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A B S T R A C T

A series of compressively strained AlGaInAs quantum well (QW) structures with different annealing treatment
durations at 170 °C were investigated by temperature-dependent photoluminescence (PL). An abnormal S-
shaped behavior in emission energy and a non-monotone evolution in spectral band width were observed at low
temperature. A significant negative linear correlation between full width at half maximum (FWHM) and emis-
sion energy at different test temperature was exhibited in samples with different heat treatment durations. The
highly linear relation demonstrated that the dependencies and relationships between PL peak energy and FWHM
vs temperature are consistent. The anomalous blue shift and concomitant narrowing of FWHM in AlGaInAs QW
were affected by lattice strain fluctuations due to the difference of thermal expansion coefficients between
adjacent layers and strong carriers’ localization at low temperature.

1. Introduction

The AlGaInAs material system is a good candidate for the active
layer of semiconductor diode lasers emitting wavelengths at 1310 nm
and 1550 nm owing to some incomparable characteristics, such as low
threshold current density and high modulation speed [1,2]. Their
structural and optical properties have been widely investigated in the
past few decades [3–5]. An atypical band gap energy shift characteristic
was observed in compressively strained quaternary AlGaInAs quantum
well (QW) at low temperature [6], which was similar to the tempera-
ture-induced S-shaped PL shift observed in many ternary III-V com-
pound semiconductor materials [7,8]. However, an agreement has not
been reached yet by researchers on the mechanism of S-shaped beha-
vior [9–11]. Ibtissem Fraj, et al reported that the S-shaped form in
temperature-dependent PL peak energy of In0.21Ga0.79As QW was at-
tributed to carrier localization and polarization-induced electric fields
on optical properties. For polar In0.21Ga0.79As QW, the PL peak energy
transferred from redshift to blueshift at a critical temperature. The
temperature was demonstrated to be the equivalent point of localized
and delocalized recombination processes. The higher the critical tem-
perature was, the more thermal activation energies of photon-generated
carriers hopping from band edges to localization centers were needed

[12]. S. A. Lourenco, et al indicated that the negative thermal expan-
sion (NTE) in AlxGa1-xAs alloy induced a small blueshift in the optical
transition energy in the low temperature interval [13]. V. K. Dixit de-
monstrated that, under different experimental conditions, the domina-
tion of free carriers thermalization or localized carriers recombination
led to the anomalous behaviors of PL energy and FWHM [14]. Torsten
Langer, et al proposed that, an energy-dependent competition between
radiative and nonradiative recombination processes, which was driven
by an energy dependence of radiative lifetimes caused by piezoelectric
fields, induced the 10meV blue shift for polar GaInN/GaN QW [15]. As
a quaternary compound with complex crystalline structure and com-
plicated temperature response, AlGaInAs QWs exhibit more remarkable
S-type low temperature response on optical properties than binary and
ternary alloy systems [16].

In our previous work, we have investigated the defect evolution in
thermally treated AlGaInAs QWs by spatially resolved cath-
odoluminescence (SRCL) [17]. In this paper, we attempted to study the
mechanism of temperature-dependent PL peak energy of AlGaInAs
QWs. A highly linear relationship between PL emission energy and
FWHM of AlGaInAs QWs was demonstrated. It is indicated that, the
mechanism at low temperature is a combination of strong carriers’ lo-
calization and lattice strain fluctuations due to the difference of thermal
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expansion coefficients between adjacent layers.

2. Experimental

The Al0.07Ga0.22In0.71As QW was grown on a 350 μm thick, (001) Si-
doped InP substrate by the AIXTRON 200/4 metal-organic chemical-
vapor deposition (MOCVD) system. The active region was made up of a
6 nm Al0.07Ga0.22In0.71As quantum well sandwiched between two
10 nm Al0.225Ga0.285In0.49As barrier layers. The structural property of
as-grown Al0.07Ga0.22In0.71As QW was characterized by cross-sectional
scanning electron microscope (SEM), as represented in Fig. 1. The in-
terfacial morphologies between epitaxial layers are quite well. The
structure is the same as our previous work [17], which gave the de-
tailed description of growth method and preparation process of Al-
GaInAs QW. The central region of the epitaxial wafer was cut into 15
pieces, 5 pieces of the samples were thermally treated at 170 °C for 2 h,
and other 5 pieces were treated for 4 h. Heat treatment was carried out
in a N2 cover-gas environment. PL spectra were measured on a Jobin-
Yvon Triax 550 spectrometer with 300 grooves per mm grating
equipped by an InGaAs photodiode detector. The integration time was
0.1 s and scanning step-size increment was 1.0 nm in the experiment.
The PL spectral resolution was 0.5 nm. These samples were placed in a
cryogenic holder (ARS 8200 cryogenic system) which can adjust the
temperature in range of 15–300 K and were excited by an 808-nm line
of the continuous-wave semiconductor laser diode with a fixed power
excitation of 12.5W/cm2. The lattices characteristics of QWs were
measured by the Bruker D8 Discover high-resolution X-ray diffraction
(CuKα 40 KeV, 30mA).

3. Results and discussion

The as-grown Al0.07Ga0.22In0.71As strained QW (without heat
treatment) was studied by high-resolution X-ray diffraction (HR-XRD).
The dominated InP diffraction peak and QW’s multi-order satellite
peaks coincided well with the curve simulated by Bruker LEPTOS, in-
dicating that the quality of as-grown AlGaInAs QW is pretty good. The
structural properties of samples annealed at 170 ℃ for 2 and 4 h were
also investigated, and the diffraction patterns were quite similar to that
of the as-grown sample, but the QW’s multi-order satellite peaks moved
to larger 2θ degrees a little. More details about the crystallization
properties are performed in our recent work [17].

The band gap and interfacial potential of semiconductor materials
are sensitive to temperature, which could be well reflected by tem-
perature-dependent PL. Fig. 2 shows the PL spectra of
Al0.07Ga0.22In0.71As QWs, as grown and thermally treated at 170 °C for

2 and 4 h over a temperature range from 15 to 300 K. For sample at a
certain temperature, only a single emission band was observed, which
exhibited an asymmetric line shape with a trailing edge superposing on
the high energy side. The PL integral intensity increased obviously and
the PL peak shifted simultaneously towards higher energy side when
temperature was adjusted from 300 to 55 K. The PL intensity reached to
a maximum at about 55 K. Generally speaking, PL intensity is strongly
relevant to the density of photon-generated carriers which are related
to the probability of carriers capture and escape from the QW layer. The
increase of PL intensity can be explained by the decrement of photon-
generated carriers’ thermal escape from QW layer when temperature is
lowering [18]. With temperature continued to decline, an obvious de-
crease in PL intensity occurred in all samples. The origin of the
anomalous decreasing tendency of PL intensity in the temperature
range from 55 to 35 K was associated with the drifting carriers decre-
ment because of the carrier mobility decrease [19]. Additionally, the
energy of PL peak shifted sharply to lower energy, the reason of the
energy shift would be discussed in detail below.

Fig. 3 shows the temperature dependence of PL peak energy and
FWHM of Al0.07Ga0.22In0.71As QWs with different thermal treatment
durations at 170 °C. The PL peak energy was identified by the location
of energy corresponding to the maximum of PL emission intensity, not
from the line-shape fitting due to the asymmetric spectral line shape. An
anomalous band-gap evolution, as S-shaped (decrease-increase-de-
crease) temperature-dependent PL peak energy was observed at low
temperature. The S-shaped form in PL peak emission is rather similar to
that reported in GaInNAs/GaAs [20] and InGaP material systems [21].
While the temperature was elevated from 15 to 40 K, the emission peak
energy shifted towards lower energy, resulting in about 3.6, 3.92,
3.91meV redshifts for Al0.07Ga0.22In0.71As QWs thermally treated at
170 °C for 0, 2, 4 h, respectively. Following on, the peak energy shifted
sharply towards higher energy and reached maximum at about 55 K.
The blue shifts of emission energy for Al0.07Ga0.22In0.71As QWs an-
nealed at 170 °C for 0, 2, 4 h were 12.96, 4.58, 11.17meV, respectively.
In the high temperature region (> 55 K), the emission peak energy
exhibited redshifts which could be well fitted by the Varshni semi-
empirical formula (shown as dashed blue line in Fig. 3) [22]. However,
the Varshni semi-empirical formula was impossible to simulate the
experimental data at lower temperature range (T < 55 K).

Defects in band tail states could capture photon-generated carriers
resulting in strong carrier localization in group III-V materials under
lower temperature [8]. P. G. Eliseev, et al proposed a model based on
the Varshni semi-empirical equation, which is amended by band-tail-
state (BTS) to fit the experimental data, and Eq. (1) as followed [23].
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Where Eg (0) is the band gap at 0 K, α and β are the parameters for
Varshni equation. KB is the Boltzmann constant and δ is the band-
tailing-state Gaussian broadening parameter of localized state. Each of
the specific parameter values was calculated by linear interpolation
method of corresponding value in binary and ternary systems. The
optimizing parameter Eg(0), α, β and δ from the best fit of
Al0.07Ga0.22In0.71As QWs, as grown, thermally treated at 170 ℃ for 2
and 4 h were listed in Table 1 below. As shown in Fig. 3, it fitted quite
well in the temperature region between 40 and 300 K (drawn in short-
dashed red line).

Thus, the blue-shift could be understood in terms of that: carriers
are trapped in low energy localized states at low temperature, and it is
difficult for the trapped carriers to escape from the local potential.
However, with temperature elevating, a competition between localized
and delocalized recombination processes become noticeable. The in-
crease of temperature promotes carriers to be thermally activated and
redistribute to other strongly localized states via hopping [24]. As the
redistribution effect is saturated, the enhancement of blue-shift in

Fig. 1. The cross-sectional SEM of as-grown Al0.07Ga0.22In0.71As QW, and active
layer (the arrow labelled) is composed of Al0.225Ga0.285In0.49As
/Al0.07Ga0.22In0.71As/Al0.225Ga0.285In0.49As QW.
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optical transition energy is observed [25]. In the high temperature
range (> 55 K), the red shift is caused by temperature-induced band
gap shrinkage with carriers’ thermal activation and delocalization due
to electron-phonon interaction [26].

However, the empirical models mentioned above have some lim-
itations, they are impossible to describe the temperature dependence of
band gap in AlGaInAs QWs below 40 K. The versatile phenomenological
model proposed by V. K. Dixit was demonstrated to be able to replicate
the S-shaped behavior in many binary and ternary III-V semiconductor
materials [14]. He proposed that the S-shaped behavior could be un-
derstood as whether carriers were captured by localized states or
thermally activated under different testing environment. Eqs. (2–5) are
given below.
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Where Eg(0) is the delocalized state energy, Eb is the energy of localized
state, p implies that band-to-band/localized state transition dominates
the PL process, respectively, γ is a parameter related to the fitting
model, KB is the Boltzmann constant, ΔE represents the energy interval
of the localized state from the delocalized state. The values of fitting
parameters obtained by the versatile phenomenological model are also
listed in Table 1 below.

As can be seen in Fig. 3, the changing trends of the simulation re-
sults obtained by the versatile phenomenological model proposed by V.
K. Dixit (drawn in solid green line) match with that of the experimental
data. However, our experimental data shows noticeable rising trend
below 40 K, unlike the smooth simulation results. Moreover, we ob-
served a steep dropping from 45 to 40 K which was impossible to be
theoretically simulated [14].

In the experiment, all samples showed the same turning point from
red shift to blue shift appeared in the vicinity of 40 K. This temperature
was demonstrated to be the equivalent point between localization and
delocalization recombination processes. Carriers diffuse from band
edges to the localization centers and redistribute until this critical
temperature [12]. The higher the critical temperature is, the more
thermal activation energies of photon-generated carriers hopping from
band edges to localization states are needed. Samples with different
annealing durations showed the same critical temperature. Therefore,
the thermal activation energies of photon-generated carriers hopping
from the band edges to localized states were independent of annealing
durations.

The FWHM was defined by the energy difference between the half-
height of maximum peak intensity in each spectrum. FWHM evolution
with temperature exhibited the identical tendency for three kinds of
samples, shown in Fig. 3. They exhibited reverse temperature-depen-
dent relationship in comparison with PL peak energy. The FWHM in-
creased slowly with temperature rising up to 40 K. In the temperature

Fig. 2. PL spectra of Al0.07Ga0.22In0.71As QWs (a) as grown (b) thermally treated at 170 °C for 2 h (c) 4 h, respectively.

Fig. 3. Emission energy and FWHM of Al0.07Ga0.22In0.71As QWs thermally treated at 170 °C for (a) 0, (b) 2, (c) 4 h as a function of temperature. The varnish fitting
curves are drawn in dashed blue line. The fitting curves of BTS model are drawn in short-dashed red line. The fitting curves of versatile phenomenological model
proposed by V. K. Dixit are drawn in solid green line (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article).

Table 1
Parameters obtained by analyzing the temperature-dependent PL data based on
the band-tail-state (BTS) emission and versatile phenomenological model of
AlGaInAs QWs thermal treated with different durations.

Model Name Parameters as grown 2 hours 4 hours

BTS emission model Eg(0) (eV) 0.929 0.921 0.930
α (eV/K) 3.9× 10−4 3.6×10−4 3.7× 10−4

β (K) 121 121 121
δ 10.26 7.68 9.36

V. K. Dixit model Eg(0) (eV) 0.912 0.913 0.916
ΔE (meV) 21.3 12.9 17.8
α (eV/K) 5.04× 10−4 4.8×10−4 4.76× 10−4

β (K) 323.578 322.61 317.33
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range of 40 to 55 K, the PL line-width decreased sharply, which was
opposite to the traditional broadening due to the exciton-photon cou-
pling. Finally, the PL line-width increased as the temperature was raised
in range of 55–300 K, which is in accordance with most semiconductor
bulk [27]. In general, the FWHM of PL emission spectrum is made up of
two parts (inhomogeneous and homogenous broadening terms). The
inhomogeneous broadening term is determined by the fluctuations of
circumstance, such as composition variation, interface roughness and
strain potential [28,29]. But it is independent of measured environ-
ment. The homogeneous term is significantly influenced by the inter-
action between electrons and phonons. At low temperature (below
40 K), the FWHM is mainly determined by inhomogeneous broadening,
and its evolution is affected by lattice strain fluctuations due to the
difference of thermal expansion coefficients between adjacent layers led
by composition variation, etc [30]. In the temperature range, most
carriers are localized in the band-tail states and localized states. With
temperature increasing to the critical temperature, carriers possess
enough thermal energy enabling their delocalization. The reduction of
FWHM ranging from 40 to 55 K is due to the de-trapping process. Above
55 K, the increment of PL line-width was assumed as a combination
between carriers’ thermalization and phonon scattering due to the en-
hancement of temperature [31].

FWHM evolution vs the corresponding emission central energy for
each sample in the experimental temperature range is plotted in Fig. 4,
and the temperature covers the whole region from 15 to 300 K. A ne-
gative linear relationship between them could be observed. The fitted
linearity curve was obtained by using least-squares method plotted as
black solid line in Fig. 4. Although the evolutions of QW emission peak
energy and FWHM in the low temperature region were quite different
from that of the high temperature region, the linear relationship in-
dicated that the evolutions of the QW emission peak energy and FWHM
with temperature obeyed the same or associated mechanism. The slope
were -0.25, -0.31 and -0.29 for samples as grown, thermally treated for
2 and 4 h respectively, suggesting that the coupling of carriers and the
surrounding environment in Al0.07Ga0.22In0.71As QWs were slightly
different. The variation of PL peak energy vs temperature in the low
temperature range was affected by carriers’ localization, and the FWHM
was relevant to the fluctuations of circumstance. Based on the highly
linear relationship, the mechanism of temperature-dependent PL peak
energy and FWHM is a combination of strong carriers’ localization and
lattice strain fluctuations due to the difference of thermal expansion
coefficients between adjacent layers.

Fig. 5 zoomed up the temperature-dependent PL peak energy of
Al0.07Ga0.22In0.71As QWs, as grown and annealed at 170℃ for 2 h in the
temperature range from 15 to 70 K. As can be seen, a sharp drop in PL
peak energy in the vicinity of 45 K and a rising up below 40 K were
exhibited. However, the fitting curve was quite flat at the temperature
range below 40 K. Thus the versatile phenomenological model proposed
by V. K. Dixit could not well match the temperature-dependent PL peak
energy evolution of quaternary AlGaInAs strained QWs. The model

proposed that the energy interval of the localized state from the delo-
calized state (ΔE) is a certain constant. But in fact, the thermal ex-
pansion coefficient always non-linearly change with temperature in low
temperature range [32]. As reported in literature, there is a valley
transition in temperature-dependent thermal expansion coefficient of
both InAs [33] and GaAs [34] at temperature about 35 to 45 K. The
temperature-dependent thermal expansion coefficient of
Al0.07Ga0.22In0.71As is able to be estimated by weighted superposition
[35]. The thermal expansion coefficient of Al0.07Ga0.22In0.71As QW
decreases with temperature lifting below 40 K, but increases with
temperature while temperature is above 40 K. Especially for multilayer
semiconductor structure, the stress led by the difference of thermal
expansion coefficients between adjacent layers could strongly affect the
level of delocalized and localized state. Hence, we attempted to employ
thermal expansion effect and strain potential to interpret the variation
of carrier transitions energy in this temperature range (T < 45 K).

For our multi-layer quaternary material system, the energy positions
of localized state and delocalized state are significantly affected by the
stress led by the difference of thermal expansion coefficients between
adjacent layers. The energy interval of the localized state from the
delocalized state is not a constant at low temperature, so we proposed
that the deviation of versatile phenomenological model is attributed to
the lattice strain fluctuations caused by thermal expansion coefficients
difference.

4. Conclusions

The optical properties of quaternary Al0.07Ga0.22In0.71As QW have
been investigated systematically by temperature dependence of PL
spectroscopy. An S-shaped curve was observed in PL peak energy vs
temperature relationship for differently thermal treated AlGaInAs QWs.
The temperature dependence of PL peak energy and FWHM exhibited a
reversed trend. A highly linear relationship between them indicated
that the same or associated mechanism dominated their evolutions with
temperature: the anomalous blue shift and concomitant narrowing of
FWHM were attributed to lattice strain fluctuations due to difference of
thermal expansion coefficients and strong carriers’ localization. Each
sample showed that the turn off point from red shift to blue shift ap-
peared at 40 K, indicating that the thermal energies of photon-gener-
ated carriers moving from the band edges to localization centers were
independent of annealing durations.
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