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layers on the optical properties of InAs/GaAs quantum dots (QDs). A rich fine structure in the excited
states of confined excitons (up to n = 4 quantum states) was observed, providing useful information to
study the quantum states in the InAs/GaAs QDs. A significant redshift of the PL peak energy for the QDs
covered by InGaAs layers was observed, attributing to the decrease of the QD strain and the lowing of the
quantum confinement.
uantum dots
hotoluminescence

. Introduction

Semiconductor quantum dots (QDs) with dimensions smaller
han the bulk exciton Bohr radius provide a nearly zero-
imensional system, where carrier confinement occurs in all spatial
irections. The quantum confinement results in discrete elec-
ronic levels which can be tuned by varying the QD size. The
elf-assembled QDs grown by the Stranski–Krastanov method
ave been proposed as a promising way to fabricate high-quality
Ds, providing peculiar optical properties such as high quantum
ield, tunability, and thermal stability. Because of these optical
roperties, QDs have led to considerable applications in opto-
lectronic devices such as optical switches, light-emitting diodes,
nd lasers [1–3]. Recently, much interest has been devoted to the
evelopment of GaAs-based materials emitting in the telecommu-
ication wavelengths around 1.3 and 1.55 �m. The self-assembled

nAs/GaAs QDs on GaAs substrate emit a photoluminescence (PL)
eak with wavelength typically around 1050 nm [4]. An effective
ethod to achieve the 1.3 �m spectral region is to cover an InGaAs
hin layer to the InAs/GaAs QDs [5,6]. The InAs/GaAs QDs covered
y InGaAs layers can redshift the QD emission by reduction of the
esidual compressive strain, increment of QD size, strain-driven
ecomposition of the InGaAs layer, and lowing of the lateral con-
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finement (barrier lowing) [5,7–11]. Although 1.3-�m InAs/GaAs
laser can be implemented using this approach, the fundamental
properties of the InAs/GaAs QDs covered by InGaAs layers are not
well understood. For example, the InGaAs layers would affect the
confined electron states and hydrostatic strain in InAs/GaAs QDs.
The addition of InGaAs layers may also change the thickness and
strain of wetting layers (WLs), which have been demonstrated to
influence the electronic and optical properties of self-assembled
InAs/GaAs QDs considerably [12]. Understanding the fundamental
properties of the InAs/GaAs QDs covered by InGaAs layers not only
offers a convenient way to clarify the nature of their structures, but
also provides useful information for extending their applications to
optical devices.

In this paper, the PL, PL excitation (PLE), time-resolved PL tech-
niques have been used to investigate the optical properties of the
InAs/GaAs QDs covered by InGaAs layers. The PLE results show that
the InAs/GaAs QDs reveal a clear quantum confinement effect even
the InGaAs layers are included. By comparing the QDs with and
without the InGaAs layers, we find that inclusion of the InGaAs lay-
ers leads to reduction of the WL thickness, decrease of the strain in
WL and InAs QDs, and increase of the PL decay time.
2. Experimental details

The investigated structures in this study were grown by solid
source molecular beam epitaxy (SS MBE) in a Riber Epineat machine
on n+-GaAs (1 0 0) substrates. The structure of InAs/GaAs QDs

http://www.sciencedirect.com/science/journal/09215107
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mailto:jlshen@cycu.edu.tw
dx.doi.org/10.1016/j.mseb.2009.09.028
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without InGaAs layers) consists of a 3-nm-thickness AlAs bot-
om cladding layer, 10 stacks of InAs/GaAs QDs active region
ith 30-nm-thick GaAs barrier layer, a 3-nm-thickness AlAs top

ladding, and a 10-nm-thick GaAs cap layer. QDs were formed in
transki–Krastanow growth mode by the deposition of 2.6 mono-
ayers (MLs) of InAs at substrate temperature of 485 ◦C, then
overed with 10-nm-thick GaAs layer at the same temperature
hile the growth temperature of the rest layers was 600 ◦C. The

tructure of the other InAs/GaAs QDs (the QDs covered by the
nGaAs layers) consists of a Al0.3Ga0.7As bottom cladding layer, 10
tacks of InAs/InGaAs/GaAs QDs active region with 30-nm-thick
aAs barrier layer, a 30-nm-thick AlAs top cladding, and a 10-nm-

hick GaAs cap layer. QDs were formed by deposition of 2.6 MLs
f InAs at substrate temperature of 485 ◦C, then covered with 5-
m thick In0.15Ga0.85As quantum well and 5-nm-thick GaAs barrier

ayer at the same temperature while the growth temperature of the
est layers was 600 ◦C.

The samples were mounted in a cold-finger cryostat and the
ample temperature can be tuned between 10 and 300 K. Time inte-
rated PL and PL decay measurements were made using pulsed
iode lasers operating at a wavelength of 635 nm. The diode laser
roduces light pulses with about 40 ps duration and a repetition
ate of 1 MHz. PLE measurements were carried out from a tungsten
alogen lamp in conjunction with a monochromator as the excita-
ion source. The collected luminescence was directly projected into
spectrometer and then detected with a high-speed photomulti-
lier tube (PMT), cooled down to−60 ◦C. PL decay signals were mea-
ured using the technique of time-correlated single-photon count-
ng (TCSPC) by a PC plug-in time-correlated counting card. The over-
ll temporal resolution of the apparatus is of the order of 250 ps.

. Results and discussion

The inset of Fig. 1 displays the 20-K PL spectra of InAs/GaAs
Ds with and without an InGaAs layer. For the sample without

nGaAs layers, the energy of main peak is centered at 1.055 eV,
hich is assigned to the ground state transition. The high-energy

houlder is attributed to the recombination from the first excited
tate transition. The narrow QD-PL peak (full width at half max-
mum (FWHM) = 30.6 meV) reflects reduced dot size fluctuations
nd good shape uniformity. When the QDs were capped with a

-nm-thick In0.15Ga0.85As overgrown layer, the ground state tran-
ition is enhanced and redshifts to 1.038 eV. The low-energy shift
ould be due to a decreasing strain inside the QD, an increasing
ffective QD size caused by the strain-driven decomposition of the
nGaAs layer, and the lowing of the lateral confinement [7–11].

ig. 1. The PL decay profiles monitored at ground state transition of the InAs/GaAs
Ds (a) without and (b) with the InGaAs layers. The inset shows time integrated PL

pectra of the InAs/GaAs QDs (a) without and (b) with the InGaAs layers at 20 K.
Fig. 2. The PLE spectra of the InAs/GaAs QDs (a) without and (b) with the InGaAs
layers as a function of the excess excitation energy (�E = Eexc − Edet). The detection
energy Edet of (a) and (b) is 1.055 and 1.038 eV, respectively.

Fig. 1(a) and (b), respectively, displays the PL decay detected at the
maxima of the ground state transition for QDs without and with
InGaAs layers, revealing mono-exponential decays. The PL decay
profiles of QDs were fitted to a single exponential function of the
form A0e−t/�0 to extract a decay time �0. The decay curve gives
time constant �0 of 0.48 and 0.43 ns for QDs without and with
InGaAs layers, respectively. It has been reported that the QD shape
in the InAs/GaAs QDs is pyramidal, leading to different elongation
directions in the growth plane due to the macroscopic piezoelec-
tric effect [8]. On the other hand, the shape of the InAs/GaAs QDs
covered by InGaAs layers has been reported to be truncated pyrami-
dal. The truncating pyramidal QDs weaken piezoelectric potential
by the smaller side facets and shorter edges, and hence, the over-
lap of electron and hole wave functions increases. If we assume the
radiative recombination process dominates the PL at low temper-
ature (20 K), the shorter PL decay time for InAs QDs with InGaAs
layers could be explained by the increased overlap for electron and
hole wave functions when truncating the QDs.

Fig. 2(a) shows the PLE spectrum of the ground state tran-
sition, displayed with respect to the excess excitation energy
(�E = Eexc − Edet), for the InAs/GaAs QDs without the InGaAs layers.
The sharp and discrete electronic transitions in the PLE spectrum
demonstrate the high material quality and QD uniformity for
the investigated sample. In order to understand the observed
excitation resonances, a comparison with theoretical calculations
is required. Based on an eight-band k·p model, calculations of
the single-particle states in InAs/GaAs QDs have been carried
out previously [13,14]. Since the pyramid base length of our
QDs (∼18 nm) is comparable to the corresponding calculated
value (17 nm) in Ref. [13], it is interesting to compare the PLE
experiments with their theoretical calculations. If the quantum
states are classified by the number of nodes in different directions
[13,14], the absorption resonances in �E range between 50 and
110 meV in Fig. 2(a) can then be attributed to the transitions from
valence band (VB) states |V100〉 and |V010〉 to the first excited
conduction band (CB) states |C010〉 and |C110〉. Similarly, the
absorption resonances between 130 and 210 meV are attributed
to transitions from VB states |V020〉 and |V200〉 to CB states |C000〉,
|C300〉, and |C020〉. These line groups can thus be approximately
assigned to the quantized levels of the two-dimensional harmonic
oscillator and labeled as n = 1, 2, . . .. Table 1 gives the absorption
resonances measured from our PLE experiments and calculated

from Ref. [13]. The good agreement between calculations and
experiments suggests that the series of well-resolved excitation
resonances are due to the quantum-size effect of the excited state
spacing in InAs/GaAs QDs. In fact, we also observed some higher
excited state transitions (�E between 280–325 meV) which have
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Table 1
List of the absorption resonances of the InAs/GaAs QDs measured from PLE experi-
ments and calculated from Ref. [13].

Exciton transitions �E(exp.) (meV) �E(cal.) (meV)

n = 1 |C100〉–|V010〉 65 67
|C100〉–|V110〉 87 91
|C010〉–|V110〉 107 105
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without and with InGaAs layers. We extract the corresponding acti-
n = 2 |C020〉–|V000〉 135 142
|C200〉–|V300〉 167 166

ot been calculated in Ref. [13]. We deduce that those transitions
an be assigned to n = 4 transitions of confined excitons in QDs
ccording to the model of two-dimensional harmonic oscillator. To
ur knowledge, our PLE spectra contain the clearest quantum-size
ffect in semiconductor QD structures so far. At higher photon
nergies, two intense absorption peaks positioned at �E = 375
nd 430 meV are assigned to the heavy hole (HH) and light hole
LH) absorption of the WL, respectively. The heavy hole transition
nergy (1.430 eV) corresponds to a WL thickness of ∼1 ML [15].

Fig. 2(b) shows the PLE spectrum of the ground state transition
or InAs/GaAs QDs covered by InGaAs layers. For the absorption res-
nances below �E < 350 meV, it is found the spacing between the
xcited resonances increases after deposition of the InGaAs layers.
or example, energy spacing of the |C100〉–|V110〉 (|C200〉–|V300〉)
xciton transition increases from 87 (167) to 90 (172) meV. The
ncreased energy spacing indicates that the quantum confinement
ffect is more pronounced as the InGaAs layers are included. In
ig. 2(b), additional absorption resonances positioned at �E = 304
nd 333 meV are clearly observed and assigned to the HH and LH
bsorption of the InGaAs layers (quantum wells), respectively. The
pacing of the HH and LH absorption of InGaAs layer, originating
rom the hydrostatic strain distribution in the growth direction, is
redicated by calculations in the framework of continuum mechan-

cs [8]. At higher energies, the peaks positioned at �E = 405 and
50 meV are, respectively, assigned to the HH and LH absorption
f the WL. By comparing the QDs with and without InGaAs layers,
he transition energies of WL shift to the higher energy side, indi-
ating the effective WL thickness is reduced after the deposition
f InGaAs layers. This reduction in the effective WL thickness may
e due to the intermixing between the WL and InGaAs layers. It is
oted that the strain-induced spacing of the HH and LH absorption
f WL is found to decrease from 55 to 45 meV as the InGaAs layers
re included. It has been recently reported that the strain profile
n WL is almost identical to that in InAs QDs [12]. Therefore, the
train in WL region represents the strain within the InAs dots. The
educed strain-induced spacing of the HH and LH absorption of WL
emonstrates a decrease of the hydrostatic strain within the QDs
fter the deposition of InGaAs layers.

Here, we try to discuss the origin of PL redshift in our case.
ccording to continuum methods for strain calculations in QDs,

he strain is proportional to the lattice mismatch between QDs and
onfining layer materials [16,17]. With covering the InGaAs (con-
ning) layers, the lattice constants of InAs and InGaAs layers are
ot so much different compared to those of InAs and GaAs. There-

ore, the QD strain decreases after covering an InGaAs layers. This
educed strain of QDs was considered as an important factor for
edshift of the PL emission in QDs [5,17]. An effective-mass model
f electronic transition in InAs/InGaAs QDs has been proposed for
he development of QD strain engineering [18,19]. On the other
and, the quantum confinement effect may change with covering
he InGaAs layers. The QD size may increase as the InGaAs layer is

rown, especially in the growth direction [7,20]. The quantum-size
ffect of QDs in the growth direction is more pronounced than that
n the other directions since the QD height is much smaller than
he lateral size of QDs. Thus, the increase in QD height caused by
Fig. 3. The PL spectra of the InAs/GaAs QDs (a) without and (b) with the InGaAs
layers recorded at T = 10, 80, 140, 180, 220, and 260 K.

covering the InGaAs layers reduces the quantum confinement of
QDs, producing the redshift in the PL peak. Additionally, the intro-
duction of InGaAs layers decreases the barrier height in the band
diagram, which causes a lowing of the lateral confinement. Also, the
QD shape may affect the quantum confinement states in InAs/GaAs
QDs. According to the eight-band k·p calculations, the ground state
transition energy of the truncating pyramidal QDs (the QDs with
InGaAs layers) is smaller than that of the pyramidal QDs (the QDs
without InGaAs layers), having the same QD volume [21]. There-
fore, truncating the QD shape can decrease the PL peak energy.
From our PLE measurements (Fig. 2), the reduced spacing of the
HH and LH absorption of WL indicates that the hydrostatic strain
decreases for the QDs with InGaAs layers. We therefore deduce that
the strain reduction effect plays an important role for the redshift
in PL peak energy in the QDs with InGaAs layers. However, we can-
not completely exclude the contribution of lowing of the quantum
confinement, originating from the decrease of barrier height, the
increase of QD height, and the change of QD shape. The redshift
in the PL peak may, at least in part, originate from the effect of
quantum confinement.

The PL spectra of QDs without and with InGaAs layers as a
function of temperature are displayed in Fig. 3(a) and (b), respec-
tively. Both spectra show the temperature dependence typical of
an ensemble of QDs [22]. With increasing temperature, the PL
band maximum shifts toward the low-energy side and the PL
intensity decreases. The quenching of PL intensity with increasing
temperatures can be accounted for by the increased nonradiative
recombination of confined carrier loss, in competition with radia-
tive recombination. The open circles in Fig. 4 show the integrated
PL intensities as the function of the inverse of temperature for QDs
vation energy by using the following equation:

A(T) = A0

1 + C exp(−E0/kT)
, (1)
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ig. 4. The temperature dependence of integrated PL intensities of the InAs/GaAs
Ds (a) without and (b) with the InGaAs layers. The solid lines are the calculated

esults using Eq. (1), from which the thermal activation energies are determined.

here A0 is a constant, E0 is the thermal activation energy, and k
s the Boltzmann constant. The thermal activation energies for QDs

ithout and with InGaAs layers are fitted to be 105 and 138 meV,
espectively. The larger activation energy for QDs with InGaAs lay-
rs can be explained by the energy difference between the ground
tate and the WL. From PLE spectra of the ground state transition
Fig. 2), the excess excitation energy (�E) between the ground state
nd the WL is 375 and 405 meV for the QDs without and with the
nGaAs layers, respectively. At elevated temperatures, the carriers
n the ground state of the QDs with InGaAs layers are less efficient
o be thermally populated to the WL, where carriers are lost irre-
ersibly. Therefore, E0 for the QDs with InGaAs layers is larger than
hat for the QDs without InGaAs layers.
. Conclusions

We study PL properties of InAs/GaAs QDs without and with
nGaAs layers using different PL techniques. A rich fine structure in

[

[
[
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the excited states (up to n = 4 quantum states) was observed in PLE
studies, providing clear information to analyze the quantum con-
fined states in the InAs/GaAs QD system. The inclusion of InGaAs
layers shifts the PL emission of QDs toward the low-energy side.
The redshift of the PL in InAs QDs was found to be associated with
the reduction of the QD strain and the lowing of lateral confine-
ment. The increased activated thermal energy after covering the
InGaAs layers can be accounted for by the increased energy spacing
between the ground state and the WL.
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