543
[36] Masselink W T, Chang Y C and Morkoc H 1985 Phys. Rev. B 32 5190

12

http://dx.doi.org/10.1049/el:20020824
http://dx.doi.org/10.1117/12.567345
http://dx.doi.org/10.1117/12.567345
http://dx.doi.org/10.1109/LPT.2004.834852
http://dx.doi.org/10.1109/JLT.2005.861128
http://dx.doi.org/10.1063/1.362862
http://dx.doi.org/10.1109/JLT.2005.861135
http://dx.doi.org/10.1109/3.720221
http://dx.doi.org/10.1016/j.optlastec.2004.02.018
http://dx.doi.org/10.1063/1.1862769
http://dx.doi.org/10.1103/PhysRevB.40.6454
http://dx.doi.org/10.1016/S0022-0248(96)00825-1
http://dx.doi.org/10.1016/0031-8914(67)90062-6
http://dx.doi.org/10.1149/1.2134410
http://dx.doi.org/10.1103/PhysRevB.23.1495
http://dx.doi.org/10.1103/PhysRevB.30.1979
http://dx.doi.org/10.1016/0038-1101(96)00037-8
http://dx.doi.org/10.1063/1.366098
http://dx.doi.org/10.1002/1521-3951(199703)200:1<155::AID-PSSB155>3.0.CO;2-3
http://dx.doi.org/10.1063/1.1287601
http://dx.doi.org/10.1103/PhysRevB.66.085201
http://dx.doi.org/10.1016/j.jcrysgro.2004.06.037
http://dx.doi.org/10.1103/PhysRevB.35.5577
http://dx.doi.org/10.1063/1.367134
http://dx.doi.org/10.1103/PhysRevB.45.1638
http://dx.doi.org/10.1007/s100510170207
http://dx.doi.org/10.1006/spmi.2000.0959
http://dx.doi.org/10.1103/PhysRevB.24.5693
http://dx.doi.org/10.1063/1.355769
http://dx.doi.org/10.1063/1.332655
http://dx.doi.org/10.1016/0038-1098(88)90978-7
http://dx.doi.org/10.1103/PhysRevB.32.5190

	1. Introduction
	2. Theoretical models
	3. Experimental details
	4. Results and discussion
	4.1. Recombination process identification
	4.2. Excitonic emission in the temperature range 9--300 K
	4.3. Fit of the experimental curve of the temperature dependence of the excitonic energy peaks through the different theoretical models

	5. Summary
	Acknowledgments
	References

