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Abstract

The emission dynamics properties of self-assembled InAs quantum dots with different cap
layers are investigated by steady-state and time-resolved photoluminescence (PL). The
uniformity of the dots can be improved by the proper cap layer structure. It is found that the
InGaAs and InAlAs combination cap layer structure could more effectively release the strain

in QDs, suppress the indium segregation, enhance the confinement effect on carriers and
reduce the thermally induced carrier escape from QDs. This has led to QDs with narrower
emission, above 1.3 um, and to improved temperature stability of PL intensity and has

resulted in an increase of the PL decay time to 10 ns at 160 K.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently, self-assembled quantum dots (QDs), with the
effect of three-dimensional size confinement, have attracted
extensive research interest due to their unique physical
properties and potential device applications [1-7]. However,
there are still many technical barriers to overcome to fully
utilize their potential applications. As to the laser diode
application from QDs, the energy gap between the ground
state and the first excited state must be greater than the value of
kT, and inhomogeneous broadening in the photoluminescence
(PL) should be small, which requires suitable QD size and
uniform distribution of QDs. However, the stochastic nature
of the QDs makes it difficult to obtain dots with uniformity in
both their size and spatial distribution, which seriously limits
their potential device application. The change in the band
discontinuity between QDs and confining layers is a useful
way to improve QDs quality [5-12].

Generally, it is found that in the InAs/GaAs structures
with InGaAs capping layer, the emission energy of the InAs
quantum dots (QDs) shows a red-shift with the increase of
In content in the In,Ga;_,As capping layer up to x = 0.3
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[5,8,9, 10]. If the InGaAs cap layer has higher In composition,
then it will have higher compressive strain with respect to
GaAs, lowering the emission energy [9]. Mukai et al [5]
considered that the lattice-constant variation will provide
the most likely explanation for the temperature insensitive
emission energy by the overgrowth of InGaAs layer. They
found that the emission energy shift over 150 K was almost
negligible when x = 0.25 and 0.3, and the shift between 4.2
and 200 K was less than half that of bulk GaAs when x =
0.3. However, Wang et al [8] considered that when x > 0.1,
larger x resulted in a larger PL linewidth, and they obtained
the maximum integrated PL intensity for x = 0.2. Considering
other effects such as the PL linewidth and integrated intensity,
the x = 0.2 In,Ga,_,As capping layer shows the best results
for the fabrication of long wavelength InAs QDs lasers.
Furthermore, to achieve long wavelength and high quality
emission, InAs QDs with InAlAs and InGaAs combination
cap layers (CCL) were fabricated [10-13]. Compared to the
traditional InAs QDs, this structure with CCL has attractive
fundamental properties, such as red-shift of the emission
[10, 11, 13], reduction of the PL line width [10, 12], larger

© 2008 IOP Publishing Ltd  Printed in the UK
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energy separation between the ground and first excited states
[10, 11, 13] and enhancement of the PL intensity [10-13].
These interesting properties can be attributed to the fact that the
combination cap layer can suppress the segregation of indium
component and then increase the height of the dots [4, 10—13].
Even though studies concerning the carrier transfer
mechanisms and corresponding transit times in such systems
are necessary for fabricating high-efficiency optoelectronic
and electronic devices, however, up to now, very few works
have been done on the effects of combination cap layers by
time-resolved photoluminescence (TRPL). TRPL is a useful
technique, which we have recently employed to study the
dynamics properties of other types of QDs [6, 14]. In this
paper, we have investigated the carrier dynamics by the steady
state and TRPL in InAs quantum dots capped with different
layers, which can help to penetratingly understand the effects
of InAlAs and InGaAs combination cap layers on the structures
and optical properties of InAs QDs.

2. Experimental section

Three types of InAs/GaAs QD samples have been prepared
with different cap layer structures. All samples were grown
on semi-insulating GaAs (100) substrates by a VG V80
molecular beam epitaxy (MBE) system. After a 500 nm
GaAs buffer (600 °C) and a 20 nm GaAs layer (510 °C), a
2.5 monolayer (ML) of InAs was grown to form a random
distribution of QDs. The self-assembled QDs layers were
then capped by different cap layers, 1 nm Ing3Aly;As and
3 nm Ing,Gag gAs combination layer for sample S1 and 3 nm
Ing,Gap gAs for sample S2, separately. Finally a 60 nm GaAs
layer was grown on the top. In addition, a comparative sample
S3 was prepared in the same way except that it has only the
60 nm GaAs cap layer without InGaAs or InAlAs layer
between the QDs layer and the 60 nm GaAs cap.

Steady-state PL and TRPL were measured in the
temperature (7) range of 10-300 K. Time-correlated single
photon counting system measurements were performed with
the help of a 638 nm semiconductor laser delivering 100 ps
pulses at 20 MHz and a Hamamatsu R5509-72 near infrared
(NIR) photomultiplier tube (PMT) [6, 14].

3. Results and discussion

3.1. Photoluminescence measurement

The normalized PL spectra of three QD samples at 10 K are
shown in figure 1. Luminescence features from the cap layer
do not appear, which indicates that the carriers generated in
the cap layer can efficiently be injected into InAs QDs. The
PL peak energies of samples S1, S2 and S3 are at 1.003 eV,
1.052 eV and 1.062 eV, respectively. It shows a 10 meV
red-shift from the sample S3 with the GaAs cap to S2 with
the InGaAs cap, and a further 49 meV red-shift from the
sample S2 to S1 with the InAlAs and InGaAs combination
cap layer (CCL). Obviously, PL shows much more red-shift
for samples with the CCL structure. The full-width at half-
maximum (FWHM) values are 35 meV for S2, 37 meV for
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Figure 1. Normalized PL spectra of samples S1, S2 and S3 at 10 K;
the inset is the PL spectrum of sample S1 at 300 K.

S3, but only 26 meV for S1, respectively. This fact indicates
that the CCL can greatly improve the PL characteristics of the
QDs.

Our experimental results can be explained from the strain
analysis. It is understood that the strain forces affect the PL
peak and FWHM of the QDs mostly, and they are influenced by
the cap layer structure [4]. The strain forces between QDs and
the buffer layer are directly proportional to the square of lattice
mismatch. With the reduction in the lattice mismatch, strain
forces drop down rapidly. For sample S1, the InGaAs and
InAlAs CCL may enhance the paths of strain release, which
increase the range of InAs deposition dose. During the growth
process of CCL, indium atoms in InGaAs and aluminum atoms
in InAlAs can retard the diffusion of indium and gallium
atoms between InAs QDs and GaAs barrier layers, which
may commendably preserve the uniform size distribution of
InAs QDs [1, 2]. This phenomenon reduces the strain force
and probably increases the QDs height. The reduction in
strain among InAs QDs results in a strong red-shift of PL.
It must be noted that the increase of confinement potential
for InAlAs may cause the increase of the ground-state energy.
However, this effect is not obvious, as compared to the red-shift
from the strain reduction. As shown in the inset of figure 1,
the emission wavelength of sample S1 reaches 0.93 eV,
i.e. 1.33 um at 300 K.

Temperature-dependent PL. measurements were measured
in 10-300 K for these three samples. Figure 2 shows the
temperature dependence of PL peak energy for three samples.
PL signals from S3, the QDs sample with the GaAs cap but
without the InGaAs or InAlAs layer, were very weak above
230 K, which were not recorded. This also provides the
evidence that the InGaAs or InGaAs/InAlAs combined layer
structure can improve the luminescence characteristics of
InAs QDs.

Three solid lines (starting from 1.065, 1.053 and 1.006 eV,
respectively) are the translation of the InAs gap (0.417 eV)
fitted by the Varshini formula for guides of eye [2]. The
overall behavior is similar for these three samples. Due to the
localization effects, the PL peak energies of the three samples
are more or less a constant below 30 K [6]. The PL peak
energy of the QDs decreases as temperature increases within
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Figure 2. Temperature dependence of PL peak energy for three
samples; the solid lines are the translations of InAs gap fitted by the
Varshini formula; the translations between these three lines and
InAs gap (0.417 eV) are 0.648, 0.636 and 0.589 eV, respectively.

30-120 K, in accordance with the Varshini formula and similar
to the behavior of InAs bulk material.

But beyond 120 K, the PL peak energies of three samples
were deviated from Varshini-shape curves, in comparison with
the energies of InAs bulk. The amounts of these deviations
gradually increase with an increase of temperature beyond
120 K. This is a characteristic feature of self-assembled QDs
grown by the Stranski—Krastanow (SK) mode [10]. This
behavior indicates an increase in the rate of carrier migration
among different QDs, especially the migration rate from the
small QDs with higher energy level to larger QDs with lower
energy level, resulting in a fast red-shift of PL wavelength [2].
It is obvious that as temperature increases, sample S3 has the
largest value of red-shift, while sample S1 has the least one.
From 120-220 K, the red-shifts of InAs bulk, S1, S2 and S3
are 27 meV, 31 meV, 37 meV and 42 meV, respectively. The
above phenomena mean that S1 has better thermal stability for
the CCL.

The spectrally integrated PL signal allows us to monitor
the quenching of the emission strength with temperature, as
displayed in figure 3. As done in figure 1, the PL intensities
of three samples at 10 K are normalized to 1 for comparative
analysis. The integrated PL intensity can be fitted by the
formula

I(T) = Ip/(1 + Cyexp(—E,/kT)), ey

where E, is the activation energy, Iy is a constant, k is
the Boltzmann constant and Cy contains ratios of optical-
collection efficiencies and effective degeneracies between the
unbound and bound states [15]. The ratios of PL integrated
intensity of 14 K and that of 230 K are 143, 318 and 3440 for
samples S1, S2 and S3 separately. Sample S1 could be detected
strong luminescent signals at room temperature, while sample
S3 could not be detected luminescent signals above 230 K,
as mentioned before. Fitting the data in figure 3 with the
formula (1), we obtain the least Cy of 1595 for sample S1
(34030 and 106 900 for S2 and S3), and the smaller value of
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Figure 3. Temperature dependence of the integrated intensities for
three InAs QDs samples; the solid lines were fitted by formula (1).

Cy means the higher ratios of optical-collection efficiencies,
i.e. with better property. It is interesting that the integrated PL
intensity of S3 has an obvious variation of decrease—increase—
decrease process as temperature rises. For the sample S3,
we also obtain the activation energy of 4 meV and Cj of
1.3 from the data of figure 3(c) in the range of 10-60 K,
suggesting that the dots have a common activation energy
at low temperature, which may originate from the carrier
localization effects caused by the small barriers for the
component and interface fluctuation around the dots. The
above phenomena indicate that the CCL can significantly
improve the temperature stability of PL intensity.

At room temperature, no obvious PL signals can be
detected from sample S3 under the same measurement
conditions as for samples S1 and S2. At the low temperatures
of 10-230 K, PL intensities of S3 were more than one
order weaker than that of S1 and S2 at each corresponding
measurement temperature . The enhancement of PL intensities
from InAs QDs with a CCL layered structure might also be
due to the strain release of the combined cap layer structures,
similar to the analysis in section 3.1. More penetrating studies
on this and other interesting phenomena observed in the paper
are required.

3.2. Time-resolved PL spectra

It is crucial to understand the dynamic process of carrier
relaxation for the development of QD lasers. In order to study
the effects of CCL on dynamic information of carriers, time-
resolved photoluminescence measurements were performed
for these three QD samples in a wide temperature range.
Figure 4 shows PL decay spectra of the three samples at
low temperatures and decay curve fitting results. Each TRPL
spectrum can be fitted with a single exponential consisting of
an individual PL decay time, .
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Figure 4. PL decay spectra and decay curve fittings of three
InAs-QDs samples at a low temperature of 10 K or 14 K.
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Figure 5. PL decay time of the three samples at different
temperatures.

Figure 5 exhibits the obtained PL decay times, 7, versus
T for these three samples at 10-300 K. As shown, the overall
trend is similar for three InAs QDs: the PL decay time is
almost constant below 30 K, rises gradually below 80-100 K,
further rises and reaches a maximum value, the critical
temperature T, at a middle temperature, and then drops at
higher temperature. However, the detailed -7 relations for
three samples differ from each other. In particular, the values
of T¢ and 7 data are quite different among them. 7¢ values
of 180 K, 160 K and 130 K are shown for S1, S2 and S3,
respectively.

The corresponding temperature for PL decay time of S1
being a constant is much lower than those previously reported
for InAs QDs in a GaAs matrix [16, 17, 20-25]. This fact may
imply that carriers generated in the cap layer can be efficiently
injected into InAs QDs with smaller interface barrier. The
maximum PL decay time of sample S1 observed is 9.66 ns,
which is larger than that of other two samples and previously
reported values [16-20]. Karachinsky et al [21] considered
that, for larger QD diameters, the piezoelectric effect leads
the electron and hole wavefunction expanding in different
directions and becoming more elongated, hence reducing the
overlap integral, and results in a longer lifetime. Langbein
et al [22] believed that increasing quantum confinement may
result in a longer lifetime for smaller in-plane extension of the
exciton wavefunctions. Our results show that the increase of

the QDs height and the quantum confinement from the CCL
should be the most important reason for the long lifetime of
S1.

It should emphasize that time decay PL spectra represent
the composite decay rates of PL from QD materials. Carrier
recombination can be simply described by the equations:

diN@) _ N@)
dr - T0 ’
d(N () N() N()
d = - = g _
t T 70

@

3)

where 7 is the PL decay time at lower temperature, N(?) is
the number of total carriers in QDs, t, is the PL decay time
at higher temperature, and g is the rate of additional carrier
migration from the barrier region to QDs for the temperature
effect. Equation (2) describes a decay process with a constant
decay parameter, while equation (3) describes the process with
non-constant decays. At lower (<30 K), dynamic processes,
such as non-radiative recombination, thermal excitation and
migration of carriers are irrelevant. Therefore, PL decay
spectra mainly represent the rate of radiative recombination.
The value of g can be neglected, so the PL decay time is more
or less a constant. As the temperature increases above 30 K,
the value of g cannot be neglected. From equations (2)
and (3), we can deduce that 7, is larger than to. This can
partially explain the increase of the decay time for samples S2
and S3 below about 100 K. But as for S1, PL intensity just
decreases with temperature. There are also other mechanisms
of enhancing the decay time, such as the thermally-induced
carriers redistribution among the QDs with different tunneling
rates for the electrons and the holes [7, 16, 18], the thermally-
induced population of dark excitons [4 19, 23] and excited
states [20-24, 26] and the thermally-induced reduction of the
effective oscillator by the carrier expansion, while the non-
radiative recombination suppresses the lifetime [16, 17].

From the above analysis, it can be considered that the
larger T means a lesser effect of non-radiative recombination.
Obviously, T¢ of sample S1 is much larger than that of the
other two samples, and also larger than that reported in [16]
(150 K), [20] (150 K), [26] (170 K) and [24] (no T¢ within
the experimental error). Further, the decay time remains
rather large up to RT for sample S1, demonstrating the high
structural quality of the embedded QDs [20]. The high values
of Tc and the decay time observed in the high temperature
regime indicate that in the CCL structure barriers tend to
enhance the confinement effect on the carriers, inhibit thermal
escape of carriers from the dots [26] and reduce non-radiative
recombination.

4. Conclusion

We have experimentally investigated time-resolved
photoluminescence of InAs quantum dots capped with
different cap layers. It is observed that by capping
with a combination cap layer, the QDs emit longer and
narrower emission (above 1.3 um at room temperature). We
attribute the results to effective strain release in the QDs
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due to CCL. At the same time, temperature stability of the
PL efficiency and decay time was enhanced for the higher
potential barrier of CCL layer than that of the InGaAs layer.
More carriers migrating to the QDs from barriers and the
wetting layer, and the thermally induced reduction of the
effective oscillator by carrier expansion among the different
QDs, dark excitons and excited states are the main reasons
for the PL decay time increasing with temperature. At
higher temperatures, thermal emission and the non-radiative
recombination reduce the PL decay time.
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