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Abstract

We have observed a temperature insensitive and an unusual blueshift of photoluminescence peak energy in ten periods
self-organized InAs quantum dots superlattice. The net temperature dependence of PL wavelength for samples with 3, 4
and 5 monolayer ten periods InAs quantum dots superlattice, respectively, are 0.15, 0.13 and–0.17 nm/oC, respectively.

The temperature dependence of the InAs quantum dots shows a significantly different trend when the InAs layer thickness
is smaller (redshift) or larger (blueshift) than around 4ML. # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

It was found from both theory and experiment
that the magnitude of temperature effects on the
bandgap energies of a biaxially strained hetero-
structure is about the same as that of bulk material
[1]. If no other mechanisms are involved, the
photoluminescence (PL) peak of the bulk and the
biaxially strained structure should have shown a
substantial redshift on increasing the temperature.
In long wavelength GaInAs/InP lasers, it is known
that the typical value of temperature sensitivity for
the lasing wavelength is about 0.5 nm/oC [2] and
the wavelength shift in InAs bulk material is about

0.93 nm/oC in the temperature range from 0 to
80K [3].
Low dimensional semiconductor structures con-

stitute very attractive objects both for their
fundamental properties and their potential appli-
cation in micro- and optoelectronics [4]. Sponta-
neous formation of three-dimensional (3D) islands
during Stranski–Krastanov-like growth of highly
strained InAs layers on GaAs substrates by
molecular beam epitaxy (MBE) has been proposed
as a promising way for fabricating high-quality
InAs quantum dots [5–7]. When the thickness of
an InAs layer grown on GaAs is beyond a critical
thickness (Lc), the structure is usually converted
from an InAs wetting layer to a dislocation free
coherent island. Leonard et al. reported the
formation of dislocated islands, when the amount
of InAs grown on GaAs exceeded 2 monolayers
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(ML) [8,9]. Xu et al. observed an unusual
temperature dependence of exciton energy in InAs
quantum dots grown on GaAs [10]. The rate of
energy redshift with temperature becomes much
greater than the InAs bandgap variation with
temperature. They believe that this unusual
bandgap variation with temperature in self-orga-
nized InAs quantum dots results from the en-
hanced carrier relaxation process related to the size
distribution of quantum dots.
Cheng et al. [11] reported on the PL properties

of GaxIn1�xAs strained multiple-quantum-wire
heterostructures formed in situ by the strain-
induced lateral-layer ordering process and pro-
posed the thermal expansion effect as the most
likely explanation for the temperature invariant
and even a blueshift of PL spectra.
In this paper, we have successfully grown the

high quality ten periods 3, 4 and 5ML InAs
quantum dots on GaAs substrates and system-
atically studied the temperature dependence of the
PL spectra. Meanwhile, we have observed a
temperature insensitive, unusual blueshift of PL
peak energy in the ten periods InAs quantum dots
superlattice. In addition, we propose one possible
explanation to interpret the unusual blueshift of
PL peak energy in the ten periods 5ML InAs
quantum dots superlattice.

2. Experiments

The samples were grown on semi-insulating
undoped (1 0 0) on-axis GaAs substrates by VG
V80H MK II solid source MBE equipped with a
15 kV reflection high energy electron diffraction
(RHEED) system. First, a 300 nm GaAs buffer
layer was deposited at 580oC, then a single layer of
quantum dots was grown by depositing InAs of
nominal thickneses of 3, 4 and 5ML InAs at
500oC, respectively, by a migration enhanced
technique and the growth rate was kept at
0.53 mm/h. The RHEED pattern shows a transi-
tion from streaky to well developed diffraction
spots as a result of a 3D growth mode. During the
growth of the subsequent layers (10ML GaAs),
the RHEED pattern is recovered with streaky
pattern and shows a transition from 3D growth

mode to a two dimensional (2D) growth mode.
The ten periods superlattice was obtained by
repeating the single layer of quantum dots growth
procedure ten times and the InAs quantum dots
are separated by a 10ML GaAs.
For a PL measurement, the signals were

generated by an Ar ion laser. The sample was
placed in an Oxford liquid helium chamber. The
luminescence signal was dispersed by an SPEX
0.5m monochromator and detected by a liquid
nitrogen cooled North-Coast germanium detector.

3. Results and discussion

Fig. 1 shows the temperature dependence
(5–80K) of the PL spectra with 3ML InAs
quantum dots superlattice. The transition energies
determined by the peak position of PL are
1.162 eV (5K), 1.159 eV (10K), 1.155 eV (20K),
1.152 eV (50K) and 1.148 eV (80K), and the
corresponding values of full width at half–max-
imum (FWHM) are 33, 44, 41, 37 and 45meV,
respectively. Fig. 2 shows the temperature depen-
dence (5–80K) of the PL spectra with 4ML InAs
quantum dots superlattice. The transition energies
also determined by the peak positions of PL are
1.140 eV (5K), 1.138 eV (10K), 1.136 eV (20K),
1.132 eV (50K) and 1.128 eV (80K), and the
corresponding values of FWHM are 45, 45, 45,
44 and 40meV, respectively. Fig. 3 shows the
temperature dependence (5–80K) of the PL

Fig. 1. Temperature dependence of PL spectra with ten periods

3ML InAs quantum dots superlattice grown on GaAs.
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spectra with 5ML InAs quantum dots super-
lattice. The transition energies determined by the
peak positions of PL are 1.074 eV (5K), 1.075 eV
(10K), 1.081 eV (20K), 1.088 eV (50K) and
1.090 eV (80K), and the corresponding values of
FWHM are 35, 43, 48, 49 and 44meV, respec-
tively. The FWHM values of the three samples are
all less than 50meV at various temperatures,
indicating a more uniformly distributed quantum
size [12,13]. We believe that this better uniformity
in the ten periods InAs quantum dots superlattice
is due to a migration enhanced growth technology
during MBE.

Fig. 4 presents the temperature dependence of
the PL peak energy of different InAs samples. It is
clear that the energy variation with temperature
could be divided into two categories: when the
InAs layer is smaller than or equal to 4ML, the
emitted photon energy of the InAs layer redshifts
with increasing temperature. However, when the
layer thickness becomes larger than 5ML, the
emitted photon energy of the InAs layer blueshifts
with increasing temperature. The rate of energy
shift with temperature for the ten periods InAs
quantum dots superlattice structure with 3, 4 and
5ML, are about 0.15, 0.13 and -0.17 nm/oC,
respectively. As mentioned above, the wavelength
shift in InAs bulk materials is about 0.93 nm/oC.
So using quantum dots as an active region, a laser
with a temperature-insensitive stimulated emission
wavelength could be fabricated.
The redshift of a semiconductor with increasing

temperature is known to be mainly due to thermal
expansion of the lattice constant and electron–
phonon scattering [14]. Also, band filling effect in
k-space can contribute a blueshift to the bandgap
energy, but due to a slight nonuniformity in dot or
wire size, the sharp density of states function will
be broadened and show a more quantum well-
like temperature dependence [1,11]. From the
experimental results, there are reasonable explana-
tions to interpret the unusual blueshift of PL peak

Fig. 2. Temperature dependence of PL spectra with ten periods

4ML InAs quantum dots superlattice grown on GaAs.

Fig. 3. Temperature dependence of PL spectra with ten periods

5ML InAs quantum dots superlattice grown on GaAs.

Fig. 4. Temperature dependence of the PL peak energy for the

ten periods 3, 4 and 5ML InAs quantum dots superlattice

grown on GaAs.
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energy in the ten periods 5ML InAs quantum dots
superlattice.
The evolution of a random initial surface

according to the Huygens principle, an initially
rough interface grows with a constant velocity
along the local surface normal [15] and Chang has
studied the shapes of 1, 2, 3, 4, 5, 6, 10, and 15
ML InAs, respectively, with InAs/GaAs multilayer
structure by high resolution transmission electron
microscopy (HRTEM) and reported that the
larger the InAs dot, the flatter is the top of the
island [16]. Fig. 5 illustrates the shape and the
triaxial strain of two self-organized InAs dots with
3 ML (Fig. 5(a)) and 5ML (Fig. 5(b)) thickness.
For InAs grown on GaAs, it is clear that variation
of the emission energy with temperature will be
affected by two different strained regions, i.e., dots
which are in contact with the InAs wetting layer
(region I) and those in contact with the surround-
ing GaAs layer area (region II), as shown in Fig. 5.
An InAs wetting layer with compressive strains
(exx and eyy) at the hetero-interface will have the
crystal lattice in the growth direction (z) free to
expand with temperature, which determines the
conduction band minimum and thus the PL peak
energy. In the conelike InAs dot region, there exist
not only the biaxial compressive strain (exx and
eyy) at the interfaces between the InAs wetting
layer and the cone (region I), but also an

additional strain (ezz) between the InAs dot and
the surrounding GaAs region (region II) in the
growth direction. For 5ML dots, the top of the
island is flatter as shown in Fig. 5(b). So there is
very little interface stress in the direction (z) normal
to the dot surface, especially in the central region of
the island. The lattice is free to expand in the z
direction, resulting in a larger ezz and thus lower
conduction band minimum. When the temperature
increases from �5 to 80K, the crystal lattice of all
regions tends to expand. Due to the difference of
thermal expansion coefficients of the two materials,
i.e., InAs has a smaller expansion coefficient than
that of GaAs, the compressive strain (exx and eyy)
of InAs island will be reduced when the tempera-
ture increases, and so will ezz. For the 5ML
sample, the change of ezz is the largest.
As shown in Fig. 5(b), the larger the InAs dot

size, the more moderate is its dot shape, and thus it
induces more strain relaxation in the dot region. In
addition, the more moderate dot shape (flat top
surface) will affect the weighting of multiaxial
strain in the InAs dot region, i.e., the strain ezz is
larger. So in self-organized InAs quantum dots,
enlarging the dot size will not only induce more
strain relaxation but also result in a more
moderate dot shape, where the former tends to
reduce but the latter tends to increase the strain ezz
in the direction normal to the growth plane. When

Fig. 5. An illustration of the triaxial strain in a self-organized InAs dots region with InAs (a) 3ML, and 5ML thick.
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the sample is heated from �5 to 80K, the decrease
of in plane thermal expansion strain (exx and eyy)
in the InAs quantum dot region also reduces ezz
which in turn increases the conduction band
minimum and thus the PL peak energy. The
increment of bandgap of the 5ML sample
definitely compensates the narrowing of bandgap
due to lattice expansion as temperature increases
which leads to the observed blueshifts of PL peak
energy. For samples with 3 and 4ML, PL peak
energies display an insensitive redshift with in-
creasing temperature indicating the reduction of
ezz due to less interface mismatch overcompen-
sated by the lattice expansion.

4. Conclusion

We have observed a temperature insensitive,
unusual blueshift of PL peak energy in ten periods
InAs quantum dots superlattice with respective 3,
4 and 5ML InAs as the well region grown on
GaAs. The net temperature dependence of PL
wavelength for ten periods InAs quantum dots
superlattice with 3, 4 and 5ML, are 0.15, 0.13 and
-0.17 nm/oC, respectively. So using the quantum
dots as an active region, a laser with a tempera-
ture-insensitive stimulated emission wavelength
could be fabricated. For the ten periods 5ML
InAs quantum dots superlattice, the PL peak
wavelength was found to blueshift with increasing
temperature. It is believed that the flatter top
surface of 5ML dots is responsible for the larger
variation of ezz which has compensated the
temperature induced lattice expansion, and results
in the blueshift of PL peak energy.
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