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We investigated the electronic subband structure of an InAs quantum-dot infrared photodetector
(QDIP) structure utilizing photoluminescence (PL) and PL excitation (PLE) spectroscopy. At 10 K,
the PLE spectrum of the PL maximum (1.046 eV) shows an absorption peak associated with InAs
quantum dots in an asymmetric well (DASWELL). The strongest transitions in the PLE spectrum
are at ∼85 and ∼160 meV above the ground-state transition, and weaker transitions occur at ∼63
and ∼130 meV. Another peak at ∼30 meV is a phonon-assisted peak, and the peaks observed above
300 meV are related to quantum wells formed by InGaAs regions between island QDs. From these
data, we construct the electronic subband structure of the active region in an InAs QDIP with a
DASWELL structure and a AlGaAs/GaAs superlattice barrier.
PACS numbers: 73.21.L, 85.35.B, 07.57.K.
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I. INTRODUCTION
Self-assembled quantum dots (QDs) have been of considerable interest for the last few decades due to their
importance in low-dimensional physics and their applications in semiconductor devices [1, 2]. Understanding
the electronic states of QDs is an important issue for
applications in electronics and optoelectronics. The effect of quantum confinement on the electronic states in
QDs has been studied in experiment and theory. Recently, theoretical calculations of the electronic structure of strained QDs by using eight-band k·p theory
or empirical pseudopotential (EP) theory became available [3–5]. However, the comparison with experiments
was hampered by the unknown structural properties of
the actually investigated QDs. Electrical characterizations, such as capacitance-voltage (C-V) characteristics,
admittance spectroscopy, and deep-level transient spectroscopy have been employed to study the intersubband
structure [6–10]. Optical characterizations, such as photoluminescence (PL), PL excitation (PLE), transmission,
absorption, and photocurrent (PC) spectroscopy, have
also been employed to study interband and intersubband
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transitions [11–13]. In this paper we present the results
of optical characterizations of InAs QDs in an asymmetric well (DASWELL) structure analyzed by combining
the results of systematic PL and PLE spectroscopy.

II. EXPERIMENTAL DETAILS
Fig. 1 shows the QDIP structure used in this study.
The QDIP structure consists of a 5-stacked DASWELL
structure, which was grown by using molecular beam epitaxy. The InAs QDs were grown with 3-monolayer (ML)
coverage of InAs at a growth temperature of Tg = 480
◦
C. These InAs QDs were sandwiched by In0.15 Ga0.85 As
layers of different thicknesses. The thickness of the upper layer was 15 MLs and that of the lower layer was 2.5
MLs. Each DASWELL structure was separated by a 45nm-thick GaAs layer. Under the 5-stacked InAs/GaAs
structure, we used 10 pairs of short-period superlattices
(SLS) with a 2-nm-thick Al0.3 Ga0.7 As layer and a 2-nmthick GaAs layer. The SL is known to reduce dark current of QDIP. These 5-stacked InAs QDs and SL were
sandwiched between a 150-nm-thick n-type GaAs top
contact layer and a 650-nm-thick bottom contact layer.
These contact layers were doped with Si to 3.0 × 1018
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Fig. 1. Schematic diagram of the quantum-dot infrared
photodetector structure.
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Fig. 2. Power-dependent photoluminescence and photoluminescence excitation spectra of InAs quantum dots in an
asymmetric InGaAs/GaAs well measured at 10 K.

cm−3 .
Typical widths, heights, and densities of the QDs were
∼41 nm, ∼7 nm, and ∼4 × 1010 cm−2 , respectively,
which were determined by using atomic force microscope
(AFM) images for uncapped InAs QDs grown under the
same condition on 2.5-ML-thick In0.15 Ga0.85 As/GaAs.
For PL and PLE measurements, the QD samples were
excited by using a 514.5-nm Ar+ laser and a halogen
lamp dispersed by a 150-mm monochromator, respectively. The emission from the QD structure was dispersed through a 300-mm monochromator and was detected with a cooled InGaAs detector at 10 K. For the
PLE measurement, detection was carried out at the peak
wavelength of the PL spectrum.

III. RESULTS
The PL spectrum measured at 10 K (Fig. 2) shows
a dominant peak at 1.046 eV, which is related to interband transitions from the ground electronic subband to
the ground hole subband (h0 -e0 ) of the InAs QDs. Since
the broadening of the PL spectrum originates mainly
from the Gaussian-type size distribution, one can extract
transitions from higher states of QDs in the PL spectrum by using a multi-Gaussian fit. A numerical fitting
with multi-Gaussians shows other peaks between 1.08
and 1.20 eV, which correspond to higher state transitions, including e1 -h0 and e1 -h1 , which will be explained
in detail in the following discussions for the PLE spectrum.
The PLE spectrum of the PL maximum (1.046 eV at
10 K) showed absorption peaks in the DASWELL (Fig.
3), which corresponded to the electronic subband structures of a conduction band and a valence band of the

Fig. 3. Photoluminescence excitation spectrum measured
at 10 K. The energy axis refers to the detection energy, thus
showing the excess excitation energy ∆E = Eexc – Edet .

DASWELL structure. The energy axis refers to the detection energy, thus showing the excess excitation energy
∆E = Eexc – Edet . As one can see in Fig. 3, there are
two major resonance peaks, one at ∼85 meV and the
other at ∼160 meV, which are thought to be due to resonant transitions from the 1st excited state of holes to
the 1st excited state of electrons (∆E1 + ∆H1 ) and from
the 2nd excited state of holes to the 2nd excited state
of electrons (∆E1 + ∆H1 + ∆E2 + ∆H2 ), respectively.
There are also weaker resonance peaks at ∼30, ∼63, and
130 meV. The resonance at ∼30 meV is known to be
due to phonon-assisted generation of excitons in the QD
ground state [11,14,15]. The peaks at 63 and 130 meV
are thought to be due to resonant transitions from the
ground state of holes to the 1st excited state of electrons
(∆E1 ) and from the 1st excited state of holes to the 2nd
excited state of electrons (∆E1 + ∆H1 + ∆E2 ), respec-
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Fig. 4. Electronic subband structure of InAs quantum dots
in an asymmetric InGaAs/GaAs well structure determined at
10 K.

and the GaAs and the band gap of the InGaAs QW at
10 K were set to 145 meV and 1.285 eV, respectively [11,
17,18]. One can determine all the energy levels, both in
the conduction band and the valence band, by using the
parameters described above and the parameters obtained
from PLE spectrum.
Fig. 4 shows the electronic subband structure of the
QDIP active region deduced from PLE spectrum. From
Fig. 4, we can see the available intersubband transitions
from e0 . The intersubband transition energies are ∼63
(e0 -e1 ), ∼108 (e0 -e2 ), ∼ 184 (e0 -ewell1 ), and 236 meV
(e0 -ewell2 ). The intersubband transition from e0 to the
bound states (ewell1 and ewell2 ) in the InGaAs well can be
used to detect IR radiation. Thus one can imagine that
this QDIP with a DASWELL active region can detect
5.25 µm (236 meV) and 6.74 µm (184 meV). Recently,
Ariyawasana et al. has reported the detection of far-IR
with a dot in a well structure through the intersubband
transition between the ground state and a higher state in
the conduction band of the QDs and a tunneling process
under a high-bias condition [19]. Therefore, our QDIP
can detect 11.5 µm (108 meV) and 19.7 µm (63 meV)
with a proper bias condition and a low dark current.

tively:
∆En = en − en−1
∆Hn = hn − hn−1
where n = 1, 2, 3, · · ·
A multi-Gaussian fitting of the PL spectrum reveals a
broad spectrum due to higher-state transitions with a
peak of around 1.109 eV, slightly smaller than the transition energy of 1.131 eV for the e1 -h1 transition. This
peak is a resonance peak of the e1 -h0 transition in the
PLE spectrum. The transition energies of the e1 -h0 transition and the e1 -h1 transition are displayed in Fig. 2 for
a comparison. The extracted PL spectrum is so broad
that it involves the e1 -h1 transition. Therefore, one can
conclude that the radiative transition rate of the e1 -h0
transition due to non-resonant pumping, such as PL, is
larger than that of the e1 -h1 transition. This can be explained by a violation of the selection rule in QDs and
the slower hole injection rate due to the smaller mobility
of holes compared to that of electrons.
The locations of the resonance peaks observed above
300 meV in QD size-selective PLE were independent of
the QD size. Only the intensities of these peaks depended on the QD size. Hence, one can conclude that the
resonances are related to quantum wells (QW) formed by
InGaAs regions between the island QDs.
For determining the band structure of the heterostructure, we set the conduction band offset between the InAs
QD and In0.15 Ga0.75 As QW to 477 meV [16]. Amtout
et al. calculated a quantum-confined ground-state energy for electrons in QDs similar to ours (331 meV) [16].
We adopted their result in order to determine the electronic subband structure of the DASWELL structure.
The conduction band offset between the InGaAs QW

IV. SUMMARY
We investigated the electronic subband structure in
InAs quantum dots in an asymmetric InGaAs/GaAs well
structure utilizing PL and PLE spectroscopy. We found
three states in the InAs quantum dot and two states
in InGaAs quantum well and constructed the electronic
subband structure of our QDIP. From the electronic subband structure, one can imagine that four available intersubband transitions from the ground state of electron
are 5.25, 6.74, 11.5, and 19.7 µm. Therefore, our QDIP
structure can be employed as a mid- and a far-IR photodetector with a proper bias condition and a low dark
current.
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