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The vertical coupling of InAs quantum dots and their capping with In0:1Ga0:9As layers were in-
vestigated in order to shift the optical emission of the structures toward longer wavelengths. We
observed that both ways can not be used simultaneously by just replacing part of the usual GaAs
spacer layer by In0:1Ga0:9As because the intermixing of Ga and In atoms is enhanced in stacked
layers and causes a blueshift of the emission instead of the expected redshift.

I Introduction

The study of low-dimensional semiconductor het-

erostructures is one of the most important topics in

Solid-State Physics as a consequence of their applica-
tion to optoelectronic devices like light-emitting diodes

and lasers. A problem of current interest in this

�eld is the possibility of extending the optical-emission

range of GaAs-based devices up to 1.3�m, which is

a point of minimal attenuation of the optical �bers.
InGaAs/GaAs quantum wells (QWs) cannot be used

to reach the required range of wavelengths because of

the limitations imposed by the two-dimensional (2D)

strained growth. Recently, however, InAs/GaAs quan-
tum dots (QDs) grown by molecular beam epitaxy

(MBE) were pointed out as a reliable manner to reach

this goal. When a thin InAs layer is deposited on a

GaAs(001) substrate, the initial growth proceeds un-

der 2D strained conditions and the elastic energy of the
system can be relaxed by forming small coherent InAs

islands at the surface when the thickness of the epi-

taxial layer slightly exceeds a critical value (1.6 MLs).

When these islands are covered by GaAs, they act as
quantum dots, exhibiting a three-dimensional (3D) con-

�ning potential, and emit within the 1.0-1.2�m range

at room-temperature. Two approaches have been sug-

gested to extend their emission up to 1.3�m. The �rst

one is the vertical coupling of closely-stacked layers of
QDs (separated by GaAs layers) that takes advantage

of the natural tendency of the islands to align vertically

[1] in order to produce an e�ective potential where the

electronic levels are redshifted with respect to the ones
of a single layer of QDs. This vertical ordering has the

additional bene�t of increasing the size uniformity of

the islands. The second method uses a single layer of

InAs/GaAs QDs capped by a InGaAs �lm that acts

as a strain-reducing layer [2] and promotes a redshift of
the electronic levels. Both methods have a major draw-

back. In order to reach the 1.3�m region, the vertical

coupling requires a large number of QD layers that con-

siderably increases the concentration of non-radiative

centers. The capping of a single QD layer with InGaAs
is eÆcient to tune the emission toward longer wave-

lengths, but the wide size distribution of the QDs in a

single layer broadens the luminescence spectra (up to

90meV) and is disadvantageous to most of the high-
performance optical devices.

In this work, we investigated the possibility of com-

bining both approaches to produce vertically coupled

InAs QDs separated by thin spacer layers where part

of the GaAs material was substituted by InGaAs. In
this way, we expected to take advantage of the better

homogenization of the structures provided by the stack-

ing procedure and of the faster tuning of the emission

by the InGaAs strain-reducing layers in order to obtain

samples emitting around 1.3�m with a reduced number
of interfaces and a narrower line width.

II Samples and experimental

setup

All the samples discussed here were grown in a Mod.

Gen II MBE system on GaAs(001) epi-ready substrates.

A 0.2�m-thick GaAs bu�er layer was deposited at

580oC before the growth of any of the structures that
will be discussed in their respective section. The InAs

and InGaAs layers, as well as the GaAs spacer and cap
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layers were deposited at 500oC to avoid In revaporation.

The Ga, In and As uxes were supplied at a rate of 1.0,

0.05 and 2.5MLs/s, respectively, except when speci�ed

di�erently. The samples were optically characterized
by photoluminescence (PL) at 2K and at room temper-

ature, and structural measurements were done by
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Figure 1. 2K PL spectra of a single 2.4ML-thick InAs
QD layer grown with a In delivery rate of A) 0.1ML/s,
B) 0.08ML/s, C) 0.05ML/s and D) 0.005ML/s. The in-
set shows the height and density of the QDs as measured
by atomic force microscopy on similar samples without the
300�A-thick GaAs cap layer.

cross-section transmission electron microscopy
(XTEM).

III Results and discussion

The simplest way to redshift the optical emission of the
QDs is growing structures with a larger size. That can
be achieved, within some limits, by modifying the dif-
fusion length of the In adatoms that mainly depends
on the In delivery rate, the V/III ux ratio and the
substrate temperature used to deposit the InAs �lm.
Figure 1 shows the redshift obtained in the �rst set of
samples where the InAs growth rate was varied. The
main drawback of this approach is that, when the size of
the structures becomes larger, their density is reduced
and is no longer adequate for optoelectronic applica-
tions.

A second way to redshift the optical emission of such
structures is to reduce the strain of the system result-
ing from the lattice mismatch between InAs and GaAs.
Figure 2 shows the PL spectra of the second set of sam-
ples where a 2.4ML-thick InAs QD layer was capped by
In0:1Ga0:9As in order to reduce the strain of the islands.
Each sample had a InGaAs cap of di�erent thickness
and received an extra layer of GaAs to complete a total
cap-layer thickness of 300�A. It is clear from �gure 2 that
the strain reduction achieved by the In0:1Ga0:9As layer
is very e�ective in redshifting the optical emission and

most of the e�ect is obtained for a In0:1Ga0:9As thick-
ness around 25�A that corresponds to slightly more than
half of the height of these buried QDs [3].

Based on the experimental results of both previous
sets of samples, a third set was grown where several QD
layers were stacked and capped according to sample G.
A total spacer layer of 50�A was used between two
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Figure 2. 300K PL spectra of a single 2.4ML-thick InAs
QD layer capped by a In0:1Ga0:9As layer with a thickness
a equal to E) 0�A F) 10�A G) 25�A and H) 50�A. Finally, a
GaAs layer was deposited to complete the total cap-layer
thickness of 300�A (=a+b).

consecutive QD layers since that speci�c separation pre-
viously provided a good electronic coupling for stacked
QDs layers grown in the same conditions but separated
by a GaAs layer [3]. It can be seen in �gure 3 that
the three samples containing stacked layers (J-L) are
blueshifted with respect to the reference sample (I), un-
like expected, but there exists a systematic redshift of
the stacked samples with respect to sample J when the
number of stacked layers increases.

The behavior observed in �gure 3 can be qualita-
tively understood considering the following model. An
uncapped InAs QD has an equilibrium size and compo-
sition that minimize the surface free energy of the sys-
tem for speci�c strain and growth conditions. When the
island is capped, an additional stress is imposed which
modi�es the equilibrium condition of the new system.
To recover the minimal-energy condition, an intermix-
ing e�ect takes place during the growth of the cap layer
and In atoms of the island are substituted by Ga atoms
of the growing cap layer. This phenomenon leads to a
smaller and Ga-rich island that yields a blueshift of the
optical emission with respect to an uncapped QD [4].
The shrinking of capped InAs QDs can be clearly ob-
served in cross-section TEM images that show islands
with about half of the vertical size of free-standing is-
lands grown in the same conditions (�gure 4). When
several QD layers are stacked, the equilibrium condi-
tion of the buried island is further modi�ed as a conse-
quence of the penetrating strain �eld coming from the
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upper QD layer, as con�rmed in �gure 4b. When the
InGaAs and GaAs cap layers of the reference sample
are grown, kinetic and thermodynamic considerations
during deposition dictate the strength and extent of the
intermixing in order to minimize the free energy of the
system, leading to spectrum I of �gure 3. However,
when a second QD layer is grown atop (J), the strain
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Figure 3. 300K PL spectra of stacked QD layers grown ac-
cording to sample G. The number of stacked QD layers in
each sample is I) 1, J) 2, K) 3 and L) 5.

Figure 4. (a) High-resolution TEM image of a free-standing
InAs QD grown in the same conditions as sample C (b) Dark
�eld (400) TEM image of four pairs of QD layers separated
by 500�A of GaAs. The GaAs spacer between each QD layer
of a pair is 50, 100, 150 and 200�A (from top to bottom).
The overlap of the strain �eld from each QD layer of a pair
is visible.

con�guration of the system is modi�ed and turns to
be the driving force to induce further intermixing in
the underneath QD layer, yielding even smaller and
more Ga-rich islands. Since the top QD layer is also
a�ected by the strain �eld of the lower layer (the QDs
are slightly larger) and the intermixing is stronger for
larger QDs, the whole system will have its emission
blueshifted with respect to the reference sample. How-
ever, when the number of stacked layers increases, the

vertical electronic coupling becomes more e�ective and
a redshift of the emission is observed (K-L).

IV Conclusion

Using PL measurements, we observed that stacks of
InAs QD layers alternated with InGaAs strain-reducing
spacers are not able to shift the usual emission of the
structures toward 1.3�m as would be expected. The
blueshift detected in the PL spectra indicates a relevant
intermixing during the capping and stacking processes.
The driving force for the exchange of In atoms of the
buried QDs by Ga atoms of the cap layer seems to be
related to the penetration of the strain �eld coming
from the upper QD layers of the stack. If both meth-
ods have to be used together in order to shift the optical
emission of the samples toward longer wavelengths, the
intermixing has to be reduced. Since the phenomenon
is thermally activated [5], one possible way to achieve
that is by kinetically limiting the process using a lower
substrate temperature.
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