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We have investigated the effects of the potential barrier on the confined sublevels observed in the
photoluminescence (PL) emission spectra of InAs quantum dots (QDs) capped by an ultra-thin
GaAs layer. The PL peak energy of normal InAs QDs covered by a sufficiently thick GaAs layer
remains constant as ∼ 1.11/1.03 eV (15/300 K). For QD systems with cap layers thinner than 10
nm, however, red-shift and blue-shift phenomena in the emission energy are observed above and
below, respectively, a critical coverage of 5 nm, which is approximately the same as the average QD
height. The red shift and the blue shift can be explained, respectively, by changes in the strained
potentials of the GaAs interfaced with the InAs layer and in the band bending of the ultra-thin
GaAs potential barriers near surface.
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very thin overlayers. Fafard [15] used state-filling spectroscopy (77 K) to report that near-surface InAs QDs
capped with a GaAs barrier of 5 – 10 nm could have
well-defined electronic shells, and showed that a red shift
of up to ∼ 65 meV occurred as the barrier thickness was
decreased. He suggested that the red shift could be attributed to a partial relaxation of the QD strain allowed
by the thin cap layer and that a controversial blue-shift
in the noisy spectrum taken from a 5-nm sample was due
to a high surface potential. It is, therefore, necessary to
clearly identify the mechanisms of the red and the blue
shifts from a systematic near-surface QD structure with
stronger luminescence at higher temperature.
In this study, using a series of low- and roomtemperature photoluminescence (PL) spectra obtained
from InAs/GaAs QDs with cap layer with various thicknesses down to 3 nm, we systematically investigated how
the energy shifts were influenced by the barrier capping. The spectra showed quite clear energy shifts and
a crossover from a red shift to a blue shift around 5-nm
thickness, which is approximately the same as the average QD height. In addition, we present a series of atomic
force microscope (AFM) images that show the effect of
the GaAs cap layer on the confined sublevel.

I. INTRODUCTION

Semiconductor self-assembled quantum dots (QDs)
have attracted considerable attention because of their
spatially localized zero-dimensional features which make
possible room-temperature operation of optoelectronic
devices such as QD-based laser diodes [1–5] and infrared
photodetectors [6–10]. Of current interest is the control of QD sublevels working at higher temperatures and
longer wavelengths that are the most important subject
imposed on those devices [5–7]. During the last decade,
many experimental studies on QD sublevel modulation
have been done by changing the dimensions of the QDs
and/or the constituent species of the QD/barrier heterostructures. The barrier layer is generally accepted to
have no influence on the sublevel energy of QDs covered
by a sufficiently thick layer; thus, normally one does not
consider the barrier thickness to be a critical parameter
in the design of the device structure. However, the surface barrier is known to be able to perturb the confined
sublevel and to give rise to an energy shift in quantum
well (QW) [11–14] and in QD [15, 16] structures with
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Fig. 1. (a) AFM images (1 × 1 µm) for representative InAs/GaAs QDs uncapped (0 nm), incompletely capped (1, 4 nm),
and fully capped (6 nm). (b) Enlarged figure and 2-D/3-D images of a single QD for the 4-nm sample showing an eye-like QD
shape elongated in the [110] direction. (c) Sketches of the complex structures for a QD and partially or fully covered with a
cap layer.

II. EXPERIMENTALS
For this study, six samples of single-layered QDs
capped with GaAs layers of various thicknesses and one
uncapped single-layered QD sample as a reference were
prepared by using a molecular beam epitaxy (MBE) system (RIBER 32P). The spontaneous island formation for
self-assembled QDs was performed using the StranskiKrastanow growth mode on semi-insulating GaAs (100)
substrates. All the samples were grown under the same
conditions, and basically had the same layer profile except that the thickness of the GaAs cap layer was varied
from 0 to 10 nm. The structure was initiated from the
growth of a GaAs buffer layer of 0.3 mm at temperature of 540 ◦ C. The growths of the 40-nm GaAs matrix
and the InAs QDs with an equivalent thickness of 2.3
monolayers (MLs) were consecutively conducted on the
GaAs buffer layer at a lower temperature of 495 ◦ C. The
growth rates of the InAs QDs and the GaAs cap layer
were 0.08 ML/s and 0.22 nm/s, respectively. Dot formation was confirmed by observing the 2D-3D transition in
the reflection high-energy electron diffraction (RHEED)
pattern.
PL measurements were carried out in a closed-cycle
He refrigerator (10 K) by using a typical visible-to-nearinfrared monochromator system with an Ar-ion laser (λ
= 514.5 nm), and the luminescence signals were detected
by using a TE-cooled GaAs photomultiplier tube. The
epitaxial growth and the basic characteristics of similar
QD heterostructures are described elsewhere [8–10].

III. RESULTS AND DISCUSSION

Figure 1(a) presents AFM images(1 × 1 µm) for representative InAs/GaAs QDs uncapped (0 nm), incompletely capped (1, 4 nm), and fully capped (6 nm) in comparison with the average height (∼ 5 nm) of uncapped
QDs as a reference. AFM image for the uncapped sample shows clear QD images whereas no QD image was
obtained in the sample fully covered by a 6-nm GaAs
layer. In spite of the considerable coverage, it was still
possible to observe definite QD images in the 4-nm sample. The AFM images reveal that circular QDs change
to elliptical QDs elongated in a specific direction with
increasing thickness of the cap layer. An enlarged figure
and the 2-D/3-D images of a single QD for the sample with a 4-nm cap layer, thinner than the average QD
height, show QDs with an eye-like shape elongated in
the [110] direction, as demonstrated in Fig. 1(b). The
figure obviously shows that the GaAs cap layer does not
entirely cover the whole QD but partially cover the sidewall of the QD due to thermal migration. Therefore, the
eye-like QD shape is not a structure itself, but a kind
of complex structure involving a QD (dark image) and
sidewall coverage (light image), which is picturized by
vertical offsets formed among the InAs QD, the GaAs
cap, and the matrix layers, as visualized in Fig. 1(c).
The figures are sketches showing the complex structures
of a QD partially or fully covered by a cap layer. Taking
into account the evolution of overlayer formation, we can
suppose that a variation in the effective potential barrier
is responsible for the energy shift of the QD sublevels
observable in emission or absorption spectroscopy.
The energy shifts of the QD peaks were identified by
using the PL emission spectra. Figure 2 presents PL
spectra taken at low temperature (15 K) and room temperature (300 K) for 5 samples of InAs/GaAs QDs with
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Fig. 2. PL spectra (15/300 K) for 5 samples of InAs/GaAs QDs with different coverages of the cap layer taken at (a) 15 K
and (b) 300 K. Compared to the QD with a10-nm coverage, as the coverage thickness is reduced, the QD peak moves to lower
energy until 5 nm and returns back to higher energy below 5 nm.

Fig. 3. Pair of plots (15/300 K) for the PL peak energy
(emission wavelength) as a function of the thickness of GaAs
cap layer. A crossover from a red shift to a blue shift in the
emission energy is observed around a critical coverage of 5
nm.

different coverages by the cap layer. All the spectra show
fairly strong luminescence even at room temperature. It
is noted that PL emission was not detected in the uncapped and the 1-nm capped samples; thus, formation
of a confined QD sublevel is expected to be almost impossible. As the capping-layer thickness was decreased
from 10 nm to 5 nm, the QD peak moved to lower energy (a red shift). Then, as the thickness was decreased
from 5 nm to 0 nm, the QD peak moved to higher energy (a blue shift). It is evident that an ultra-thin cap
layer modulates the potential barrier, which results in an
energy shift of the QD sublevels [15,16]. A pair of plots
(15/300 K) for PL peak energy (emission wavelength) is
depicted in Fig. 3 as a function of the thickness of the
GaAs cap layer. The peak energies at 15/300 K decrease
from 1.109/1.025 eV (a saturated value for completely

Fig. 4. Linear fits for (a) the red shit and (b) the blue shift.
The plots give variation rates per unit thickness (15/300 K)
of 30/24 meV/nm and – 50/– 35 meV/nm for the red and
blue shifts, respectively.

capped QDs) to 0.948/0.901 eV (5-nm sample) in the
red-shift region, and then increase to 1.048/0.970 eV (3nm sample) in the blue-shift region. Figures 4(a) and
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Fig. 5. Schematic conduction-band diagrams presenting
the mechanisms for (a) the red shift and (b) the blue shift.
(a) The strain energy gradually becomes stronger and the barrier moves down from the unstrained (solid line) to the fully
strained (chained line) GaAs level with decreasing thickness
of the cap layer. (b) Due to band bending of the GaAs potential barriers near the surface, the effective potential barrier
that the QD sees becomes steeper with decreasing cap layer
and finally approaches the vacuum level for no barrier.

4(b) are plots of PL peak energy versus the GaAs cap
layer thickness in the red-shift and the blue-shift regions,
respectively. The linear fits (15/300 K) give variation
rates per unit thickness of 30/24 meV/nm and – 50/– 35
meV/nm for red and blue shifts, respectively.
The red and blue shift phenomena were qualitatively
analyzed by using the effects of interfacial strain and
near-surface potentials, respectively. Figures 5(a) and
5(b) show schematic conduction-band diagrams presenting the energy shift mechanisms. It is worth mentioning
that we have treated these phenomena with a 2D effective potential for qualitative analysis though the real
structures have 3D potentials. In the case of QDs capped
by a GaAs layer thicker than 5 nm, a compressive stress
may be strongly involved due to the lattice mismatch (∼
7 %) between GaAs and InAs. The potential energy of
the GaAs layer can have a value between an unstrained
(solid line) and a fully strained (chained line) one, as
noted in Fig. 5(a). As the thickness of the cap layer is
decreased, the strain energy gradually becomes stronger,
and the barrier moves down to the strained GaAs level.
Thus, the lowering of the QD sublevel occurs due to a
reduction in the surface potential barrier. Consequently,
the PL emission energy attributed to the intersublevel

transition between the conduction and the valence bands
decreases, which results in a red shift of the QD peak.
The maximum shift of 161/100 meV (15/300 K) shown
in the 5-nm sample may correspond to the difference between the unstrained and the fully strained GaAs levels
available in this system.
A surface is known to be effectively a high potential
that can perturb the energy levels of near-surface quantum structures [11–16], so generally, a confined sublevel
does not exist in QW/QD structure with no cap layer
because of the fairly high vacuum level. Dreybrodt et al
[11] and Sallese et al. [16] have reported similar blue shift
behaviors in near-surface InAs/GaAs QW and InAs/InP
QD systems, and they explained those behaviors by using the vacuum confinement energy. In this study, differently from the interfacial strain effect introduced for the
red-shift behavior, the near-surface potential effect was
taken into account to explain the blue shift phenomena
observed in an incompletely capped QD system with a
barrier thinner than 5 nm. In the case of an InAs/GaAs
QD system with a very thin finite barrier of about a
few nm, we can imagine a bent energy band as an effective GaAs barrier. Figure 5(b) illustrates band bendings of GaAs potential barriers near the surface. The
energy band starts to bend at the edge of a QD with
strained GaAs and terminates at the surface of the cap
layer with a vacuum level. While the energy band for a
5-nm-thick barrier remains almost flat as shown in Fig.
5(a), the effective potential barrier that the QD sees becomes steeper with decreasing cap-layer thickness and
finally approaches to the vacuum level for no barrier.
Therefore, the quantized QD level moves upward with
increasing effective barrier height, and the PL peaks of
the intersublevel transition show a blue-shift behavior.
On the basis of the red- and the blue-shift phenomena of
the PL emission arising from QDs with a coverage thinner than 10 nm, we can say that the thickness of the
cap layer is a critical structure parameter that has to be
considered in the design of a QD heterostructure with a
thin overlayer comparable to the QD height.

IV. SUMMARY AND CONCLUSIONS
We analyzed the PL emission spectra taken from a
series of InAs/GaAs QDs with ultra-thin cap layers with
thickness from 10 nm down to 3 nm in order to study the
energy shift mechanism due to the capping of the thin
barrier. In the QD system with GaAs cap layers thinner
than 10 nm, a crossover from a red shift to a blue shift
in the emission energy was observed around a critical
coverage of 5 nm, which is approximately the same as
the average QD height. The peak energies at 15/300 K
decreased from 1.109/1.025 eV to 0.948/0.901 eV (red
shift) and increased again up to 1.048/0.970 eV (blue
shift) with variation rates per unit thickness of 30/24
meV/nm and – 50/– 35 meV/nm, respectively.
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In this study, the interfacial strain energy and the
near-surface potential effects were taken into account to
explain the red- and the blue-shift phenomena, respectively. The red shift could be explained by a change in
the strained potentials of the GaAs interfaced with the
InAs layer whereas the blue shift could be explained by
band bendings of the ultra-thin GaAs potential barriers
near surface. Additionally, AFM images showing an evolution of the near-surface QD formation were presented
as indirect evidence for the near-surface potential variation. Based on the red- and the blue-shift behavior, we
concluded that the thickness of cap layer was a critical
structure parameter that had to be considered in the design of a QD heterostructure with a thin overlayer whose
thickness is comparable to the average QD height.
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