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Capping of InAs/GaAs Quantum Dots
for GaAs Based Lasers

Alice Hospodkovéa
Institute of Physics AS CR, v. v. i., Prague
Czech Republic

1. Introduction

Nowadays, self-assembled InAs quantum dots grown on GaAs substrates are intensively
studied due to their potential applications: quantum dot ensembles are employed in laser
active regions and mid-infrared detectors, single quantum dots have a potential for
application in memories, two-level information processing or single photon sources
(Henini& Bugajski, 2005; Mowbrayé& Skolnick, 2005; Battacharya, 2007).

This chapter is concentrated on quantum dots, which are prepared with the aim to become a
base for low cost, low threshold, high output and heat sink free lasers for the 1.3 or even 1.55
um communication band. To be embedded in a functional structure, dots must be covered
by a capping layer. Capping of quantum dots is currently a very important topic of research
(Bozkhurt et al.,, 2011; Dasika et al., 2009; Haxha et al., 2009; Kong et al., 2008). The
overgrowth process is essential to obtain dot parameters necessary for the realization of
novel optoelectronic devices. This chapter is a kind of review report on the structural and
optical changes during the process of capping of self-assembled InAs quantum dots. The
presented results are measured on samples grown by metal-organic vapour phase epitaxy
which is the growth technique of choice for high volume laser production.

Growth conditions of InAs/GaAs quantum dot layer determine such parameters as density,
homogeneity and original size of quantum dots. However, the final properties of quantum
dots are significantly determined by quantum dot capping, since during the capping process
the redistribution of In atoms takes place. This decreases the height of dots and changes
their shape. The published and our results show that the GaAs capping layer transforms
originally circular lens shaped quantum dots into elongated objects and their height is
significantly decreased. The strain field surrounding dots is also changed during the
capping process and can be influenced by the composition and the thickness of the layers
grown above quantum dots.

The aim of the chapter is to elucidate the processes during the dot capping by reflectance
anisotropy spectroscopy in situ measurements and to discuss the influence of the capping
layer composition and thickness on the structural and optical properties of InAs/GaAs
quantum dots. Three most common types of capping layers are studied: simple GaAs
capping layer, InGaAs and GaAsSb. The emission wavelength of quantum dots capped by
GaAs is wusually around 1200 nm, which is not interesting for application in
telecommunication devices, since they need to be operated at wavelengths 1300 or 1550 nm
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28 Quantum Dots — A Variety of New Applications

to minimize the losses in optical waveguides. One way to redshift the emission wavelength
is to increase the size of dots by increasing the amount of deposited InAs (Krzyzewski et al.,
2002), by controlling growth conditions (especially increasing temperature) (Johanson et al.,
2002), by growth on high index surfaces (Akijama et al., 2007) or by growing multiple
quantum dot structures (Hospodkova et al, 2008). Another way to shift emission
wavelength is to cap dots by so called strain reducing layers. The lattice constant of the
strain reducing material is bigger than that for GaAs substrate but smaller than lattice
constant of the dot material (InAs or InGaAs). The redshift is then caused by combined
effect of reduced strain inside quantum dots, increased dot aspect ratio and decreased
bandgap of the capping barrier material. Materials most often used for the strain reduction
are InGaAs and GaAsSb. Advantages and disadvantages of both types of strain reducing
layers are discussed in section 3. The longest achieved electroluminescence wavelength of
1520 nm was recently reported by (Majid et al., 2011, a, b). This unique result was achieved
by combination of bilayer structure with InGaAs strain reducing capping layer. The
structure was grown by molecular beam epitaxy.

More than one quantum dot layer are required in lasers to increase the gain. In such a case
the capping layer serves also as a separating layer between two quantum dot layers. During
the growth of the separation layers, surfactant atoms like In have to be removed from
epitaxial surface, so that the In is not transported from one quantum dot layer to the
following one. Different types of In flushing method during the growth of capping layers
and their importance are discussed at the end of the chapter in section 4.

The photoluminescence or electroluminescence and reflectance anisotropy spectroscopy as
in situ monitoring of the technological process are the main methods which help us to
evaluate the quantum dot properties, supporting methods are atomic force microscopy of
quantum dot surface, transmission electron microscopy, X-ray diffraction used to determine
the composition of the ternary capping layers and X-ray reflection used for capping layer
thickness evaluation.

2. GaAs capping

Combination of InAs and GaAs layers forms highly mismatched heterostructure (7%
mismatch of lattice constants). This mismatch is a driving force for Stranski-Krastanow
quantum dot formation. Dots are formed to decrease the strain in deposited InAs material.
The lowest strain occurs at the apex of quantum dot. On the other hand the strain in the
structure complicates the quantum dot preparation, since accumulated strain energy can
lead to the formation of dislocations in the structure for oversized dots or in the case of more
quantum dot layers.

The compressive strain inside quantum dots also obstructs achieving longer emission
wavelength. When formed InAs dots are subsequently capped by GaAs, the compressive
strain inside dots is further increased. The increased strain after the capping blue shifts the
wavelength of quantum dot photoluminescence maximum. The dependence of
photoluminescence maximum energy on the capping layer thickness is shown in Fig. 1,
where experimental and simulated data are compared (Hazdra et al., 2009). It is apparent
from the calculated band diagram (see inset of the Fig. 1) that not only increased
compressive strain inside InAs dots but also decreased tensile strain in GaAs barriers is
responsible for a considerable blue shift of ground state transition energies with increasing
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capping thickness. More detailed study of the impact of the capping layer thickness on the
electronic structure of quantum dots can be found in (Wu et al., 2006).
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Fig. 1. Comparison of measured (photoluminescence - circles) and calculated (diamonds)
room temperature transition energies originating from InAs quantum dots covered with
GaAs capping layers with different thickness. The corresponding band diagrams (taken in
the quantum dot centre along the [001] axis) are shown in the inset (Hazdra et al., 2009, a).

The increased strain in InAs material during the capping process not only modulates the
quantum dot electronic structure, but also the shape and the composition of quantum dots is
considerably changed during capping (Eisele et al.,2008; Costantini et al., 2006; Songmuang
et al., 2002). Since the GaAs has smaller lattice constant than InAs, the GaAs capping layer is
at first preferably deposited between quantum dots or near a dot base, leaving uncovered a
quantum dot apex. The increased strain during the growth of the GaAs capping layer is the
driving force for a quantum dot dissolution and migration of In atoms from the uncovered
dot apex to the dot base, transforming thus the originally lens shaped InAs quantum dots
with the circular base (see Fig. 2a) to elongated InGaAs dots (see Fig. 2b). The alloyed
interface between InAs core of quantum dot and GaAs capping together with elongated dot
shape causes lower energy separation between ground state and excited state emission
(Hospodkové, 2007, b), which is disadvantageous for laser design.

Fig. 2. Atomic force microscopy images of a) uncapped lens shaped InAs quantum dots on
GaAs substrate with the circular base. b) InAs dots after capping by 10 nm of GaAs, dots are
elongated in [-110] direction.
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30 Quantum Dots — A Variety of New Applications

The capping process of InAs quantum dots can be monitored in situ by time resolved
reflectance anisotropy spectroscopy, which enables one to observe in situ the mechanism of In
atoms migration from quantum dots and surfactant behaviour of In atoms during GaAs
capping layer growth (Steimetz, 1998). To monitor processes during the capping of quantum
dots by GaAs layer we grew a set of samples Al, A2 and A3 using Triethyl gallium (TEGa),
Trimethyl indium (TMIn) and Tertiary-butyl arsin (TBAs). The V/III ratio during the GaAs
capping growth was gradually changing from a very low value at the beginning to 3.4 after 30
s of capping layer growth. The V/III ratio for InAs growth was 0.5, 1 and 2 for samples A1, A2
and A3. Such a low V/III ratio was used to improve quantum dot size homogeneity (Hoglund
et al., 2006). However, very low V/III ratio during InAs growth and at the beginning of
capping layer growth enabled us to achieve In rich (4x2) surface reconstruction. The gradual
increase of V/III ratio during capping layer growth helped us to distinguish between In rich
(4x2) InAs and P2(2x4) GaAs surfaces, since both surfaces have opposite development of
reflectance anisotropy signal intensity at 4.2 eV with increasing V/III ratio. The signal intensity
increases with increasing V /Il ratio for InAs epitaxial surface, while it decreases for GaAs one.
The reason of this behaviour is the change of dominant surface reconstruction for InAs from
(4x2) to (2x4) with increasing V/III ratio, the relevant reflectance anisotropy spectra were
reported in (Goletti et al., 2001; Knorr et al., 1997).
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Fig. 3. a) Time resolved reflectance anisotropy signal taken at 4.2 eV during the InAs and
GaAs capping layer growth. Samples differ only in the partial TBAs pressure during the
InAs growth and during the waiting time for quantum dot formation. The beginning of InAs
deposition was set as a time 0. b) Proposed model of the growth {1}-{6} according to
reflectance anisotropy data (Kita, 2000).

This behaviour could be checked during the InAs deposition (see Fig. 3), sample Al with the
lowest V/III ratio has also the lowest intensity of the reflectance anisotropy signal at 4.2 eV.
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The GaAs epitaxial surface reconstructions of our samples changed with increasing V/III
ratio from 32(2x4) to c(4x4), the relevant reflectance anisotropy spectra were published for
example in (Richter, 2002; Hingerl et al., 1993). Knowing this, we can disclose the processes
during the growth of GaAs capping layer.

The surface processes according to the reflectance anisotropy signal are shown in Fig. 3. We
can see that the surface reconstructions differ considerably during several tens of seconds of
capping layer growth and the reflectance anisotropy signals of all three samples align
approximately after 30 s when identical V/III ratio was achieved. Different stages of surface
processes are marked in Fig. 3 by numbers in braces {n}. Stranski-Krastanow quantum dot
formation takes place partly during the InAs growth and partly during the waiting time and
causes the signal intensity increase {1}. Two well-distinguished extremes, maximum and
minimum, can be recognized during GaAs capping layer growth {2}-{6} in reflectance
anisotropy signal. The maximum {2} occurs approximately at the same time for all three
samples. It is connected with the introduction of triethyl gallium into the reactor. According
to the signal intensity we can ascertain when the 32(2x4) GaAs reconstruction is established
(Richter, 2002), which is also proved by the dependence of reflectance anisotropy intensity
on concentration of As atoms on the surface (the lowest As concentration corresponds with
the highest intensity of reflectance anisotropy signal - opposite to InAs surface behaviour -
see Fig. 3). The following decrease of signal intensity can also be expected for p2(2x4) GaAs
surface because As atom concentration is gradually increasing. But surprisingly the signal
intensity reaches its minimum {4} and then increases again. The increase of signal intensity
with As concentration on the surface can be explained only by the presence of InAs layer on
the epitaxial surface. This means that the decrease of signal intensity {3} is not caused only
by the increase of As atom concentration on the epitaxial surface, but also by the presence of
In atoms migrating from strained, uncovered dots. It is clearly seen from reflectance
anisotropy signal especially of samples A2 and A3 that the slope of signal intensity decrease
suddenly changes. It happens between 7 and 9 s of the GaAs capping layer growth when
approximately 2.5 monolayers of GaAs should be deposited. We suppose that at this time In
atoms start to migrate from strained dots. This start of In migration is driven by the strain
caused by the deposited GaAs capping layer. The dissolution of dots starts at a certain
thickness of the deposited GaAs. Since it starts according to reflectance anisotropy
measurement at somewhat different time for each sample, we suppose that the growth rate
of GaAs probably slightly decreases with As concentration on the surface which was also
observed in (Reinhardt, 1994). At the minimum {4} the InAs covers the dominant part of the
epitaxial surface. The migration of In atoms from dots continues also over the time when the
signal intensity steeply increases. The termination of steep increase of the reflectance
anisotropy signal {5} is caused by achieving the V/III ratio of 3.4 and stabilization of As
atom concentration in the reactor. The slow increase of the signal intensity after the point {5}
represents decreasing In atom concentration on the epitaxial surface, In migration from
quantum dots decreases and the GaAs surface restores again {6}.

Conclusion from reflectance anisotropy monitoring is that first the thin GaAs layer is
formed (approximately 2.5 monolayers) and then the In migration from quantum dots
follows. These two processes do not start at the same time; the In dissolution is delayed
(Hospodkové et al., 2010). This confirms the hypothesis that the increased strain during
capping is the driving force for quantum dot dissolution, which was also published in
(Takehama, 2003).
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32 Quantum Dots — A Variety of New Applications

To study the effect of the growth rate of the capping layer on quantum dot
photoluminescence a set of three samples Bl, B2 and B3 was grown. The samples differ in
capping layer growth rates which were 6.4, 10.2 and 18.8 nm/min, respectively. The capping
layer thickness was 7.5 nm for all three samples. We have expected that the dot dissolution
would be higher and consequently the quantum dot size would be smaller for slow capping.
Surprisingly, the photoluminescence results of this set of samples (Fig. 4) do not confirm this
expectation. On the contrary, the photoluminescence maximum energy decreases with
slower capping layer growth rate which means either that the quantum dot size is increased
(not probable) or that the strain in quantum dots is decreased. To explain these results
atomic force microscopy images of all three samples were compared (Fig. 5).
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Fig. 4. Photoluminescence spectra of samples B1, B2 and B3 with the capping layer growth
rates 6.4, 10.2 and 18.8 nm/min. The dependence of the photoluminescence maximum
energy and full width at half maximum on the capping layer growth rate is shown in the
inset; the lines are a guide for the eye.

It is apparent from the atomic force microscopy images that the dot dissolution during
capping depends not only on the capping layer growth rate but also on the size of quantum
dots. The strong dissolution with formation of the depression in the dot centre was observed
only on the biggest dots from the dot ensemble. Samples B1, B2 and B3 differ significantly in
the morphology of the big dots after capping (Fig. 5). The size of these depressions is
increased when the capping process is slower (see Fig. 5.d). The InAs material from partly
dissolved dots is subsequently incorporated into the capping layer (as was demonstrated by
in situ reflectance anisotropy measurement), which becomes InGaAs instead of GaAs. This
causes red shift of the photoluminescence maximum of smaller quantum dots and also
increases the full width at half maximum (inset of Fig. 4). The In segregation near smaller
quantum dots cannot be excluded. These results are in agreement with the work of
(Takehama et al., 2003) who has studied the influence of the GaAs capping layer thickness
on quantum dot morphology. The stronger dissolution of bigger dots can be also deduced
from reflectance anisotropy results presented in (Steimetz et al., 1998).
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Fig. 5. a) - c¢) Atomic force microscopy images of samples B1, B2 and B3. d) The dependence
of the average length d of depressions on the capping layer growth rate, the line is a guide
for the eye.

In conclusion of this section the GaAs capping layer proved to have many disadvantages for
a quantum dot laser design. GaAs capping strongly compresses InAs quantum dots formed
by the Stranski-Krastanow growth mode, which causes the undesirable blue shift of
photoluminescence maximum and also dissolution of quantum dots during capping. The
InAs dissolution starts after the deposition of critical thickness of the capping layer which is
according to our in situ measurements around 2.5 monolayers of GaAs. The dissolution is
stronger for bigger dots. The quantum dots shape transforms during capping from the lens
to the elongated boat-like shape, which decreases the energy difference between ground and
excited state transitions (Hospodkova et al., 2007, a).

3. Strain reducing capping layers

To overcome the problems during quantum dot capping summarized in the previous
section, other capping materials, which could decrease the strain in quantum dots, were
studied. The most common capping materials used for the reduction of strain inside dots are
InGaAs (Dasika et al., 2009; Liu et al., 2003; Kim et al., 2003) and GaAsSb (Haxha et al., 2009;
Bozkhurt et al., 2011; Ulloa et al., 2007; Akahane et al., 2004), sometimes InAlAs or some
combination of these materials is used (Liu et al., 2005; Kong et al.,2008). Strain reducing
layers covering InAs dots are used to shift the emission wavelength to 1.3 pm and 1.55 pm,
typical of optical fibre communication. Both types of strain reducing layers, InGaAs and
GaAsSb, red shift the emission wavelength by similar mechanism: they decrease the dot
dissolution during capping, relieve the strain inside quantum dots and also decrease the
barrier energy for electrons and holes.
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34 Quantum Dots — A Variety of New Applications

3.1 InGaAs strain reducing capping layer

InGaAs layers are most often used for the strain reduction in so-called “dot in a well”
structures (Liu et al., 2003). InGaAs decreases the strain and not only preserves, but also it can
even effectively increase the quantum dot size during InGaAs growth due to the In gathering
in dot vicinity (Hazdra et al. 2009, b), so it is easy to shift the quantum dot photoluminescence
maximum significantly to longer wavelengths. Set C of four samples with quantum dots
capped by 10 nm of InGaixAs with different composition, x ranging from 0 to 0.24, was
prepared. The photoluminescence spectra of samples C1 -C4 are presented in Fig. 6.
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Fig. 6. Photoluminescence spectra of samples with quantum dots capped by 10 nm thick
In,Gai«As with different composition: x=0 (GaAs) for C1, x=0.07 for C2, x=0.20 for C3 and
x=0.24 for C4. The inset shows the dependence of the energy of the ground state emission on
the quantum dot capping layer composition.

The strong red shift of the quantum dot photoluminescence maximum with an increasing In
content in the capping layer is not caused only by the strain reducing effect, but in the case of
samples C3 and C4 (with higher In content) also by increasing quantum dot size due to the In
gathering in quantum dot vicinity. Intensive ground state photoluminescence maximum of
sample C4 with Ing24Gag7sAs strain reducing layer on the 1.578 um wavelength is a promise
for an application of InAs quantum dots at 1.55 pm telecommunication wavelength.

However, the lower energy barrier for electrons in quantum dots is, on the other hand, a
disadvantage of this type strain reducing layer for an application in laser structures. First,
the lower energy barrier together with increased dot size causes smaller energy separation
between the ground and excited states and lasing then starts usually from the excited state
transitions with higher density of states and with shorter wavelength emission. Second, the
lower energy barrier for electrons and additionally diffused heterojunction between
quantum dots and InGaAs quantum well weakens the localization of electrons in dots and
electroluminescence from InGaAs quantum well becomes dominant in the case of capping
layer with higher In content (Hospodkova et al., 2011). Comparison of photoluminescence
and electroluminescence of quantum dot structures with different In content in InGaAs
strain reducing layer is presented in Fig. 7. Two sets of samples with different composition
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of In,Gai.xAs capping layers were prepared by low pressure metal-organic vapour phase
epitaxy. In the first set, prepared for photoluminescence measurement, the quantum dot
structure was embedded in the undoped GaAs. In the second set the identically prepared
quantum dot structures were embedded in the p-i-n structure of electroluminescent diode.

The results measured on these two sets of samples are presented in Fig. 7. and demonstrate
that even if the photoluminescence evinces a significant red shift with increasing In content
in the quantum dot capping layer (see Fig. 7a), the electroluminescence main maximum is
blue shifted (see Fig. 7b-d). The ground state electroluminescence was achieved as the most
intensive maximum only in the case of capping by GaAs (Fig. 7b). The main
electroluminescence maximum became from the first excited state transition in the case that
Inp13Gapg7As strain reducing layer was used for quantum dot capping (Fig. 7c). When In
content was further increased to x=0.23, only electroluminescence from the quantum well
complex of InAs wetting layer with InGaAs strain reducing layer was achieved (Fig. 7d) due
to the poor localization of electrons in quantum dots.
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Fig. 7. a) Comparison of photoluminescence spectra of three samples with quantum dots
capped by 5 nm of GaAs, Ing13GagsrAs or Ing23Gag77As , resp. and subsequently covered by
60 nm thick GaAs. b-d) Comparison of electroluminescence and photoluminescence spectra
of samples with quantum dots capped by GaAs (b), Ing13Gaos7As strain reducing layer (c)
and Ing23Gap77As (d). Samples for electroluminescence were embedded in p-i-n diode
structure.

Electroluminescence and lasing from the ground state at 1300 nm was achieved on quantum
dot structures with InGaAs strain reducing layer prepared by molecular beam epitaxy (Liu,
2004) since this technology allows one to grow structures at lower temperature which
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decrease the In segregation and diffusion and improves localization of electrons in quantum
dots. The localization of electrons in dots can be further improved by graded composition of
InGaAs (Kim, 2003) or by combining the InGaAs strain reducing layer with InAlAs (Kong,
2008). Unfortunately, graded InGaAs composition is difficult to achieve when metal-organic
vapour phase epitaxy is used for structure growth due to high In segregation during
capping (Steimetz, 1998). Also the combination of InGaAs with InAlAs cannot be used by
this technology because of the high decomposition temperature of available Al precursors.
So the InGaAs is not suitable strain reducing layer for quantum dot structures prepared by
metal-organic vapour phase epitaxy.

3.2 GaAsSb strain reducing capping layer

GaAsSb strain reducing layer offers several promising advantages compared to InGaAs.
Firstly, it provides higher energy barrier for electrons, so it seems to be more suitable for
laser structures, where high carrier density is needed. Secondly, it considerably decreases
the In segregation during dot capping, which has consequence not only in the sharper
interfaces between quantum dot and strain reducing layer, but also in a more circular shape
of resulting quantum dot after capping (see Fig. 8). The circular shape preserves higher
energy separation between ground and excited state emission which is required for lasing
wavelength stability. The important advantage of GaAsSb strain reducing layer is also the
increased photoluminescence intensity in comparison to GaAs capped dots.

200
00nm E] ‘

Fig. 8. a) Elongated shape of quantum dots capped by 5 nm of Ing23Gag 77As strain reducing
layer. b) Circular shape of quantum dots capped by 5 nm of GaAsgs1Sbo.19. The hollows in the
dot centre are caused by the strain induced decrease of GaAsSb growth rate on quantum dot
apex, they were also observed by scanning tunnelling microscopy (Ulloa, 2007; Bozkurt, 2011)

Due to these advantages GaAsSb seems to be promising strain reducing material for
quantum dot structures prepared by metal organic vapour phase epitaxy. However, this
material does not allow such a strong red shift of emission wavelength as in the case of
InGaAs strain reducing layer. There are two reasons for lower red shift. First, GaAsSb
capping layer can only preserve the original size of dots because this material does not
contain any In atoms which would be gathered near quantum dots and second, the
applicable composition of GaAsSb strain reducing layer is only up to 14% of Sb, since for
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higher Sb content the heterostructure becomes type II with holes confined in GaAsSb
quantum well and electrons localized in quantum dots (see Fig. 11a). The emission intensity
decreases significantly for type II heterostructure due to the worse overlap of electron and
hole wave functions.

Our effort was to obtain emission wavelength of quantum dots capped by GaAsSb as long
as possible, but keeping type I heterojunction between quantum dots and strain reducing
layer. Since in the case of GaAsSb capping quantum dots cannot be increased by In atoms
gathering around dots and because the Sb content in the capping layer is limited, it is
important to cover quantum dots with the biggest achievable original size. An effective way
to increase the quantum dot size is to increase the growth temperature for InAs deposition.
The set of four samples with quantum dots covered by 3 monolayers of GaAsSb was
prepared under different temperatures ranging from 480 °C to 530 °C. The dot size was
checked by atomic force microscopy. The clear increase in quantum dot size with increasing
growth temperature is evident (Fig. 9).

The quantum dot photoluminescence efficiency decreased significantly for growth
temperatures bellow 480 °C and above 520 °C. The optimal temperature for quantum dot
formation was set to 510 °C. To increase the dot size we have also lowered the InAs growth
rate, which increased the photoluminescence intensity and also slightly red shifted the
ground state emission maximum.

Fig.9. Atomic force microscopy images 1x1pm of InAs/GaAs quantum dot surface prepared
at different growth temperatures, revealing the quantum dot size increase with increasing
growth temperature. Quantum dots were capped by 3 monolayers of GaAsSb to preserve
the surface morphology during the cooling process.

Comparison of photoluminescence spectra of quantum dots capped by 50 nm of GaAs
before and after the InAs growth optimization can be found in the Fig. 10, corresponding
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red shift with increased growth temperature and decreased growth rate is 62 meV. The
achieved wavelength of the ground state photoluminescence maximum was 1270 nm.
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Fig. 10. Comparison of photoluminescence spectra of quantum dots capped by 50 nm of
GaAs before InAs growth optimization (490 °C, InAs growth rate 0.1 ML/s) and under
optimized growth conditions (510 °C, InAs growth rate 0.05 ML/s).

After increasing the dot size the second task was to achieve a maximal red shift of emitted
wavelength by capping quantum dots with a GaAsSb layer, but to maintain type I
heterojunction between the InAs quantum dots and the GaAsSb layer. A new structure of
GaAsSb layer with graded Sb concentration was proposed to accomplish this goal (see Fig.
11b). GaAsSb with lower Sb concentration immediately caps quantum dots then the Sb
concentration gradually increases during GaAsSb growth. The part of GaAsSb layer with
lower Sb concentration represents the barrier for holes localized in InAs quantum dots and,
on the other side also the barrier for triangular GaAsSb valence band quantum well formed
by increased Sb concentration. To preserve type I heterojunction it is necessary to propose
the structure parameters (composition and thickness of GaAsSb, size of quantum dots) in
such a way that the ground state in GaAsSb triangular quantum well has a lower energy
than ground state in InAs quantum dots, so that the holes remain localized inside dots (Fig.
11b). With this GaAsSb structure we have achieved intensive luminescence with the record
ground state emission at 1391 nm maintaining type I heterojunction (see Fig. 12a). The Sb
concentration in GaAsSb strain reducing layer was increased from 5 to 25% according to X-
ray diffraction. The thickness of GaAsSb layer was 5 nm.

The same combination of quantum dots with graded GaAsSb strain reducing layer was
embedded in p-i-n structure of light emitting diode. The electroluminescence main
maximum of this diode originates from the ground state transitions and is only slightly blue
shifted in comparison to the photoluminescence of corresponding structure (compare Fig.
12a and b). The strong electroluminescence of the ground state maximum with increasing
current density is a sign of a good localization of electrons and holes in quantum dots using
this type of strain reducing layer.
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quantum well. b) InAs quantum dots capped by GaAsSb layer with graded composition.
Both, electrons and holes are localized in quantum dots.

a) somey 1391 nm b,
1,00 = T = —1 =100 mA

= a8 4 — = 1_=50 mA

2 graded GaAsSb &, |, =25 mA Iy

& .. | exc.intensity; i

£ 07 st .E —<=1 =15 mA : '
\

" 10% c 34 I,=7.5 mA i

a o ;

L e —— i

=] - :

DL 50 = |

N E 25 |

[ =2 |

£ s .

Z oz 2 4 e

i / ||_..|
‘.'u
.‘-t\
i 04 Ereonzaenss el

1000 1100 1200 1300 1400 1500
Wavelength (nm)

1300 1400 1500 900

Wavelength [nm]

1100 1200 1600

Fig. 12. a) Photoluminescence spectra measured at two different excitation intensities of
quantum dots capped by 5 nm thick GaAsSb layer with graded composition. b)
Electroluminescence spectra of the same quantum dot structure embedded in the p-i-n
structure of light emitting diode.

4. In-flushing methods

To obtain lasing and to increase the quantum efficiency of quantum dot laser it is necessary
to incorporate several quantum dot layers into the laser active region, the most common
numbers are from three to ten layers of quantum dots. Since In and Sb atoms have strong
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surfactant behaviour, they stay flowing on capping GaAs epitaxial surface ready to be
incorporated into the next quantum dot layer. The size of quantum dots in upper layers is
then increased as is demonstrated by transmission electron microscopy of structure with
seven quantum dot layers (Fig. 13)

Even 50 nm thick GaAs separation layer does not prevent transferring of these atoms from
the lower to the upper quantum dot layer. This usually leads to the fatal deterioration of the
structure or at least each layer has considerably different position of PL maximum due to
different dot size in each layer. That is why so called In-flushing step is inserted into the
growth of quantum dot separation layers when multiple quantum dot structure is grown to
remove surfactant atoms from epitaxial surface (Tatebayashi, 2004) and to prevent
transportation of InAs material from a lower to an upper quantum dot layer.

a b

Fig. 13. Transmission electron microscopy image of seven stacked layers of InAs quantum
dots separated by 10 nm of GaAs. The increased size of quantum dots is predominantly
caused by the surfactant behaviour of In atoms transporting thus the InAs material from a
lower to an upper quantum dot layer.

In-flushing methods are based on growth interruption and increasing temperature during
the separation layer growth. The increased temperature helps to remove effectively the
surfactant In atoms from the epitaxial surface. How effective the method is can be
recognized during the growth by time resolved reflectance measurement or after the
growth from the photoluminescence spectra of the structure. We have prepared three
samples E1, E2 and E3 with multiple quantum dot structures by three different
technological procedures. All three samples consist of six layers of InAs quantum dots
capped by GaAsSb strain reducing layer with graded Sb concentration separated by 35
nm thick GaAs layers. Sample E1 was prepared without any In-flushing step. The
structure was so deteriorated that no photoluminescence was detected on sample E1. Also
the reflectance anisotropy signal was strongly increased during the growth of the
structure indicating that the surface quality was deteriorated (Fig. 14b). The In-flushing
step was inserted into the growth of GaAs separation layers of sample E2. After the
growth of 10 nm of GaAs at 510 °C the growth was interrupted, temperature was
increased to 600 °C for 7 minutes then decreased back to 510 °C and the growth of
remaining 25 nm of GaAs continued. The reflectance anisotropy signal did not increase
during the E2 structure growth indicating good surface quality (Fig. 14b); however,
presence of In atoms on the GaAs epitaxial surface was recognized in the signal. The
photoluminescence spectrum of sample E2 also revealed transport of InAs or Sb atoms
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between quantum dot layers, the photoluminescence intensity was very low and several
broad peaks originating from different quantum dot layers were recognized in the
spectrum (see Fig. 14). The In-flushing method with the GaAs growth at elevated
temperature according to (Liu, 2004) was used to improve the E3 sample quality. After the
growth interruption and temperature elevation (similarly to E2), 8 nm of GaAs were
grown at elevated temperature, then the temperature was decreased to 510 °C and
remaining 17 nm of GaAs were grown. The photoluminescence of sample E3 improved
considerably compared with sample E2 (Fig. 14a), the maximal intensity increased by
three orders of magnitude and only one ground state maximum was present in the
spectrum. The peak intensity increased eight times in comparison to sample with one
quantum dot layer and position of ground state maximum remained on the same
wavelength. We can conclude from these experiments that a growth interruption with
temperature increase to 600 °C may not be a sufficient method in case, when GaAsSb SRL
is used, and additionally the GaAs growth at higher temperature helps to prevent
transferring of surfactants from lower to upper dot layers.
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Fig. 14. a) Photoluminescence spectra of samples E2 and E3 containing six quantum dot
layers with graded GaAsSb strain reducing layers separated by 35 nm of GaAs. Different In
flushing methods were used for samples E2 and E3. Photoluminescence of sample with one
quantum dot layer with the same GaAsSb strain reducing layer is presented for comparison.
b) Comparison of time resolved reflectance anisotropy data of sample E2 with In-flushing
steps during GaAs separation layer growth and of sample E1 without In-flushing step.
Increased signal of sample E1 after the growth of 34 quantum dot layer is a sign of surface

quality deterioration. To compare signals in the same graph different scales were required
distinguished by the title colour.

5. Conclusions

Three different types of quantum dot capping layer were studied and compared. The GaAs
capping layer significantly blue shifts the quantum dot emission because the size of
quantum dots is decreased during capping and the strain inside InAs is increased. Processes
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during quantum dot capping by GaAs are explained with the help of in situ time resolved
reflectance anisotropy measurement and atomic force microscopy. Conclusion from in situ
monitoring is that first the thin GaAs layer (approx. 2.5 monolayers of GaAs) is formed and
then the In migration from dots follows.

Applying InGaAs strain reducing layer on InAs/GaAs quantum dots causes strong red shift
of photoluminescence maximum. Possibility to obtain intensive luminescence at 1.55 um
from quantum dots with InGaAs strain reducing layer is demonstrated. However, InGaAs
does not seem to be suitable strain reducing layer for quantum dot structures prepared by
metal-organic vapour phase epitaxy due to higher growth temperature and consequently
weaker localization of electrons in quantum dots.

The GaAsSb SRL is presented as capping layer of choice for 1.3 pm quantum dot lasers
prepared by metal-organic vapour phase epitaxy due to more suitable conduction band
alignment and due to suppression of In segregation from quantum dots during capping
process. New design of GaAsSb strain reducing layer with graded Sb concentration is
presented and the record wavelength of intensive ground state photoluminescence
maximum 1391 nm was achieved with graded GaAsSb strain reducing layer maintaining
type I heterostructure. Intensive electroluminescence at 1340 nm is demonstrated using the
GaAsSb strain reducing layer with graded Sb concentration.

Different surfactant flushing methods are compared. A growth interruption with
temperature increase to 600 °C may not be a sufficient method in case that GaAsSb strain
reducing layer is used and additionally, the GaAs growth at higher temperature helps to
prevent transferring of surfactants from the lower to the upper quantum dot layer.
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