DOMINO
FP6 – 017383
Antimonide Quantum Dots
for Mid-IR Nano-Photonic Devices

D20 : Publishable Final Activity Report (FAR)
(Revised version)

Period covered: from 1st June 2005 to 31 May 2008
Preparation date: July 2008
Contract start date : 1 June 2005

Duration : 36 months

Project coordinator: Pr. E. Tournié, Université Montpellier 2, Montpellier (France)
Partner 2: Paul-Drude-Institute, Forschungsverbund Berlin e.V., Berlin (Germany)
Partner 3: National Nanotechnology Laboratory, CNR-INFM, Lecce (Italy)
Partner 4: University of Hull, Hull (U.K.)
Partner 5: Ioffe Physico-Technical Institute, St Petersburg (Russia)
Partner 6: Alcatel-Thales III-V Lab, Orsay (France)
Lead participant for this deliverable: Université Montpellier 2

Project co-funded by the European Commission within the Sixth Framework Programme
Dissemination Level
PU
PP
RE
CO

Public
Restricted to other programme participants (including the Commission Services)
Restricted to a group specified by the consortium (including the Commission Services)
Confidential, only for members of the consortium (including the Commission Services)

X

Content
1

Project Objectives ............................................................................................................... 4

1.1

Objectives..................................................................................................................................... 4

1.2

Workplan ..................................................................................................................................... 4

2

Contractors ......................................................................................................................... 8

2.1

List ................................................................................................................................................ 8

2.2

Role of the participants............................................................................................................... 8

3

Summary of Results ........................................................................................................... 9

3.1

Summary ...................................................................................................................................... 9

3.2

InSb-based QDs ........................................................................................................................... 9

3.3

Short-period superlattices (SPSLs) ......................................................................................... 10

3.4

Lasers ......................................................................................................................................... 10

3.5

Nanostructure physics .............................................................................................................. 11

4
4.1

Project objectives and major achievements per workpackage ........................................ 12
WP1 : Epitaxial growth of Sb-based QDs, nanostructures and nano-photonic devices ..... 12
4.1.1 MBE growth of Sb-based QDs ....................................................................................................... 12
4.1.2 GaSb/InAs and InSb/GaSb/InAs short-period superlattices ........................................................... 14
4.1.3 MBE growth of nanophotonic devices ........................................................................................... 14

4.2

WP2 : Structural characterisations of Sb-based QDs and nanostructures ......................... 15
4.2.1 Strain relaxation mechanism in InSb/GaSb heterostructures.......................................................... 15
4.2.2 Morphology study of Sb-based heterostructures by combining cross-sectional AFM and TEM
techniques .................................................................................................................................................... 16
4.2.3 Nanaoanalysis of (In,Ga)Sb quantum dots in InAs/GaSb matrix structures ................................... 16
4.2.4 Interface characterization of short period super-lattices ................................................................. 17

4.3

WP3 : Electronic properties of Sb-based QDs and nanostructures ..................................... 19
4.3.1 Simplified analytical modelling of the electronic structure of quantum dots. ................................ 19
4.3.2 Detailed analytical modelling of the electronic structure of quantum dots..................................... 20
4.3.3 Modelling for quantum dot heterostructures with superlattice barriers. ......................................... 21
4.3.4 Optical properties of InSb quantum dots ........................................................................................ 22
4.3.5 Carrier dynamic in Sb-based heterostructures ................................................................................ 23
4.3.6 STM and STS characterization of single QDs ................................................................................ 24

4.4

WP4 : Nano-photonic devices: design, processing, characterisations .................................. 25
4.4.1 Laser active layer design. ............................................................................................................... 25
4.4.2 Electronic properties of InAs/GaSb superlattices. .......................................................................... 26
4.4.3 Application of the developed techniques beyond the DOMINO project. ....................................... 27
4.4.4 Microstructure and nanostructure analysis of laser diodes ............................................................. 27

DOMINO – FP6 – 017383

Publishable Final Activity Report – Revision – July 2008

2

4.4.5 Laser diodes processing .................................................................................................................. 28
4.4.6 Laser diodes electro-optical properties ........................................................................................... 29
4.4.7 Laser diodes electrical properties ................................................................................................... 32

5

Publishable results of the plan for using and disseminating knowledge ....................... 34

5.1

Introduction ............................................................................................................................... 34

5.2

Market overview ....................................................................................................................... 34

5.3

Exploitable knowledge .............................................................................................................. 36

5.4

Summary of results ................................................................................................................... 37
5.4.1 InSb-based QDs .............................................................................................................................. 38
5.4.2 Short-period superlattices (SPSLs) ................................................................................................. 39
5.4.3 Lasers.............................................................................................................................................. 39
5.4.4 Nanostructure physics .................................................................................................................... 39

5.5

Use of DOMINO knowledge by the industry .......................................................................... 40
5.5.1 Introduction .................................................................................................................................... 40
5.5.2 III-V Lab – Thales and Alcatel groups ........................................................................................... 41
5.5.3 Other industrial contacts/partners ................................................................................................... 41
5.5.4 Possible spin-off company.............................................................................................................. 42

5.6

Use of DOMINO knowledge in research ................................................................................. 42

5.7

Use of DOMINO knowledge in Education .............................................................................. 44
5.7.1 Lectures .......................................................................................................................................... 44
5.7.2 Projects / Phd thesis ........................................................................................................................ 45
5.7.3 Training of young scientists ........................................................................................................... 46

5.8

Dissemination of knowledge ..................................................................................................... 46
5.8.1 Overview table of completed activity : ........................................................................................... 47
5.8.2 Peer-reviewed articles..................................................................................................................... 51
5.8.3 Communications at international conferences (without proceedings) ............................................ 52
5.8.4 National conferences, seminars, miscellaneous .............................................................................. 53
5.8.5 Dissemination Statistics.................................................................................................................. 54
5.8.6 Future activities .............................................................................................................................. 55
5.8.7 Web presence.................................................................................................................................. 55
5.8.8 Press releases .................................................................................................................................. 56
5.8.9 Other dissemination actions............................................................................................................ 56

DOMINO – FP6 – 017383

Publishable Final Activity Report – Revision – July 2008

3

1

Project Objectives
1.1

Objectives

The 3–5 µm window of the mid-IR wavelength range is the window of choice for
developing photonic-based products with important societal impact such as photonic sensors
for environment monitoring, photonic diagnosis devices for health care, laser assisted surgery,
free-space optical communication systems,… However, there is actually a lack of suitable
laser diodes (LDs) operating in this domain. The main objective of this project was to
investigate the feasibility of antimonides-based quantum-dots (QDs) and nanostructures lasers
operating at room temperature (RT) in the 3–5 µm wavelength range. Sb-based
heterostructures, grown on GaSb or InAs substrates, exhibit a number of unique possibilities
among III-V compounds in terms of band structure engineering. In particular, it is the only
III-V technology exhibiting interband transitions in the mid-IR. However no quantum-well
laser diode are yet able to operate cw at RT at wavelengths well above 3.0 µm in the 3 – 5
µm. QDs heterostructures are expected to extend the emitted wavelength and to strongly
improve the performances of semiconductor LDs (reduced threshold, high operating
temperature) as demonstrated with the GaAs and InP technologies. The successful
demonstration of Sb-based nanostructures LDs could thus pave the way to the development of
high performance mid-IR optoelectronic devices and photonic sensors. However, the
properties of Sb-based QDs were unknown at the beginning of the project. Another goal of
our project has been to retrieve a clear picture of their basic physical (structural, electronic
and optical (losses and gain)) properties. Other nanostructures such as short-period
superlattices have also been investigated as active zones of LDs. Another objective of
DOMINO was thus to open the route to further long-term research on semiconductor
nanostructures and nano-photonic devices.

1.2

Workplan

The DOMINO workplan has been designed to produce Sb-based nanophotonic-devices,
namely LDs, operating between 3 and 5 µm at RT. The main risk identified from the
preparation stage of the project was the lack of knowledge in the field of Sb-based QDs
heterostructures. The workplan has thus evolved progressively from material science, to

DOMINO – FP6 – 017383

Publishable Final Activity Report – Revision – July 2008

4

acquire the necessary knowledge on Sb-based QDs and nanostructures, to device design,
fabrication, testing, and evaluation.
Consequently, the successful development of the project is based on a combination of
expertises in such different fields as epitaxial growth, structural characterisations, optical
spectroscopy techniques, and device modelling, fabrication, testing, and evaluation. All these
competences convene in our Consortium of six multidisciplinary and complementary partners
which will lead to a truly unique team to tackle all problems met during the course of our
work.
Although any epitaxial growth technique can be used to form QDs and nanostructures,
we have grown all samples – single epitaxial layers, heterostructures, devices – by solidsource molecular-beam epitaxy (MBE) because on one hand it gives best results for Sb-based
laser diodes so far, and on the other hand its ultra-high vacuum (UHV) environment allows
real time, in-situ characterisations of the growing film. In-situ (electron diffraction) and exsitu (X-ray diffraction, transmission electron and atomic force microscopy) techniques have
been combined to characterise the structural properties of QDs and nanostructures ensembles.
Their electronic properties have been investigated through a large panel of spectroscopic
techniques. Sb-based nanostructure LDs have been designed, fabricated, and tested.
Besides the Management workpackage (WP), the project was broken down in four
scientific WPs corresponding to the complementary aspects of the work:
•

WP 1 : epitaxial growth of QDs, nanostructures and devices

•

WP 2 : structural characterisations of QDs, nanostructures and devices

•

WP 3 : electronic properties of QDs and nanostructures

•

WP 4 : devices: design, processing, characterisations.

Each WP has been split in several tasks allowing the progressive evolution of the work.
The planning of the project together with the diffreent tasks is described in the table below.
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Workpackages

Year 1

Year 2

Year 3

WP1 : MBE growth of Sb-based QDs
heterostructures and nano-photonic devices
Investigations of the growth of Sb-based QDs
Optimisation of MBE growth of Sb-based QDs for
emission in the 3 – 5 µm wavelength range
MBE growth of nano-photonic devices (QDLDs) emitting in
the 3 – 5 µm wavelength range
WP2 : Structural properties of Sb-based QDs
heterostructures
AFM/STM investigations of Sb-based QDs populations
Micro- and nano- structure of Sb-based QDs systems
WP3 : Electronic properties of Sb-based QDs
heterostructures
cw (PL, EL, ABS, PC) measurements
Time resolved investigations
STM measurements
Band structure modelling
WP4 : Devices
Device Design
Device processing
Device Characterisations
WP5 : Management

Very intense interactions have been maintained between all WPs and tasks as
schematically shown in the figure below. This has been be favored by researcher exchanges.
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The relationships between the different tasks are indicated in this diagram by arrows
corresponding to the following flows of information :
1. Feedback on control of QDs population statistics (density, size, shape).
2. Feedback on the microstructure of QDs heterostructures and devices (vertical
alignment, interface sharpness, strain accomodation, defect nature and density).
3. Relation between emitted wavelength, radiative efficiency and growth
conditions.
4. Relation between radiative/non-radiative/Auger lifetimes and QDs
heterostructure design.
5. Feedback on the microstructure of QDs, nanostructures and devices, and on the
density of electronic states.
6. Feedback on band structure properties.
7. Transfer of physical property data for device design.
8. Feedback on device performances.
9. Relation between sample structure and device processing.
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2

Contractors
2.1

List

Partic.
Role

Partic.
no.

Participant name

Participant
short name

Country

Date enter
project

Date exit
project

CO

1

Université Montpellier 2
– CNRS

UM2

F

Month 1

Month 36

CR

2

Paul-Drude-Institut für
Festkörperelektronik,
Berlin

FVB

D

Month 1

Month 36

CR

3

National
Nanotechnology
Laboratory, Lecce

CNR

I

Month 1

Month 36

CR

4

University of Hull

UHull

U.K.

Month 1

Month 36

CR

5

Ioffe-Physico-TechnicalInstitute, St Petersburg

IOFFE

RU

Month 1

Month 36

CR

6

Alcatel-Thales III-V
Laboratory, Orsay

III-V Lab.

F

Month 6

Month 36

2.2

Role of the participants

UM2, project coordinator, will principally be in charge of the growth (and routine
characterisations) of all Sb-based QDs heterostructures and nano-photonic devices. It will also
be involved in the design, fabrication, and tests of devices. The coordinator is : Pr. Eric
Tournié, Université Montpellier 2, IES – CC 067, Place Eugène Bataillon, F-34095
Montpellier cedex 5 (France). Phone : +33-467143280, fax : +33-467544842, e-mail :
eric.tournie@univ-montp2.fr
FVB will perform all TEM and in-depth X-ray investigations, combined with the
appropriate simulations, on heterostructures and devices. FVB will coordinate WP2 on
structural properties of heterostructures.
CNR will investigate the electronic and optical properties of Sb-based QDs
heterostructure and devices. INFM will coordinate WP3 on the electronic properties of
heterostructures.
UHull will contribute to investigating the electronic properties of heterostructures. It
will be in charge of band structure and device modelling as well as preliminary device
characterisations.
IOFFE will be in charge of all in-depth SPM studies of QDs populations. It will also
apply the original techniques (EFM/SKPM) which have been recently developped and which
are of special interest to the DOMINO project.
III-V Lab will be in charge of developping the processing and of characterising the
laser diodes. It will coordinate WP4 on Devices.
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3

Summary of Results
3.1

Summary

The main objective of this project was very challenging : to investigate the feasibility of
antimonides-based quantum-dots (QDs) and nanostructures lasers diodes (LDs) operating at
room temperature (RT) in the 3–5 µm wavelength range. During the course of the project we
have narrowed our target wavelength to the 3 – 4 µm range, and even more precisely around
3.5 µm where important applications exist (alcane sensing) but no commercial solutions are
available. The successful demonstration of Sb-based nanostructures laser diodes could thus
pave the way to the development of high performance mid-IR optoelectronic devices and
photonic sensors. Since, at the beginning of the project, the properties of Sb-based QDs were
unknown. another goal of our project has been to retrieve a clear picture of their basic
physical properties. At the same time different nanostructures such as short-period
superlattices have also been investigated as active zones of LDs opening the route to further
long-term research on semiconductor nanostructures and nano-photonic devices.
The close collaborations between the partners has allowed to achieve many important
results in the field of Sb-based nanostructures. The main conclusion drawn from the project in
terms of Sb-based QDs is that the InSb/GaSb system is not suitable for light emission for a
number of reasons. In contrast, we have demonstrated laser emission at room temperature
around 3.5 µm with active zones based on short-period superlattices.
The main results achieved by DOMINO are summarized below.

3.2

InSb-based QDs
•

The InSb/GaSb system behaves differently than its InAs/GaAs counterpart.
Typical MBE growth conditions lead to a low density of large, plastically
relaxed islands.

•

A two-step growth procedure, involving the deposition and crystallisation of an
amorphous layer, has been developped which allows to form a high density of
strained InSb QDs.

•

Plastic strain-relaxation of InSb QDs starts at a very early stage (12 nm
diameter).
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•

Strained InSb QDs confined in a GaSb matrix are unstable against cladding
overgrowth and/or annealing. InSb tends to dissolve into the matrix.

•

Strained InSb/GaSb QDs grown using the two-step procedure emit near 3.5 µm
at room temperature, but with a low radiative efficiency.

•

Band-structure calculations reveal that light emission from InSb/GaSb QDs
most-probably arises from an indirect transition in both the real- and reciprocalspaces.

3.3

Short-period superlattices (SPSLs)
•

The MBE growth of high-quality InAs/GaSb and InAs/GaSb/InSb SPSLs is well
mastered even for layer thickness as low as 1 – 5 MLs, where 1 ML ~ 0.3 nm.

•

Extremely sharp interfaces are achieved.

•

The emission of these SPSLs has been tailored from 2.6 to 4 µm at room
temperature.

•

Spectroscopy as well as band structure calculations indicate that these SPSLs are
suitable for light emission in the target wavelength range.

3.4

Lasers
•

A robust process, specially dedicated to the GaSb technology, has been
developped.

•

•

Scanning Kelvin Probe Microscopy has been performed on the cleaved edge of
laser structures and allowed to draw the potential profile across devices under
bias.
Time resolved spectroscopy indicates that hole escape rather than Auger
recombinations seems to dominate the temperature behaviour of GaSb-based
nanostructures.

•

Laser emission has been achieved with InAs/GaSb SPSLs in the 2.6 – 3.5 µm
wavelength range at 90 K and up to 2.8 µm at room temperature.

•

Laser emission has been achieved around 3.5 µm at room temperature with
InAs/GaSb/InSb SPSLs.

•

CW laser operation has been achieved around 3.5 µm up to 220 K with
InAs/GaSb/InSb SPSLs.
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•

Farfield measurements performed with a specially developped set-up indicate
single mode operation.

3.5

Nanostructure physics
•

Lattice-distortion analysis from TEM images and the corresponding simulation
softwares have been developped which allow to evaluate interface properties
with a very high accuracy.

•

This technique has been applied with success to other semiconductor
nanostructure including quaternary alloys.

•

Cross-section AFM has allowed to investigate buried QDs. The topography
image of a cleaved surface of a heterostructure gives rise to protrusions onto the
surface indicating the presence of strained nanostructures. The amplitude of
these protrusions (and the distribution) is directly related to the strain state (and
strain field) of the sample.

•

A new software based on the oblate-ellipsoid shape and isotropic elasticity
approximation has been developed to calculate the band structure of QDs. It has
demonstrated a good predictive value for the band gap in the dot and for the
band alignment, and can provide reasonable estimates for the transition energies.

•
•
•

The model has been applied with success to a large variety of III-V QDs
systems.
A temperature-dependent photoluminescence set-up operating in the mid-IR
wavelength range has been developped.
A time-resolved spectroscopy set-up operating in the mid-IR wavelength range
has been developped. Very few set-up based on the up-conversion technique
exist in the World.
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4

Project objectives and major achievements per workpackage
4.1

WP1 : Epitaxial growth of Sb-based QDs, nanostructures and nano-photonic
devices

The objective of this WP was to determine the growth conditions allowing an emission
in the 3 – 5 µm wavelength range. This WP has first investigated the MBE growth of Sbbased QDs and nanostructures. At this stage it has operated in permanent interactions with
WPs 2 and 3 in charge of the detailed characterisations. In a second phase this WP has been
responsible for growing the nano-photonic devices according to the design rules produced by
WP4.
4.1.1

MBE growth of Sb-based QDs

The growth of semiconductor QDs has been documented principally via investigations
of the Ga1-xInxAs/GaAs system. It is now established that MBE growth proceeds twodimensionally (2D) for a strain below ~2% (x= 0.3) while there is a 2D to three-dimensional
(3D) transition leading to the formation of QDs for larger strain (Stranski-Krastanov growth).
Slightly above the 2D-3D transition perfectly coherent QDs are formed which elastically
relieve part of the strain by deformation of the QDs boundaries. In the extreme case of InAs
on GaAs, the transition occurs near 1.5 monolayers (ML). This system is often considered as
a prototypical case study and it is generally assumed a priori that other III-V semiconductor
compounds behave similarly. This was in particular the case for the InSb/GaSb system when
DOMINO started. Indeed, with a lattice-mismatch of 6.3 % it is formally very similar to
InAs/GaAs (7.3 % lattice mismatch), the main difference being the group-V element (Sb vs
As).
We have shown at an early stage of the project that under “typical” conditions the MBE
growth of InSb QDs directly on GaSb leads to a low density (~109 cm-2) of large islands (~50
– 80 nm diameter). As described in Sec. 4.2.1 below, such islands are plastically relaxed and
are thus useless for photonic devices. The results are interpreted in terms of a long diffusion
length of In adatoms on a Sb-terminated surface.
We have developped then a special two-step growth procedure which consists in
depositing an amorphous InSb layer at a temperature around 300 °C, i.e. below the
condensation temperature of Sb. An annealing step at ~ 380 °C then allows sublimation of the
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excess Sb and cristallisation of InSb which then form small QDs. A density as high as ~8
x1010 cm-2 is achieved with small dimensions (Fig. 1.1).

Fig. 1.1 : AFM analysis of InSb/GaSb QDs grown with the two-step procedure.

Still, the microstructure analysis has shown that even such small QDs are plastically
relaxed for most of them (see Sec. 4.2.1). The critical diameter for plastic relaxation appears
to be ~12 nm. In contrast, when the QDs are covered by another layer as soon as they are
formed, a nice distribution of small fully-strained QDs is obtained (Fig. 1.2). The contrast
seen by TEM indicate a semi-spherical shape of such QDs.

Fig. 1.2 : TEM cross sectional
images of 3 ML InSb QDs grown with
the two step technique. Crosssectional 002 bright –field (a) TEM of
buried InSb QDs and projectional
view (c) of tilted QDs layer (g = 220)
in bright-field mode to visualize the
isolated QDs.
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Such QD heterostructures do emit photoluminescence or electroluminescence near 3.5
µm at room temperature. Still, the radiative efficiency is low which coincides with theoretical
calculations of the band structure revealing that this transition most-probably occurs from an
indirect transition in both real- and reciprocal space (see. Sec. 4.3.4).
We have shown thaty inserting a thin InAs nucleation layer below the InSb layer favors
the formation of strained QDs. Still, the radiative efficiency remains low due to the particular
band structure.
These results led us to conclude that InSb/GaSb QDs heterostructures are not suitable
for laser emission and that alternative nanostructures should be investigated.

4.1.2

GaSb/InAs and InSb/GaSb/InAs short-period superlattices

Given the conclusion above, we have focused our attention on another type of
nanostructures, namely short-period superlattices (SPSLs) which rely on layers as thin as a
few MLs where 1 ML = 0.3 nm in our materials system. We have investigated the MBE
growth of several such SPSLs. Their optoelectronics properties have then be correlated to
their microstructure. A particularly enticing problem is the presence of layers with nocommon atoms (NCA) in GaSb/InAs sequence. The formation of III – V bonds at the
interface results in the formation of highly strained GaAs or InSb interfacial MLs, or to a
mixture of both. The control of such interfacial MLs is crucial to master the properties of the
final heterostructure. It has been demonstrated in WP2 (see Sec. 4.2.4) that our SPSLs exhibit
superior crystalline quality with particularly narrow interfaces.

4.1.3

MBE growth of nanophotonic devices

We have grown several series of laser wafers based on GaSb/InAs and InSb/GaSb/InAs
SPSLs as active zones. The Al0.90Ga0.10As0.07Sb0.93 quaternary alloy has been used for the
cladding while Al0.50Ga0.50As0.05Sb0.95 or Al0.35Ga0.65As0.03Sb0.97 alloys have been used for the
waveguides. Laser diodes made from these wafers have demonstrated lasing in the 3 – 3.5 µm
wavelength range up to room temperature (see Sec. 4.4.6).
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4.2

WP2 : Structural characterisations of Sb-based QDs and nanostructures

The objective of WP2 has been to implement “in depth” non-routine characterisation
techniques so as to retrieve a clear picture of the structural properties of Sb-based QDs and
nanostructures. The parameters have then been used for device design, simulations and
fabrication. The aim was to establish the relationship between growth conditions, structural
and electronic properties, and device performances.

4.2.1

Strain relaxation mechanism in InSb/GaSb heterostructures

Due to the 6.3% lattice misfit between InSb and GaSb, it is generally assumed that this
system behaves similar to the InAs/GaAs model case. In-situ RHEED observations show that
the MBE growth of InSb on GaSb obeys in the Stranski-Krastanov growth mode, with a 2D3D transition that occurs near 1.7 ML in the 400 to 450°C temperature range. However, the
RHEED pattern is modulated rather than spotty indicating that immediately after the
transition, large and flat 3D islands are formed. TEM analysis demonstrated that all islands
are plastically relaxed by introducing edge type misfit dislocations at the interface. In
addition, the lattice parameter fits with the bulk value of InSb. The only route to obtaining
small coherently strained 3D islands is to proceed via complicated procedures such as
annealing-induced recrystallization of amorphous InSb films deposited at very low
temperatures. However, the microstructure of the resulting islands depends on the specific
annealing step. If the islands are capped as soon as they are formed, fully coherent quantum
dots are obtained. In contrast, if they are not capped, the islands ripen and most of them
plastically relax, first be introducing misfit dislocations, and subsequently, by creating 60°
dislocations during island coalescence. The relaxation starts for island diameters as low as 12
nm. Further InSb deposition results in lateral extension of the islands (Fig. 2.1)
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Fig. 2.1: Cross-section HRTEM images showing size and shape evolutio
the QDs.

4.2.2

Morphology study of Sb-based heterostructures by combining cross-sectional AFM
and TEM techniques

Besides the regular use of AFM for studying the shape, size and aspect ratio of
uncapped InSb quantum dots grown on GaSb, it is demonstrated that buried dots can be
investigated by cross-section AFM. The topography image of a cleaved surface of a
heterostructure gives rise to protrusions onto the surface indicating the presence of strained
layers or even 3D quantum dots. The amplitude of these protrusions (and the distribution) is
directly related to the strain state (and strain field) of the sample. The method is improved
with respect to the project relevant Sb-based nanostructures and completed by cross-sectional
TEM measurements, if necessary.

4.2.3

Nanaoanalysis of (In,Ga)Sb quantum dots in InAs/GaSb matrix structures

The shape density and strain fields of (In,Ga)Sb small (about 10 nm) coherent quantum
dots embedded in GaSb or InAs/GaAs layers are characterized in detail by conventional TEM
DOMINO – FP6 – 017383
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using diffraction contrast. These results were routinely utilized as feedback to optimize the
MBE growth conditions. Detailed information about local strain distributions and thus
chemical composition of the dots were obtained by the lattice distortion analysis of atomically
resolved high-resolution TEM micrographs).
Another topic of interest refers to the high reactivity of the GaSb surface with respect to
the presence of arsenic during MBE leading to an energetically favorable Sb-for-As anion
exchange reaction. Both effects, the In diffusivity and the surface reactivity, are temperature
dependent and cause the formation of surafce crater and/or As- and Sb-based precipitates
(Figure 2.2 below). This effect has to be taken into account and one must avoid to have an asgrown sample staying for a long time in the growth chamber while the As-cell is at high
temperature.
(b) void

(a) void

Figure 2 High-resolution
TEM micrographs of the

glue

voids at the surface (a)-(b);
and of the precipitates,
viewed along the [110]
zone-axis (c) and along the
[1-10] zone axis (d). Inset

{111}

in (c): square-like pattern
in the HR image of the

10 nm

10 nm

(c) precipitate

(d) precipitate

precipitates along the [110]
zone-axis differing from
the

pseudo-hexagonal

pattern of GaSb that is
dominated by {111} lattice
fringes.

10 nm

5 nm

4.2.4

Interface characterization of short period super-lattices

The unique properties of short period super-lattices strongly depends on the interface
quality, i.e., the interface roughness and the interface intermixing described by the chemical
width. High-resolution TEM lattice images are used to determine the roughness of interfaces
with atomic resolution. In case of similar interference pattern for both materials on each side
DOMINO – FP6 – 017383

Publishable Final Activity Report – Revision – July 2008

17

of the interface, a lattice distortion analysis is possible detecting the local strain (in unit cell
dimensions) and thus identifying the different strained layers as for instance seen in Figure 2
for the InAs/GaSb super-lattice. The structural roughness is in the range of 1-2 MLs. On the
other hand, the compositional sharpness of the interfaces are obtained by simulating the
experimental data (including two-beam dark-field TEM images) with composition profiles for
each element involved based on a sigmoidal function. Remarkable is the small width of the
interfaces.
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4.3

WP3 : Electronic properties of Sb-based QDs and nanostructures

The objective of this WP was to study the electronic and optical properties of the Sbbased QDs and nanostructures. The interest for this study is twofold: i) a fundamental one:
despite the potential interest of these structures, the properties of Sb-based nanostructures
remain in fact unknown up to now, and ii) technological one, to obtain viable, high
performance, mid-infrared optoelectronic devices.

4.3.1

Simplified analytical modelling of the electronic structure of quantum dots.

An analytical model based on the oblate-ellipsoid shape and isotropic elasticity
approximation has been developed. Though it is a simplified model (it does not account for
details of the dot shape or the wetting layer), it has good predictive value for the band gap in
the dot and for the band alignment, and can provide reasonable estimates for the transition
energies. This is because most essential features of the confinement potential are determined
primarily by the dot aspect ratio, as illustrated in Fig. 3.1, but are insensitive to other details
of the shape. The model has been applied to a large variety of III-V quantum-dot systems.
Using this model, we have shown that the expected direct band gap in the dots of any
composition is likely to be in excess of 500 meV, i.e. beyond the project target range, while
L-valley-related pockets could provide an additional recombination channel at lower energies.
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Figure 3.1 : Band profile at the dot-matrix heterointerface along a representative contour
[100] – [110] – [111] – [001] for three values of the aspect ratios a/c.
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4.3.2

Detailed analytical modelling of the electronic structure of quantum dots.

Detailed numerical modelling, which accounts for the quantum dot shape, has been
performed in the anisotropic elasticity approximation. An example for the dome shape is
shown in Fig. 3.2. Unlike the ellipsoidal shape, the band profile inside the dot is not
homogeneous. The bands are strongly bent near the edges both inside the dot and in the
matrix, where strain concentrates. The band-edge energies vary strongly with the aspect ratio.
The effect of the wetting layer is equivalent to a slightly larger aspect ratio and manifests
itself mostly at sharp planar edges of the dot. The analysis provides good interpretation of the
experimental data. In particular, the peaks around 0.4-0.5 eV in the PL spectra are interpreted
as transitions between the ground (or ground and first excited) states in the L-electron
“pockets” in the matrix and hole states in the dots. Splitting between the transitions and the
temperature stability are consistent with deep electron localization in the “pockets”.

[001]
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EL

EC, EL energies (eV)
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Fig. 3.2. Band profiles in the dots of dome shape.
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4.3.3

Modelling for quantum dot heterostructures with superlattice barriers.

Modelling has been done for InSb dots within an InAs/GaSb superlattice as the barrier
material. This system had been identified as a way forward for the project. The modelling was
focussed on the electronic spectra of the system shown in Fig. 3.3. The ground electron state
is a miniband in the superlattice, which originates from the Γ-valley. The ground hole state is
a localized Γ-level in the dot. Essentially, the ground-state optical transition is direct in kspace which ensures a significant increase in the transition intensity. The absolute transition
energy cannot be calculated in a straightforward way, because of a well-known difficulty
related to the dipole nature of the InAs/GaSb interfaces affecting the electron miniband.
However, a difference between the electron-hole miniband-miniband and miniband-dot
transition energies has been calculated. This was found to be in agreement with the PL spectra
from the dot-in-superlattice sample.

GaSb
InAs
GaSb
InAs
GaSb
InAs
GaSb

1.0
0.8

QD
(2nm InSb QD)~-60 meV
E
hh

QD

0.6

SL_Ec
SL_Ev1
SL_Ev2

Energy (eV)

Ec
0.4
0.2
0.0
-0.2

Ehh

-0.4
-0.6
-0.8
-15

-10

-5

0

5

10

15

Distance along [001]

Fig. 3.3. Band profile for the dot-in-superlattice structure. Electron and hole
minibands, as well as the ground hole state in the dot are shown.
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4.3.4

Optical properties of InSb quantum dots

Due to the high In adatoms mobility on GaSb surface, the growth of InSb quantum dots
on the GaSb substrate results in the formation of large and relaxed islands with the
introduction of several defects in the structure. This strongly influences the efficiency and
quality of the sample emission as shown by continuous wave (cw) photoluminescence
analysis. An alternative growth procedure, based on the deposition of InSb at very low
temperature, followed by an annealing treatment has been used to improve the optical
properties of InSb/GaSb quantum dots. Although high-density, uniform distribution of small
dots emitting near 0. 36 eV up to room temperature (Fig. 3.4a) has been obtained, again their
emission efficiency is low. The PL measurements at different excitation power density
together with a detailed theoretical analysis of the electronic structure of the Sb-based
quantum-dot heterostructures have been utilized to demonstrate that the low emission
efficiency was due to the k-space indirect transition (Fig.3.4b). The insertion of a thin InAs
nucleation layer can enhance the InSb QD density in a GaSb matrix, due to the higher
bonding energy between In-As with respect to In-Sb. Nevertheless, these structures still
exhibit low MIR emission efficiency, due to the peculiar indirect transition occurring in this
system.
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Fig 3.4 : (a) PL spectra at 90 K of the samples with a 4 Å (red line) and a 6 Å (black line)
InSb coverage in a GaSb matrix. (b) Band profile in the <111> direction for spherical
InSb/GaSb quantum dots.
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A detailed cw spectroscopic characterization of the optical properties of ML-thin InSb layers
inserted into different type of InAs/GaSb superlattice (SL) as barrier material was also
performed. By employing these unique structures a strong improvement of spontaneous
emission efficiency can be achieved in the mid infrared range, detectable up to room
temperature and suitable for application to laser devices. The origin of this emission is found
to be related to a type II transition between electrons localized in the conduction miniband of
the SL and holes localised in the InSb layer (Fig.3.5).
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Fig. 3.5 : (a) Scheme of the type II transition for both InAs/GaSb superlattice (1) and InSb layer (2).
The dotted arrow indicated the effect of a decreasing of superlattice thickness on the electron energy
level. (b) In black line and circle symbol is reported the PL spectra at 10 K of the sample 2 and the
sample 3, respectively.

4.3.5

Carrier dynamic in Sb-based heterostructures

The carrier dynamic in GaSb-based heterostructures is a key point for both a
fundamental physical understanding of different mechanisms involving carrier relaxation and
recombination and potential application to devices. Up-conversion set-up has been built-up as
unique opportunity to realise time resolved photoluminescence experiments in the MID IR
spectral region. The measurements have been performed to study mainly the contribution to
the carrier relaxation of Auger process, being this non-radiative process deleterious of the
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laser performances. A detailed study as a function of the temperature and excitation density
on GaSb-based quantum-well structures emitting at room temperature at 2.3 μm clearly
showed a negligible role of the Auger processes while the thermal escape of the hole into the
barrier material, has been found to be the main mechanism responsible for the
photoluminescence quenching at high temperature (Fig.3.6).
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4.3.6

STM and STS characterization of single QDs

The local electronic properties of InSb QDs grown on GaSb substrate have been studied
by using Scanning Tunnelling Microscope (STM). The STM topographical investigation
found a density of islands as low as ∼109dot/cm2, with a typical squared shape, in agreement
with AFM and TEM results (Fig.3.7a). Scanning Tunnelling Spectroscopy images (Fig. 3.7b)
obtained both at low (100K) and high (300K) temperature show the formation of two different
kinds of islands: i) large relaxed QDs which do not show any quantum confinement
behaviour, and ii) small QDs with a shoulder in the STS signal, attributed to excited confined
states in the QDs. The intrinsic difficulty to growth low density and small size InSb QDs on a
GaSb substrate, together with the oxidation of the surface complicate the STS measurements
and the determination of the complete electronic structure of the smaller islands.
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Fig. 3.7 : (a) STM images acquired on some bright spots on the substrate at 1.3V, 50pA ; (b)
and correspondent I-V curves on different structures of the sample. The red line is the signal
measured in the inner region of small quantum dots; the black line in the inner region of big
quantum dots; finally, the green one in the outer region of the quantum dots.

4.4

WP4 : Nano-photonic devices: design, processing, characterisations

The objective of WP4 was to demonstrate that Sb-based nano-photonic devices can be
fabricated which operate cw at room temperature in the 3 – 5 µm wavelength range. A large
panel of different characterisations techniques, for evaluating both the electro-optical and the
structural performances, have been used.

4.4.1

Laser active layer design.

The initial design was based on InSb quantum dots incorporated into GaSb barriers.
Luminescence in the target wavelength range was obtained, but its intensity was weak.
Modelling within WP3 revealed the origin of the transition to be from L-valley electron states
localised in the barrier, i.e. indirect both in real space and in k-space. Hence, modification of
the design was needed. Three possible options were considered: 1) To obtain InSb/GaSb
quantum dots of the highest optical quality to suppress Auger recombination and use the Lvalley related transition for lasing; 2) To develop a combination of III-V materials that would
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provide a direct transition within the dot in the required range; 3) To modify the barriers for
the InSb dots so that the transition, still indirect in the real space, becomes direct in k-space,
leading to a dramatic improvement in the emission intensity. The last option was identified as
the best way forward, in the form of InSb nanostructures embedded in the InAs/GaSb
superlattice barrier. This approach required relatively minor modifications to the developed
growth techniques and the transition energy could be tuned by changing the superlattice
parameters.
4.4.2

Electronic properties of InAs/GaSb superlattices.

Detailed modelling of the electronic properties was performed for the InAs/GaSb
superlattices. It has been a long-standing problem, that the popular k·p method systematically
overestimates their band gap energy. We have approached the problem still within the k·p
method, but using a graded potential profile at the interface that takes the interfacial atomic
segregation into account, instead of assuming that the interfaces are abrupt. Graded
composition at the interface was evidenced by TEM images. A much better agreement with
the experimental data has been achieved both with the PL spectra from the DOMINO samples
and with the data from literature (Fig. 4.1).
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Fig. 4.1: Band-gap energy as a function of the SL period calculated for abrupt and
graded interfaces, dashed and solid lines, respectively. Coloured dots show
experimental data from various references.
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4.4.3

Application of the developed techniques beyond the DOMINO project.

Avenues of employing the developed methods beyond the DOMINO project have been
explored. We have modelled the electronic structure of type-II InAsSb/InAs quantum dots of
various shapes, compositions and aspect ratios. As these quantum dots are very small (≈
3nm), it is very difficult to either assess or control their structural parameters. We have shown
that using our methods, the structural parameters of the dots can be derived from their optical
spectra. The electronic states are weakly influenced by the parameters of the dots. On the
other hand, strongly localised hole states are strongly affected by the dot composition and
aspect ratio. The composition change shifts both the valence band edge and the hole level in
the dots in the same way, while the effect of the aspect ratio on the hole level is opposite to
that on the valence band edge, as shown in Fig. 4.2. From our results, dot composition can be
determined from the spectra above if the dot aspect ratio is known and vice versa.
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Fig. 4.2 : Electronic structure of InSb/InAs dots as a function of aspect ratio (a) and of
InxAs1-xSb/InAs dots as a function of As composition. Triangles – electron level energy; squares –
valence band edge; diamonds – hole level energy. Lines are guides for the eye

4.4.4

Microstructure and nanostructure analysis of laser diodes

The strucutral analysis of the active regions has been divided into two research lines: (i)
the determination of InSb QDs sizes, strain states and chemical compositions, and (ii) the
interface roughness, layer thicknesses and chemical compostion of SPSLs. Additionally to the
basic studies done in WP2, the research here has been more focused on the influence of
realizing the complete laser diode on the nanostructure of the active region (e.g., temperature
and strain dependent stability, interface intermixing, etc).
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As far as the whole laser structure is concerned, the investigation of the microstructure
by TEM included (i) the determination of strain relaxation mechanisms, (ii) the
characterization of extended defects located at the interfaces or passing the laser structure, and
(iii) the analysis of indium diffusion in Sb-related materials. This last point is particularly
important since we have observed that InSb tends to dissolve into a GaSb matrix during the
growth of the upper cladding layer. This phenomenon is more acute in the case of highlystrained 3D InSb QDs. This is a further result which goes against the use of InSb QDs in
lasers. SPSLs in contrast are stable against overgrowth.

4.4.5

Laser diodes processing

Due to the presence in DOMINO structures of cladding layers with high aluminium
contents (90 %), and to the consequences regarding the use of wet chemical etching
(important difference in etching speed), decision has been taken to use a dry etching approach
to define the waveguide. This is realised in an Inductively Coupled Plasma (ICP) system.
Many advantages are linked to this equipment. The most important is the possibility to play
separately with the chemistry and the physic of the plasma, and to control the etching via an
end-point detection (EDP) system. Comparison between simulated EDP and recorded realtime EDP gives the possibility to stop etching with a high accuracy. The following figures
show calculated EDP, recorded EDP and a final DOMINO device.

Fig. 4.3 : Simulated (left) and experimental (right) EDP profile
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Fig. 4.4 shows that the etch has precisely stopped just above the active region as
required. The Domino devices being designed to emit around 3.5µm, the polymer commonly
used to ensure the electrical insulation has been replaced by 500nm of silicon dioxide realised
by plasma chemical enhanced vapour deposition (PECVD), to avoid any losses due to optical
absorption.

Fig. 4.4 : SEM picture of a processed device

Moreover, always to improve the performances of the components, we have also been
working on the facet coating and on the mounting of the lasers. The coatings have a double
finality: to protect the facets from any native oxidation that will degrade the devices and to
improve the electrical and output power. Regarding the mounting, work has been done on the
procedure to use AuSn as solder, and on new materials as submounts. Aluminium nitride is
actually used with success.

4.4.6

Laser diodes electro-optical properties

Usual characterisations have first been performed on the LDs. We show in Fig. 4.5
typical spectra obtained from GaSb/InAs SPSLs. With such active zones lasing is achieved
between 2.6 and 3.6 µm at 90 K and up to 2.8 µm at room temperature.
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Performances are improved when introducing InSb nanostructure layers in the SPSL of
the active zone. Fig. 4.6 shows the L – I curves taken at different temperatures from a broad
area LD where 1 ML InSb has been inserted within the SPSL. I – V curves taken at 90 K and
room temperature are also shown. Lasing is achieved up to room temperature. Fig. 4.7 shows
the evolution with the temperature of the threshold current density for several broad-area as
well as ridge LDs. Very low thresholds are measured at 90 K. A rapid increase is obersved up
to room temperature which results in a low T0 characteristic-temperature of ~40 K.
V785 d3 l=1.73mm 1kHz 100ns up InSb d=80µm

V785 up 1kHz 100ns InSb

2.3mΩ.cm²

Optical Power (arb. units)

Voltage (V)

3

2
1mΩ.cm²

1

0

1

2

3

4

5

6

96K
120
140
170
185
195
225
235
245
253
260
267
270
275

7

2

Current Density (kA/cm )

Fig. 4.6 : Optical power vs current density at different
temperatures for a broad area LD (w= 80 µm).

v785d1 d=100µm
v785d3 d=100µm
v785bd1 d=10µm
v785cd2 d=10µm

10

Jth (kA/cm²)

4

To = 36K

1

0.1

100

125

150

175

200

225

250

275

T (K)
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In addition, we show in Fig. 4.8 the output power as well as the spectra taken at 300 K
from a ridge LD for different duty cycles of the current injection. Lasing occurs at room
temperature near 3.3 µm which is a wavelength range of high interest for alcane
detection/analysis.
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Fig. 4.8 : Spectra taken at different duty cycles at 300 K.

Finally, we have also developed a far-field measurement set-up during the course of
DOMINO. The aim was to gain assess the beam quality which is a very important point for
the foreseen users. The following figures present a scheme of the setup and a 3D mapping of a
DOMINO laser farfield which shows that the emission is monomode.

Fig. 4.9 : Scheme of the experimental set-up for far-field measurements
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Fig. 4.10 : 3D mapping of the laser farfield

4.4.7

Laser diodes electrical properties

During DOMINO we have also investigated the internal and external electrical fields in
biased LDs by EFM/SKPM studies. SKPM is a technique which gives access to local
potential profiles across the sample. The measurement can be performed under bias, and even
under laser operation. It thus gives very precious information on voltage distribution across
the device. For example, our measure-ments show that when soldering the laser chip directly
onto the Cu heat-sink with In, as we do in a non-optimised techno-logy process, there is a
significant voltage drop at the contact / substrate interface. This can be improved by using a
dedicated n-contact technology, although the formation of perfect ohmic contacts to n-GaSb
is very difficult.
Fig. 4.11 shows the evolution of the external bias voltage distribution (referred to the
grounded LD) for both forward as well as backward biases. Such characterizations are very
useful because they reveal the location of potential drops over the whole LD. In such LDs
based on the GaSb technology there is an important potential step at the cladding – substrate
interface. This voltage drop has a strong negative impact on the ideality factor of the whole
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LD even though the ideality factor of the active zone itself is close to ideal. This barrier is a
well-known problem in GaSb-laser technology. Indeed we use a graded (Al)Ga(As)Sb
interface in order to smooth the band profile. More work should be dedicated in the GaSb
technology to optimise this transition layer. The voltage distribution measurements on laser
under backward bias permits to reveal precise position of n/p junction in the structure. For all
studied structure the n/p junction was situated between the active area and the n-emitter as it
should be since the residual doping of Sb-based alloys is p-type.
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Fig. 4.11 : External potential drops ΔCPD on the V-759 laser mirror for forward (curves
1, 2, 3) and backward (curves 4 and 5) biases.
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5

Publishable results of the plan for using and disseminating knowledge

5.1

Introduction

We wish first to recall that the objective of DOMINO is to demonstrate the feasibility
of Sb-based nanophotonic devices operating in the band II of the mid-IR wavelength range,
i.e. the 3 – 5 µm range. Indeed, this domain is a transparence window of the atmosphere
which encompasses absorbing lines of various gaseous or organic species. It is thus the right
window for developing a variety of photonic-based products with important societal impact
such as, to name but a few, photonic sensors for environment monitoring, photonic diagnosis
devices for health care, laser assisted surgery, free-space optical communication systems,…
The emergence of these products however relies on the availability of adequate laser sources.
The main target application of DOMINO-based devices are photonic sensors for gas
analysis based tunable diode laser absorption spectroscopy (TDLS) using various detection
schemes such as direct spectroscopy, wavelength modulation spectroscopy, high frequency
heterodyne and homodyne techniques and photo-acoustic spectroscopy. These techniques in
their various forms are applied in a good deal of applications in research and industrial
process monitoring. The majority of research activities is related to atmospheric research, as
trace gas detection allows not only for tracking air pollution, but also helps to understand e.g.
the mechanisms of global warming, volcano activities and soil respiration. The second major
fraction is related to the medical diagnostic research, as bio tracers help, e.g., detecting
asthma, breast cancer, organ rejection in an early state and even schizophrenia. In basic
research these techniques are used to improve the accuracy of fundamental physical constants
and to obtain the structure of molecules. Recently attempts have been started detecting
explosives aiming at improving the security of air transportation.

5.2

Market overview

The main applications of diode-laser based equipment for industrial process control are
combustion control in power plants, waste incinerators and emission monitoring. Besides this
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segment, dedicated equipment is used in a variety of applications for process optimisation,
where the high price of the equipment can be justified. Attempts have been made to open a
wider market for TDLS with cheaper equipment, e.g. oxygen breath monitoring or natural gas
leak detection. However these attempts have not yet been really successful, partly because the
laser diodes are still too expensive, partly because with the available near-IR diode lasers only
weak absorption bands can be accessed and therefore complex and expensive set-ups are
required to meet the target sensitivity and stability.
A general trend to longer wavelengths, where the stronger absorption bands occur, is
observed in TDLS today. Indeed DFB laser diodes are available now from several
laboratories or companies for the wavelength window between 2 and 3 µm. With these lasers,
highly sensitive gas concentration measurements have been demonstrated.1 Extending the
wavelength in the band II where the absorption lines are even stronger will definitively open
TDLS to a much broader market. The following table (calculated with HITRAN) shows the
absorption bands of several technically important gases.

Absorption bands for molecules at 2 – 5 µm wavelength
Molecule
CO
CO2
HF
HCl
H2S
H2O

Wavelength (µm)
2.3 – 2.4
4.5 – 4.9
2.7 – 2.8
4.25
2.4 – 2.7
3.3 – 3.7
3.6 – 4.4

ppb.m*
400
20
0.4

2.6 – 2.8
5
NH3
2.85 – 3
40
N2O
2.9
300
4.5
SO2
4
HCN
3
CH4
2.13 – 2.4
3.3
2
*
-5
ppb.m = absorbance of 10 at 1 m path length within 1 s.

1

Line strength
cm-1/mol.cm2
10-21
10-19
10-20
5 x10-17
10-18
10-19
10-22
10-19
10-20
10-20
10-18
10-21
10-19
10-21
10-19

A. Sahli et al., Appl. Optics 45, 4957 (2006)
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For being used in gas sensing technologies, lasers should exhibit an output power of a
few mW, they should be continuously tunable (without mode hoping) over a couple of nm,
and they should be single frequency, i.e. emit in a single transverse and longitudinal mode,
with side-mode a suppression ratio larger than 25 dB.
The aim of DOMINO is to show that Sb-based nanophotonic devices can emit in the
target wavelength with the appropriate output power and thus form the basis of new optical
sensors. Single frequency operation requires technological steps which will not be
implemented within DOMINO.

5.3

Exploitable knowledge

Exploitable
Knowledge
(description)

Exploitable
product(s) or
measure(s)

New process to
grow QDs

QDs‐based devices

Modeling
electronic
structure

New software

of

Analysis/modeling
of semiconductor
nanostructure
interfaces

New
analysis
technique

Electronic
properties of InSb‐
based QDs and
nanostructures
Structural
properties of InSb
QDs
and
nanostructures
Time resolved PL
set‐up in the mid‐
IR
New
EFM
spectroscopy
technique

Nanostructures
optimised for use
in Mid‐IR lasers

Sector(s) of
application
Photonic
devices
Education
Photonic
devices
Research
Education
Research
Education

Research

Patents or other IPR
protection

Timetable
for
commercial
use

Owner &
Other
Partner(s)
involved

‐‐

Patent application filed on
19th July 2006 (french
application n° 06/06582).
Withdrawn June 2007.
‐‐

4

‐‐

‐‐

2

‐‐

‐‐

All

‐‐

‐‐

All

‐‐

‐‐

3

‐‐

‐‐

5

‐‐

1

Education
Research
Education
Research

Potential profiles
in
operating
devices
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Exploitable
Knowledge
(description)

Exploitable
product(s) or
measure(s)

MBE growth of
antimonide
nanostructure
lasers
Processing
of
antimonide
nanostructure
lasers
Properties
of
antimonide
nanostructure
lasers

Antimonide Mid‐IR
lasers structures

Sector(s) of
application
Photonic
devices
Research
Education
Photonic
devices
Research
Education
Photonic
devices
Photonic
sensors
Research
Education

Antimonide Mid‐IR
lasers

Antimonide Mid‐IR
lasers

Patents or other IPR
protection

Timetable
for
commercial
use

Owner &
Other
Partner(s)
involved

2 – 5 years

‐‐

1

2 – 5 years

‐‐

6, 1

‐‐

‐‐

All

The table above summarizes the different categories of knowledges which have been
generated by DOMINO. Their use is described in details in the following paragraphs. We
comment here only on the first exploitable result which is a new process to grow
semiconductor QDs in general and Sb-based QDs in particular. This process has been
developped by UM2 and a patent application has been filed to protect IPR in July 2006.
However during its examination the patent office found a conference paper2 which reported a
technique to grow InSb QDs very similar to ours. This has weakened considerably our claims
and after discussion with the offices in charge of protecting IPR in our institutions we have
decided to withdraw the application. Anyway, if this technique proves at the end useful to
grow nanophotonic devices, its exploitation could be direct or indirect via licensing, e.g. to
partner 6 III-V Lab or to any other epiwafer producer. However, much work remains to be
done to optimise this process.

5.4

Summary of results

The main objective of this project was very challenging : to investigate the feasibility of
antimonides-based quantum-dots (QDs) and nanostructures lasers diodes (LDs) operating at
room temperature (RT) in the 3–5 µm wavelength range. During the course of the project we
have narrowed our target wavelength to the 3 – 4 µm range, and even more precisely around
2

M. Yano, Y. Seki, T. Ikeda, S. Sasa, and M. Inoue, Proc. of the 8th Int. Conf. on Narrow Gap Semiconductors,
21 – 24 April 1997, Shangai, China, edited by S.C. Chen, D.Y. Tang, G.Z. Zheng, and G. Bauer (World
Scientific, Singapore, 1998) pp. 450 – 453.
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3.5 µm where important applications exist (alcane sensing) but no commercial solutions are
available. The successful demonstration of Sb-based nanostructures laser diodes could thus
pave the way to the development of high performance mid-IR optoelectronic devices and
photonic sensors. Since, at the beginning of the project, the properties of Sb-based QDs were
unknown another goal of our project has been to retrieve a clear picture of their basic physical
properties. At the same time different nanostructures such as short-period superlattices have
also been investigated as active zones of LDs opening the route to further long-term research
on semiconductor nanostructures and nano-photonic devices.
The close collaborations between the partners has allowed to achieve many important
results in the field of Sb-based nanostructures. The main conclusion drawn from the project in
terms of Sb-based QDs is that the InSb/GaSb system is not suitable for light emission for a
number of reasons. In contrast, we have demonstrated laser emission at room temperature
around 3.5 µm with active zones based on short-period superlattices.
The main results achieved by DOMINO are summarized below.

5.4.1
•

InSb-based QDs
The InSb/GaSb system behaves differently than its InAs/GaAs counterpart.
Typical MBE growth conditions lead to a low density of large, plastically
relaxed islands.

•

A two-step growth procedure, involving the deposition and crystallisation of an
amorphous layer, has been developped which allows to form a high density of
strained InSb QDs.

•

Plastic strain-relaxation of InSb QDs starts at a very early stage (12 nm
diameter).

•

Strained InSb QDs confined in a GaSb matrix are unstable against cladding
overgrowth and/or annealing. InSb tends to dissolve into the matrix.

•

Strained InSb/GaSb QDs grown using the two-step procedure emit near 3.5 µm
at room temperature, but with a low radiative efficiency.

•

Band-structure calculations reveal that light emission from InSb/GaSb QDs
most-probably arises from an indirect transition in both the real- and reciprocalspaces.
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5.4.2
•

Short-period superlattices (SPSLs)
The MBE growth of high-quality InAs/GaSb and InAs/GaSb/InSb SPSLs is well
mastered even for layer thickness as low as 1 – 5 MLs, where 1 ML ~ 0.3 nm.

•

Extremely sharp interfaces are achieved.

•

The emission of these SPSLs has been tailored from 2.6 to 4 µm at room
temperature.

•

Spectroscopy as well as band structure calculations indicate that these SPSLs are
suitable for light emission in the target wavelength range.

5.4.3
•

Lasers
A robust process, specially dedicated to the GaSb technology, has been
developped.

•

A dedicated farfield measurements setup has been developped.

•

Scanning Kelvin Probe Microscopy has been performed on the cleaved edge of
laser structures and allowed to draw the potential profile across devices under
bias.
Time resolved spectroscopy indicates that hole escape rather than Auger

•

recombinations seems to dominate the temperature behaviour of GaSb-based
nanostructures.
•

Laser emission has been achieved with InAs/GaSb SPSLs in the 2.6 – 3.5 µm
wavelength range at 90 K and up to 2.8 µm at room temperature.

•

Laser emission has been achieved around 3.5 µm at room temperature with
InAs/GaSb/InSb SPSLs.

•

CW laser operation has been achieved around 3.5 µm up to 220 K with
InAs/GaSb/InSb SPSLs.

5.4.4
•

Nanostructure physics
Lattice-distortion analysis from TEM images and the corresponding simulation
softwares have been developped which allow to evaluate interface properties
with a very high accuracy.

•

This technique has been applied with success to other semiconductor
nanostructure including quaternary alloys.
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•

Cross-section AFM has allowed to investigate buried QDs. The topography
image of a cleaved surface of a heterostructure gives rise to protrusions onto the
surface indicating the presence of strained nanostructures. The amplitude of
these protrusions (and the distribution) is directly related to the strain state (and
strain field) of the sample.

•

A new software based on the oblate-ellipsoid shape and isotropic elasticity
approximation has been developed to calculate the band structure of QDs. It has
demonstrated a good predictive value for the band gap in the dot and for the
band alignment, and can provide reasonable estimates for the transition energies.

•
•
•

5.5

5.5.1

The model has been applied with success to a large variety of III-V QDs
systems.
A temperature-dependent photoluminescence set-up operating in the mid-IR
wavelength range has been developped.
A time-resolved spectroscopy set-up operating in the mid-IR wavelength range
has been developped. Very few set-up based on the up-conversion technique
exist in the World.

Use of DOMINO knowledge by the industry

Introduction

As already mentioned above DOMINO has a strong potential for applications especially
in the photonic sensors field. However, one should keep in mind that DOMINO is a project
conducted within the framework of both IST and NMP programs, the objectives of which are
to ensure European leadership in the technologies at the heart of the knowledge economy,3
and to promote real breakthroughs based on scientific and technological excellence, which
requires research to be carried out with long term objectives,4 respectively. This means that
DOMINO was expected to result in preliminary devices which need further developments
before being fully exploitable. For example, the fabrication of DFB lasers which would be
needed for TDLS was not an objective of DOMINO.

3
4

cf. IST Workprogramme for 2003 – 2004(http://www.cordis.lu/ist/workprogramme/fp6_workprogramme.htm)
cf. NMP Workprogramme, December 2003 (http://www.cordis.lu/pub/fp6/docs/wp/sp1/c_wp_200207_en.pdf)
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5.5.2

III-V Lab – Thales and Alcatel groups

The consortium member principally involved in the exploitation is III-V Lab which is a
European leader in photonic devices. III-V Lab main mission is to work on devices (from
basic research to development) and to transfer the considered technology to a production unit
(internal or external). III-V Lab has also the capacity to perform small volume production.
Exploitation will be carried out along the following lines:
•

III-V Lab will thoroughly characterize the devices produced by DOMINO to
check whether their performances are compatible with photonic sensor
applications.

•

III-V Lab will establish which parameters should be improved for the devices to
be compatible with other applications such as gas sensing, free space
communication, chemical processes monitoring…

•

All samples in DOMINO project will be grown in MBE machines designed for
growth on single 50-mm diameter wafers. Another exploitation of the project
results will be to evaluate whether the results are transferable to production-like
MBE machines. III-V Lab has access to a new RIBER 49 MBE production
machine adapted to the growth on 4 x 100 mm or 8 x 50 mm wafers. Particular
attention will be paid to reproducibility and homogeneity between wafers.

•

III-V Lab will also check that the technology processes developed on single 50mm diameter wafers are scalable to larger diameter batches.

This exploitation work will thus allow the consortium to precisely evaluate the potential
of the new devices developed within the project and, if necessary, to establish ways for
developments/improvements.
5.5.3

Other industrial contacts/partners

The priority for using the results will evidently be given to the industrial partner of the
Consortium. However, given the potential of DOMINO-related lasers, the consortium has had
contacts at different levels with several companies as well as SMEs active either in the field
of semiconductor lasers or in the field of gas sensing systems. All discussions that we have
had definitely show the strong interest of the industry for the 3 – 4 µm wavelength range
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where no viable semiconductor laser exist yet. This shows that DOMINO project has been a
very well targeted project from its inception.
The DOMINO results are interesting to all these companies, particularly the SMEs.
Still, the reliability of DOMINO lasers have to be improved before they can really be used
and/or transferred to such companies.
Finally, note that the Consortium has also strong connections to European equipment or
goods supplyer (MBE or UHV manufacturers, substrates growers,..) which can indirectly
benefit from the results.
5.5.4

Possible spin-off company

Given the potential for industrial applications of mid-IR lasers, the lack of real
industrial leader in this field, and the high quality of the research carried out within the
project, the consortium has decided to evaluate the possibility to create a SME, high-tech
exploiter of the results. The two main alternatives for such a company are either to be a device
company or to be an epiwafer provider working in close collaboration with another company
performing the necessary technological steps to cross the bridge between the semiconductor
structure and the semiconductor laser. Evaluation of such possibilities are underway.

5.6

Use of DOMINO knowledge in research

DOMINO has generated a large amount of new scientific results in the field of
semiconductor nanostructures and mid-IR lasers in general, and on structural and electronic
properties of Sb-based QDs and heterostructures in particular. Indeed, the properties of such
QDs and nanostructures differ from those of other well-studied systems such as GaInAs/GaAs
or Ge/Si. This knowledge will be actively used by all partners in future research projects
related to semiconductor nanostructures and to nanostructure-based devices. In addition, this
knowledge being available in the open litterature, other research groups will be able to use it
also. This knowledge has been summarized in a preceding paragraph (Sec.5.3) and will not be
repeated here.
We now describe how each partner intends to use the results in research in the
foreseeable future and projects:
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•

The “nanoMIR” group of UM2-CNRS is a research group fully devoted to the
development of Sb-based heterostructures and optoelectronics devices operating
in the mid-IR. It will thus use most of the knowledge generated by DOMINO in
future research projects. Efforts will be made at complementing the results on
InSb QDs confined by other-than-GaSb barriers. In addition, the laser results
will form the roots for other research projects aiming at developping more
advanced and reliable devices emitting in the whole 3 – 4 µm wavelength range
where there are several important applications. A strong collaboration will be
maintained with FVB-PDI to further clarify the impact of the interfaces on the
SPSL laser performances. These results will also be used in the growth of
InAs/GaSb-based photodetectors. Finally, a PhD thesis focused on DOMINO
topics has started in September 2007 and will continue till October 2010.

•

During DOMINO project a new TEM method has been established to measure
the chemical width of heterointerfaces with high spatial resolution and accuracy.
This dedicated method will be applied to other III-V heterostructures.

•

Before the DOMINO project, CNR group had experience only on
heterostructures emitting in the UV, VIS and IR spectral region. DOMINO
project permitted to study the optical properties of GaSb-based heterostructures
emitting in the MID-IR spectral region and the problems related to this spectral
region. The DOMINO experience has opened a new research line for the CNR
group and it will be applied to study the optical properties of a new class of PbSe
nanocrystals synthesized by the chemical group of CNR-INFM of Lecce and
emitting in the MID-IR. Moreover, DOMINO gave to CNR the opportunity to
built-up the up-conversion set-up in order to realize time-resolved spectroscopy
in the MID-IR wavelength range. Very few equivalent set-ups are present within
the World.

•

In UHull, modelling of strain profiles and electronic structure in the quantum
dots has been developed within the DOMINO project. This powerful modelling
technique can be readily applied to various quantum dot systems, as well as
other semiconductor nanostructures. In short term, it is planned to further
investigate such systems as InSb/InAs type-II quantum dots and InAs/GaSb
superlattices, preliminary results for which have been presented at the final
project meeting. In particular, electronic spectra of the superlattices will be
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modelled using real grading profiles at the interfaces, obtained by FVB-PDI
using TEM on the DOMINO samples grown in UM2-CNRS, and related to
experimental optical spectra obtained in CNR.
•

In longer term, the Optoelectronics group in UHull plan to use the developed
modelling software in further projects related to the quantum dots. As an
example, a project on the fine structure of the exciton emission from InAs/GaAs
quantum dots under high pressure is under preparation now. Use of the
modelling software will provide necessary theoretical input, making possible a
quantitative analysis of the experimental data.

•

DOMINO has stimulated the development of new AFM/EFM techniques to
investigate potential profiles and/or non-equilibrium carriers leakage from the
laser active area in devices under operation. This technique will be used by Ioffe
to support the development of new laser structures under investigations, namely
III-V/II-VI mixed heterorostructures and N-based structures.

5.7

Use of DOMINO knowledge in Education

Another possible mean to exploit the knowledge generated by DOMINO is in the
education of undergraduate or graduate students.
5.7.1

Lectures

As far as education is concerned, a branch of the Master of Electrical Engineering in
UM2 is dedicated to optoelectronics devices and nanotechnologies. DOMINO results of
course participate to the regular upgrading of the lectures. E. Tournié (UM2) uses the results
in his “Epitaxial growth of semiconductor nanostructures” course as well as in the “Photonic
sources” course.
At the University of Hull (UHull) results are incorporated into Optoelectronics courses
for the Advanced Materials and Nanotechnology MSc and Electronic Engineering MEng
programs.
M. De Giorgi (CNR) is presenting the knowledge acquired in the project in PhD and
Master lectures at ISUFI (Institute for advanced interdisciplinary studies at University of
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Lecce) on “Opto-electronic properties of semiconductor nanostructures”, whereas M. De
Vittorio is showing them in his high-education courses

in “Photonic Devices” and

“Nanotechnologies for Electronics” at the Engineering faculty of the University of Lecce.

5.7.2

Projects / Phd thesis

In UM2, one PhD student has been involved in DOMINO activities since the beginning
of the project. His work is scheduled to finish in the last semester of 2008. A master student
has undertaken a project related to DOMINO topics from October to December 2006.
Another master student has completed a training period on DOMINO activity from January to
June 2007. He has now started a PhD thesis on this topic in September 2007. Finally, a
student preparing a master in management, has been working in June and July 2007 on the
mid-IR product available on the market.
In CNR, from the beginning of the DOMINO project, a PhD student has been involved
in the research activities on the optical studies of Sb-based nanostructures. In 2007, one
master students preparing her thesis on the study of materials emitting in the IR and MID-IR
spectral region had been working on part of the DOMINO activity. From January 2007, one
master student spent some months to study the recombination processes on GaSb-based
heterostructures by using the up-conversion technique. The obtained results have been
published on a international journal and they will be presented on his PhD thesis.
In UHull, both underdraduate and postgraduate students have undertaken projects
related to DOMINO. A PhD student, has been involved in the DOMINO activities from
October 2005; he is expected to successfully complete his training in October 2008. Another
one had a final-year undergraduate project related to DOMINO in 2005-2006. From October
2006, he continued his involvement in DOMINO as a PhD student; he is now in the end of the
second year of his training. A postgraduate student had her MSc research project based on
DOMINO activities in 2007. An undergraduate student obtained a two-month research
bursary from the Nufield Foundation to participate in DOMINO-related investigations in
July-August 2007; then he continued his involvement within his final-year project in 20072008.
In Ioffe Institute, a student had his Magister examination in 2007 at St-Petersburg State
Polytechnical University. The title of his work is “Probe microscopy studies of high density
ensembles of small InSb/GaSb QDs”. He has been working on DOMINO activity from
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October 2006 to May 2007. In the period October 2007 – May 2008, another PhD student has
been involve in the development of the KPFM technique to study lasers under pulsed bias and
used this technique to study the laser structures prepared in the DOMINO project.

5.7.3

Training of young scientists

The academic members of the consortium are committed to properly and efficiently
train young scientists. DOMINO project has been very useful and successful to train several
of such young scientists at various stages of their education and to help them to find positions.
Among them, we can cite :
•

V. Tasco spent one year as a post-doc in UM2 and has now a position in CNR.

•

B. Satpati spent two years as a post-doc in FVB-PDI and has now a position in
India.

•

Dr Khue Tian Lai spent 9 months as a post-doc in UHull. Now he works as a
post-doc for another project in Hull.

•

Dr Sergey Rybchenko spent 3 years as a post-doc in Hull. Now he is employed
to do both research and teaching in Hull.

•

Dr. Romual Intartaglia spent 18 months as a post-doc in Lecce. He has now a
contract with the Italian Institute of Technology (Genova).

•

Raino Gabriele prepared his PhD on DOMINO topic in Lecce. He will start as a
post-doc at IBM Zurich in September 2008.

•

5.8

..........

Dissemination of knowledge

The broadest possible approaches to dissemination in the scientific and industrial
communities will be undertaken.
Providing it does not prejudice its protection or use, the broadest possible approaches to
dissemination of the knowledge in the scientific and industrial communities will be
undertaken. The dissemination of results and information will be carried out in different ways.
Scientific results will be presented at national and international conferences and in peerreviewed journals. The Consortium Agreement establishes the rules which have to be
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followed prior to submitting a publication. In particular, any proposed publication or
communication by one of the Contractor, regardless of the media (including any plan or
model), in connection with all or part of the Project and/of the Knowledge is required to be
submitted to the other Contractors. To this end, a brief description and the subject of the
proposed publication or communication shall be submitted to the other Contractors. The
Contractors shall have a period of fifteen (15) calendar day from the date of receipt of the
proposed publication or communication to object to the publication/communication. Beyond
this period, this consent shall be deemed to have been given.
In addition, a summary of the work will be made accessible to the public on our
regularly up-dated project web-page while press releases or other actions will be pursued.
5.8.1

Overview table of completed activity :
Partner
responsib
le,
involved

Dates

Type

Audience

Countries
addressed

Size of
audien
ce

September
2005
10 March
2006

Project
website:
http://www.domino.univmontp2.fr/
Seminar in UM2 : Sb-based quantum-dots for
nanophotonic devices, V. Tasco.
Conference: National Workshop on micronano- electronics and optoelectronics, Aussois
(F) : Poster by Deguffroy (UM2).

All

World

n.a.

1, all

Research,
students
Research,
Industry
(electronics &
opto devices)
All

F

50

1

France

100

1, 2

World

n.a.

1

Research

World

300

1, 2

Research

World

150

5, 1

Research

World

200

1, 2, 5

4 – 7 April
2006
Spring 2006

1 – 5 May
2006

26 – 30
June 2006

13 – 17
August 2006

Flyer: UM2 has made available a flyer which
lists and links all FP6 projects in UM2, including
DOMINO. This flyer is dispatched at any event
dealing with research fundings.
http://www.univmontp2.fr/files_lien_minisite/296_lien.pdf
Conference: Int. Conf. on Semiconductor
Quantum Dots, Chamonix (F) : biennal event
which rassembles the whole semiconductor
community working on QDs heterostructures.
Oral communication by V. Tasco (UM2).
Proceedings : phys. stat. sol. (b) 243, 3959 –
3962 (2006).
Conference: 14th Int. Symp on Nanostructures: Physics and Technology, St
Petersburg,
Russia.
Annual
symposium
gathering a large community involved in
nanosciences and nanotechnologies. Poster by
Titkov (Ioffe).
Conference: Int. Symp. on Compounds
Semiconductors, Vancouver, Canada. Annual
event dedicated to compound semiconductors,
from epitaxial growth and basic properties to
device fabrication and characterisations.
Oral communication by Genty (UM2)
Proceedings : phys. stat. sol. (c) 4, 1743 – 1746
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Dates

3–8
September
2006

2–4
October 2006

December
2006

January
2007
19 January
2007

Type
(2007).
Conference: 14th Int. Conf. on Molecular Beam
Epitaxy, Tokyo, Japan. Most important, biennal,
event on MBE. Large quantum-dots related
sessions. One oral communication has been
presented by Tournié (UM2) who is also a
member of the International Advisory Committe.
Proceedings : J. Cryst. Growth 301-302, 713 –
717 (2007).
Conference:
15th
Int.
Workshop
on
Heterostructure Technology, Manchester (U.K.).
Annual workshop covering the current
achievements in the field of heterostructure
technology. One invited and one contributed
oral communications have been presented by
Tournié and Deguffroy (UM2).
Regular Article : High density, uniform
InSb/GaSb quantum dots emitting in the mid
infrared region, V. Tasco, N. Deguffroy, A.N.
Baranov, E. Tournié, B. Satpati, A. Trampert, M.
Dunaevskii, A. Titkov, Appl. Phys. Lett. 89(26),
263118 (2006).
Report : DOMINO results have been presented
to the advisory board of the PDI. They have
been inserted in the annual scientific report
which is distributed worlwide.
Conference : One-Day Quantum Dot meeting,
Nottingham. Annual UK-wide meeeting with
international participants. All aspect of quantum
dots are discussed. A poster was presented by
Rybchenko (UHull).

Countries
addressed

Size of
audien
ce

Partner
responsib
le,
involved

Research,
Industry
(electronics &
opto devices,
MBE suppliers)

World

500

1, 2, 5

Research

World

50

1, 2

Research

World

n.a.

1, 2,5

Research

World

100

2

Research,
industry,
students

UK

100

4

Audience

5 – 7 March
2007

Conference : 14th European Molecular-Beam
Epitaxy workshop, Sierra Nevada, Spain.
Biennal european event on MBE. Its unformal
format
(workshop)
allows
very
fruitful
discussions to take place. One oral contribution
has been presented by Deguffroy (UM2).
Tournié (UM2) has chaired a session on “Novel
materials (antimonides, oxides, dilute nitrides)”
and has served as a member of the program
committee.

Research,
Industry
(electronics &
opto devices,
MBE suppliers)

Europe

100

1, 2,5

10 – 14
March 2007

Conference : XI International Symposium on
Nanophysics and Nanoelectronics, Abstract
booklet p. 372-373, Nignii Novgorod (Russia).
Annual workshop on nanotechnology and
nanosciences. Poster by Dunaevskii (Ioffe).

Research

World

150

5, 1,2

2 – 5 April
2007

Conference : 15th Int. Conf. on the Microscopy
of Semiconducting Materials, (MSMXV),
Cambridge (U.K.) : oral communication. Annual
event dedicated to structural properties of
semiconductor
heterostructures.
Oral
presentation
by
Satpati
(FVB-PDI).
Proceedings to be published in Inst. Phys.
Conf. Ser.
Conference : “DOCTISS”, annual workshop of
PhD students working in ICT, physics and
mathematics in UM2. Poster by Deguffroy

Research

World

200

2, 1

Research,
students

F

50

1

19 April 2007
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Dates

20 – 21 April
2007
9 May 2007
14 – 16 May
2007

May 2007
30 May
2007
June 2007

25 – 29
June 2007

1 July 2007

4 – 5 July
2007

5 – 6 July
2007
9 – 12 July
2007

Type
(UM2).
Open Days at UM2. A poster described the
activity and the support of the mid-IR group of
UM2.
TV report : the regional TV has reported on the
activity of the mid-IR laser group of UM2. The
support from the EC has been pointed out.
Conference: MIOMD-8, sponsored by NoE
SANDIE : 8th Int. Conf. on Mid-IR Optoelectronics, Bad Ischl, Austria. It gathers the whole
community active in mid-IR optoelectronics
devices and their applications. This conference
plays the same role as a workshop suggested
by the panel after the first annual review.
Tournié (UM2) had one invited contribution.
Rybchenko (UHull) presented one oral and one
poster contributions.
Seminar in NNL: Optical characterization of
InSb QDs grown on a InAs nucleation layer , R.
Intartaglia
Seminar in UM2: The potenial of transmission
electron
microscopy
for
investigating
semiconductor nanosystems, A. Trampert
Regular Article : Molecular-beam epitaxy of
InSb/GaSb quantum dots, N. Deguffroy, V.
Tasco, A.N. Baranov, E. Tournié, B. Satpati, A.
Trampert, M. Dunaevskii, A. Titkov, M.
Ramonda, J. Appl. Phys. 101, 124309 (2007).
Conference : XV International Symposium
Nanostructures: Physics and Technology,
Novosibirsk
(Russia).
Famous
annual
symposium on nanostructures. Poster by
Dunaevskii (Ioffe).
Regular article : Importance of Aspect Ratio
Over Shape in Determining the
Quantization Potential, by Rybchenko, Yeap,
Gupta, Itskevich and Haywood, J. Appl. Phys.
102 (1), 013706 (2007).
Conference : UK Compound Semiconductors
2007, Sheffield. An annual conference on all
aspects of UK compound semiconductor
research with international participants. One
oral and one poster, by Rybchenko and Gupta.
Conference : LWQD 2007, sponsored by NoE
Sandie : Long wavelength quantum dots 2007,
Rennes (France). QD-dedicated international
workshop. Poster by Tournié (UM2).
Conference : 13th International Conference on
Narrow Gap Semiconductors, Guildford, UK. A
bi-annual conference on fundamental physics of
narrow gap semiconductors and quantum
heterostructures, together with device physics,
including mid and far-infrared lasers and
detectors and spintronic devices. A poster by
Rybchenko. Proceedings : L-Band-Related
Interband Transition in InSb/GaSb SelfAssembled Quantum Dots, by S.I. Rybchenko,
R. Gupta, I.E.Itskevich and S.K. Haywood,
Springer proceedings in Physics 119 (Ed. by
B.N Murdin and S.K. Clowes) p. 83 (2008).
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Countries
addressed

Size of
audien
ce

Partner
responsib
le,
involved

Schools,
students, public

F

100

1

Public

F

n.a.

1

Research,
Industry
(opto devices,
gas sensing)

World

100

1, 2,4,5

Research,

I

40

3

master students
Research,
students

F

50

2

Research

World

n.a.

1, 2, 5

Research

World

150

5,1,2

Research

World

n/a

4

Research,
industry,
students

UK

100

4

Research

World

50

1, 2, 3

Research,
industry,
students

World

200

4

Audience
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Partner
responsib
le,
involved

Dates

Type

Audience

Countries
addressed

Size of
audien
ce

August 2007

Invited article : MBE growth and interface
formation
of
compound
semiconductor
heterostructures for optoelectronics, E. Tournié
and A. Trampert, phys. stat. sol. (b) 244, 2683 –
2697 (2007).
Regular article : Conduction-band crossover
induced by misfit strain in InSb/GaSb selfassembled quantum dots, S. I. Rybchenko, R.
Gupta, K. T. Lai, I. E. Itskevich, S. K. Haywood,
V. Tasco, N. Deguffroy, A. N. Baranov, and E.
Tournié, Phys. Rev B 76 (19), 193309 (2007).
Seminar at NNL: Recombination processes in
GaSb-based heterostructures, G. Rainò
Regular article : InAs/GaSb short-period
superlattice injection lasers operating in 2.5 µm
– 3.5 µm mid-infrared wavelength range, by N.
Deguffroy, V. Tasco, A. Gassenq, L. Cerutti, A.
Trampert, A.N. Baranov, and E. Tournié,
Electron. Lett., 43(23), 1285 (2007).
Conference : One-Day Quantum Dot meeting,
Imperial College, London. Annual UK-wide
meeeting with international participants. All
aspect of quantum dots are discussed. 3
posters presented by Rybchenko and Yeap
(UHull).
Conference : Workshop on Numerical methods
in Semiconductor Nanostructures, Manchester,
UK. UK-wide meeeting. Detailed discussion on
using
various
numerical
methods
for
nanostructure modelling. An oral presentation
by Rybchenko and 2 posters by Yeap and Hong
(UHull).

Research

World

n.a.

1, 2

Research

World

n.a.

4, 1

Research,
master students
Research

I

40

3

World

n.a.

1

Research

UK

150

4

Research

UK

100

4

Research

World

n.a.

3, 1

Research

World

150

5, 1, 2

Research
Master students

Tunisia

30

1

Research
Master students

Tunisia

30

1

Schools,
students, public

F

100

1

Research,

I

60

3

Master students
Research,
Industry

F

100

1, 2

October
2007

October 2007
November
2007

January
2008

January
2008

March 2008

March 2008

27 March
2008
29 March
2008
4 – 5 April
2008

18 April 2008
4 – 6 June

Regular article : Subpicosecond timescale
dynamics in GaInAsSb/AlGaAsSb double
quantum well emitting at 2.3 µm, G.Rainò, A.
Sahli, V. Tasco, R.Intartaglia, R.Cingolani, Y.
Rouillard, E. Tournié, and M.De Giorgi, Appl.
Phys. Lett. 92 (10), 101931 (2008).
Conference : XII International Symposium on
Nanophysics and Nanoelectronics, oral by
Titkov (Ioffe). EFM/AFM studies of laser diodes
for 2.6 – 3.5 µm range with InSb/InAs/GaSb
suprlattice in active area: design and principle
properties, Abstract booklet p. 146-148, 10 – 14
March 2008, Nignii Novgorod (Russia) .
Seminar : Institut Préparatoire aux Ecoles
d'Ingénieur de Nabeul (Tunisia), GaSb-based
mid-infrared optoelectronic devices, E. Tournié
Seminar : Université de Monastir (Tunisia),
Mid-IR photonic devices based on antimonide
nanostructures, E. Tournié.
Open Days at UM2. A poster described the
activity and the support of the mid-IR group of
UM2. A gas analysis demonstrator has been
installed.
Seminar at NNL: Optical properties of GaSbbased laser structure , M. De Giorgi
Conference: National Workshop on micronano- electronics and optoelectronics, Aussois
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Dates

Type

Audience

2008

(F) : Posters by Deguffroy and Gassenq (UM2).

June 2008

Regular article : Type II transition in InSbbased
nanostructures
for
Mid-Infrared
applications, R.Intartaglia, G.Rainò, V. Tasco,
F.Della Sala, R.Cingolani, M.De Giorgi, A.N.
Baranov, N. Deguffroy, E. Tournié, B. Satpati,
A. Trampert, J. Appl. Phys. 103, 114516 (2008).

(electronics &
opto devices)
Research

5.8.2

Countries
addressed

Size of
audien
ce

Partner
responsib
le,
involved

World

n.a.

3, 1, 2

Peer-reviewed articles

A1.

High density, uniform InSb/GaSb quantum dots emitting in the mid infrared region.
V. Tasco, N. Deguffroy, A.N. Baranov, E. Tournié, B. Satpati, A. Trampert, M. Dunaevskii, A. Titkov.
Appl. Phys. Lett. 89(26), 263118 (2006).

A2.

Structural and optical properties of InSb quantum dots for mid-IR applications.
V. Tasco, N. Deguffroy, A.N. Baranov, E. Tournié, B. Satpati and A. Trampert
Int. Conf. on Semiconductor QDs 2006, May 2006, Chamonix, (France): oral communication.
phys. stat. sol. (b) 243, 3959 – 3962 (2006).

A3.

Investigations on InSb-based quantum dots grown by molecular-beam epitaxy.
N. Deguffroy, V. Tasco, A.N. Baranov, B. Satpati, A. Trampert, M. Dunaevski, A. Titkov, F. Genty, and E.
Tournié.
International Symposium on Compound Semiconductors 2006, (ISCS2006), 13 – 17 August 2006,
Vancouver (Canada) : oral communication.
phys. stat. sol. (c) 4, 1743 – 1746 (2007).

A4.

High density InSb-based QDs emitting in the mid-infrared
V. Tasco, N. Deguffroy, A.N. Baranov, E. Tournié, B. Satpati, A. Trampert, M. Dunaevski, A. Titkov.
14th International Conference on Molecular-Beam Epitaxy (MBE-14), 3 – 8 September 2006, Tokyo
(Japan) : oral communication.
J. Cryst. Growth 301-302, 713 – 717 (2007).

A5.

Transmission electron microscopy study of Sb-based quantum dots.
B. Satpati, V. Tasco, N. Deguffroy, A.N. Baranov, E. Tournié, A. Trampert.
15th Int. Conference on the Microscopy of Semiconducting Materials, (MSMXV), 2 – 5 April 2007,
Cambridge (U.K.) : oral communication.
Inst. Phys. Conf. Ser., to be published.

A6.

Molecular beam epitaxy of InSb/GaSb quantum dots.
N. Deguffroy, V. Tasco, A.N. Baranov, E. Tournié, B. Satpati, A. Trampert, M. Dunaevskii, A. Titkov, M.
Ramonda.
J. Appl. Phys. 101(12), 124309 (2007).

A7.

Importance of Aspect Ratio Over Shape in Determining the Quantization Potential.
S.I. Rybchenko, G. Yeap, R. Gupta, I.E. Itskevich and S.K. Haywood.
J. Appl. Phys. 102 (1), 013706 (2007).

A8.

MBE growth and interface formation of compound semiconductor heterostructures for optoelectronics
E. Tournié and A. Trampert.
phys. stat. sol. (b) 244 (8), 2683 – 2696 (2007).

A9.

Role of L-band for interband transitions in compressively-strained InSb/GaSb quantum dots.
S.I. Rybchenko, R. Gupta, I.E. Itskevich and S.K. Haywood.
Proc. of the 13th International Conference on Narrow Gap Semiconductors, Guildford, UK, 9-12 July 2007,
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Springer proceedings in Physics 119 (Ed. by B.N Murdin and S.K. Clowes) p. 83 (2008).
A10.

InAs/GaSb short-period superlattice injection lasers operating in 2.5 µm–3.5 µm mid-infrared wavelength
range.
N. Deguffroy, V. Tasco, A. Gassenq, L. Cerutti, A. Trampert, A.N. Baranov, and E. Tournié.
Electron. Lett. 43 (23), 1285 (2007).

A11.

Conduction-band crossover induced by misfit strain in InSb/GaSb self-assembled quantum dots
S. I. Rybchenko, R. Gupta, K. T. Lai, I. E. Itskevich, S. K. Haywood, V. Tasco, N. Deguffroy, A. N.
Baranov, and E. Tournié.
Phys. Rev B 76 (19), 193309 (2007).

A12.

Subpicosecond timescale dynamics in GaInAsSb/AlGaAsSb double quantum well emitting at 2.3 µm.
G.Rainò, A. Sahli, V. Tasco, R.Intartaglia, R.Cingolani, Y. Rouillard, E. Tournié, and M.De Giorgi.
Appl. Phys. Lett. 92 (10), 101931 (2008).

A13. Type II transition in InSb-based nanostructures for Mid-Infrared applications
R.Intartaglia, G.Rainò, V. Tasco, F.Della Sala, R.Cingolani, M.De Giorgi, A.N. Baranov, N. Deguffroy, E.
Tournié, B. Satpati, A. Trampert.
J. Appl. Phys. 103 (11), 114516 (2008).

5.8.3

Communications at international conferences (without proceedings)

IC1.

Quantitative study of carriers leakage in operating semiconductor laser diodes by means of scanning
Kelvin probe microscopy.
A.V. Ankudinov, K.S. Ladutenko, A.N. Baranov, M.G. Rastegaeva, V.P. Evtikhiev, A.N. Titkov.
14th Int. Symp. on Nanostructures: Physics and Technology, p. 160-161, St.-Petersburg, Russia, June 2630, 2006 : oral communication.

IC2.

Structural and optical properties of InSb quantum dots for mid-IR applications.
N. Deguffroy, V. Tasco, A.N. Baranov, E. Tournié, B. Satpati, A. Trampert.
15th International Workshop on Heterostructure Technology (HeTech’06), 2 – 4 October 2006, Manchester
(U.K.) : oral communication.

IC3.

Mid-IR Sb-based heterostructures and devices
E. Tournié
15th International Workshop on Heterostructure Technology (HeTech’06), 2 – 4 October 2006, Manchester
(U.K.) : invited communication.

IC4.

MBE growth of high density InSb/GaSb quantum dots for mid-IR applications.
N. Deguffroy, V. Tasco, A.N. Baranov, E. Tournié, B. Satpati, A. Trampert.
14th European Workshop on Molecular-Beam Epitaxy (Euro-MBE 14), 5 – 7 March 2007, Sierra Nevada
(Spain) : oral communication.

IC5.

Scanning probe and electron transmission microscopy of dense ensembles of small InSb/GaSb QDs.
M.S.Dunaevskii, P.A.Dementjev, A.N.Titkov, A.N.Baranov, V.Tasco, E.Tournié, B.Satpati, A.Trampert
XI International Symposium on Nanophysics and Nanoelectronics, Abstract booklet p. 372-373, 10 – 14
March 2007, Nignii Novgorod (Russia) : poster.

IC6.

Self-assembled antimonide-based quantum dots.
E. Tournié, V. Tasco, N. Deguffroy, A.N. Baranov, B. Satpati, A. Trampert, M. Dunaevskii, and A.N. Titkov.
8th International Conference on Mid-Infrared Optoelectronics : materials and Devices (MIOMD-VIII), 14 –
16 May 2007, Bad Ischl (Autriche) : invited communication.

IC7.

Role of L-band for interband transitions in compressively-strained InSb/GaSb quantum dots.
S.I. Rybchenko, R. Gupta, I.E. Itskevich and S.K. Haywood.
8th International Conference on Mid-Infrared Optoelectronics : materials and Devices (MIOMD-VIII), 14 –
16 May 2007, Bad Ischl (Autriche) : oral communication.

IC8.

Effect of geometry on quantization potential in compressively strained zinc-blende III-V quantum dots
S.I. Rybchenko, R. Gupta, I.E. Itskevich and S.K. Haywood.
8th International Conference on Mid-Infrared Optoelectronics : materials and Devices (MIOMD-VIII), 14 –
16 May 2007, Bad Ischl (Autriche) : poster communication.
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IC9.

High-density uniform InSb quantum dots in GaSb emitting in the midinfrared region
V.Tasco, N.Deguffroy, A.N.Baranov, E.Tournié, B.Satpati, A.Trampert, M.S.Dunaevskii, A.N.Titkov
XV International Symposium Nanostructures: Physics and Technology, 25 – 29 June 2007, Novosibirsk
(Russia) : poster

IC10. Challenges and progress in the formation of coherent InSb-based quantum dots.
N. Deguffroy, A. Gassenq, A.N. Baranov, E. Tournié, B. Satpati, A. Trampert, V. Tasco, G. Rainò, R.
Intartaglia, R. Cingolani, and M. De Giorgi
Long Wavelength Quantum Dots 2007 (LWQD 2007), 5 – 6 July 2007, Rennes (France): poster.
IC11. EFM/AFM studies of laser diodes for 2.6 – 3.5 µm range with InSb/InAs/GaSb suprlattice in active area:
design and principle properties.
A.N.Titkov, A.V.Ankudinov, M.S.Dunaevskii, K.S.Ladutenko, V.P.Evtikchiev, N.Deguffroy, A.N.Baranov,
E.Tournié, B.Satpati, A.Trampert,
XII International Symposium on Nanophysics and Nanoelectronics, Abstract booklet p. 146-148, 10 – 14
March 2008, Nignii Novgorod (Russia) : oral.

5.8.4

National conferences, seminars, miscellaneous

M1.

MBE growth of Sb-based quantum-dots for nanophotonic devices.
V. Tasco.
Université Montpellier 2, 10 March 2006, seminar.

M2.

Antimonide quantum dots for mid-IR applications..
N. Deguffroy, V. Tasco, M. Ramonda, A.N. Baranov, E. Tournié, B. Satpati, A. Trampert
11th National Workshop on Micro- and Nano- Opto- electronics, (JNMO 2006), 5 – 7 April 2006, Aussois
(France) : poster.

M3.

TEM of InSb-based quantum dots.
B. Satpati, A. Trampert.
Paul-Drude-Institute advisory board meeting, January 2007.

M4.

Band profiles in strained semiconductor quantum dots of zinc-blende structure.
S.I. Rybchenko, G. Yeap, R. Gupta, I.E. Itskevich and S.K. Haywood.
One-Day Quantum Dot meeting, Nottingham, 19 January 2007, poster.

M5.

Optical properties of GaSb-based laser structure.
M. De Giorgi
National Nanotechnology Laboratories, CNR-INFM (Italy), 18 April 2007, seminar.

M6.

Mid-IR photonic devices based on antimonide quantum dots.
N. Deguffroy, V. Tasco, A.N. Baranov, E. Tournié, B. Satpati, A. Trampert.
Workshop of the Physics and ICT PhD students (DOCTISS 2007), Université Montpellier 2, 19 April 2007 :
poster.

M7.

The potential of transmission electron microscopy for investigating semiconductor nanosystems.
A. Trampert.
Université Montpellier 2, 30 May 2007, seminar.

M8.

Optical characterization of InSb QDs grown on a InAs nucleation layer.
R. Intartaglia
National Nanotechnology Laboratories, CNR-INFM (Italy), May 2007, seminar.

M9.

Conduction-band Γ-L crossover in Self-Assembled Quantum Dots.
S.I. Rybchenko, R. Gupta, I.E. Itskevich and S.K. Haywood.
UK Compound Semiconductors 2007, Sheffield, 4–5 July 2007, poster.

M10. Type-II InSb/InAs Quantum Dots for the Mid-Infrared: Effect of Geometry and Composition on Electronic
Structure
G. Yeap, S.I. Rybchenko, R. Gupta, I.E. Itskevich and S.K. Haywood.
UK Compound Semiconductors 2007, Sheffield, 4–5 July 2007, oral.
M11. Recombination processes in GaSb-based heterostructures.
G.Rainò
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National Nanotechnology Laboratories, CNR-INFM (Italy), October 2007, seminar.
M12. Valence-Band Structure of Strained Type-II InSb/InAs Quantum Dots: A Multi-Band k·p Study
G. H. Yeap, S. I. Rybchenko, R. Gupta, I. E. Itskevich, and S. K. Haywood
One-Day Quantum Dot meeting, Imperial College, London, 11 January 2008, poster.
M13. Simulation of nanoscale mapping of InSb/GaAs SAQDs obtained by Kelvin Probe Force Microscopy
S. I. Rybchenko, S. K. Haywood, S. Shusterman, A. Raizman, A. Sher, and Y. Paltiel, A. Schwarzman,
E. Lepkifker, and Y. Rosenwaks
One-Day Quantum Dot meeting, Imperial College, London, 11 January 2008, poster.
M14. Conduction-band Γ-L crossover in III-V GaSb SAQDs induced by lattice mismatch strain
S. I. Rybchenko, R. Gupta, K. T. Lai, I. E. Itskevich, S. K. Haywood, V. Tasco, N. Deguffroy, A.N. Baranov,
and E. Tournié
One-Day Quantum Dot meeting, Imperial College, London, 11 January 2008, poster.

M15. Conduction-band crossover induced by misfit strain in III-V SAQDs
S. I. Rybchenko, R. Gupta, K. T. Lai, I. E. Itskevich, and S. K. Haywood
Workshop on Numerical methods in Semiconductor Nanostructures, Manchester, UK,
31 January – 1 February 2008, oral.
M16. Applicability of k·p Method for Modelling of Type-II InAs/GaSb Superlattices
B. H. Hong, S. I. Rybchenko, I. E. Itskevich, and S. K. Haywood,
Workshop on Numerical methods in Semiconductor Nanostructures, Manchester, UK,
31 January – 1 February 2008, poster
.
M17. Multi-Band k·p Calculations for Valence Band Structure of Strained Type-II InSb/InAs Quantum Dots
G. H. Yeap, S. I. Rybchenko, R. Gupta, I. E. Itskevich, and S. K. Haywood
Workshop on Numerical methods in Semiconductor Nanostructures, Manchester, UK,
31 January – 1 February 2008, poster

M18. GaSb-based mid-infrared optoelectronic devices.
E. Tournié.
Institute for the Preparation to Engineering Schools, Nabeul (Tunisia), 27 March 2008.
M19. Mid-IR photonic devices based on antimonide nanostructures.
E. Tournié.
University of Monastir (Tunisia), 29 March 2008.
M20. Conception of a semiconductor laser for gas sensing.
A. Gassenq, L. Cerutti, A.N. Baranov, E. Tournié.
Workshop of the Physics and ICT PhD students (DOCTISS 2008), Université Montpellier 2, 10 April 2008 :
poster.
M21.

New GaSb/InAs superlattice mid-IR laser.
A. Gassenq, L. Cerutti, A.N. Baranov, E. Tournié.
12th National Workshop on Micro- and Nano- Opto- electronics, (JNMO 2008), 4 – 6 June 2008, Oléron
(France) : poster.

M22. MBE growth and strain relaxation of InSb quantum dots.
N. Deguffroy, A.N. Baranov, E. Tournié, B. Satpati, A. Trampert.
12th National Workshop on Micro- and Nano- Opto- electronics, (JNMO 2008), 4 – 6 June 2008, Oléron
(France) : poster.

5.8.5

Type
Number
(July 2008)

Dissemination Statistics
Peer
reviewed
papers

Int. Conf.
without
proceedings

Includ. Invited
Int. Conf.

Miscellaneous

13

11

2

22
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5.8.6

Future activities

Several papers dealing in part or totally with DOMINO activities are still under
preparation for submission to scientific journals or to international conferences :
o Several papers on laser growth and characterisations are in preparation by UM2
and III-V lab.
o Two papers on modelling and optical characterisation are in preparation at
UHull; further papers are considered.
o To name but a few, DOMINO results will be presented at the next Int. Conf. on
Molecular Beam Epitaxy (August 2008, Canada), at the next Int. Conf. on MidIR Optoelectronics: Materials and Devices (September 2008, Freiburg), and at
the next Int. Symp. on Compound Semiconductors (September 2008, Freiburg).
o We intend to present laser reults either in Photonics West or in CLEO, two
specially dedicated conferences organised each year in the USA.
o Contributions to other conferences will be considered.
As mentioned elsewhere, the research related to DOMINO will not stop at the end of
the project. UM2 and FVB-PDI in particular will maintain a close collaboration on this
topic. This will lead to several DOMINO-related papers in the next few years.

5.8.7

Web presence

A specific web-site (http://www.domino.univ-montp2.fr/) has been set-up by the
Coordinator. It originally described the aim of the project. Web-links to the Partners own sites
and to the IST and NMP sites are activated. During the course of the project, the site is
regularly updated to account for the results obtained. Links to publications and conference
sites will also be created. Great care will be taken however that such mean of dissemination is
not prejudicial to IPR protection and is not in contradiction with copyright laws. We follow
the policy to display on the web site only results which have been already published.
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A connexion counter has been installed when renovating the site in October 2006. There
have been about 1000 connexions up to 15th June 2007. On 15th June 2008 there have been
about 2100 connexions which indicates that the site is visited about 1000 times per year.
5.8.8

Press releases

Part of the activities of the mid-IR laser group of UM2 have been the subject of a report
on the “FR3” Regional TV channel on 9 May 2007 (see file FR3_9 mai 2007). Even if not
directly connected to DOMINO, the support of the EC fundings has been pointed out. This
contributes to raise the public awareness on both the mid-IR potential and the EC action in
research within the public.
Samples from DOMINO project have been used by colleagues in UM2 to develop new
methods for AFM imaging. These results have been the subject of a “litterature highlight” in
the May 2007 issue of “Microscopy and Analysis”, a professionnal journal.

5.8.9

Other dissemination actions

Any other suitable dissemination action will be undertaken. One can cite in particular
seminars within or outside the partners institutions as well as information of master or Phd
students.
A local workshop is organised each year in UM2 for 2nd-year PhD students to
disseminate their results through their PhD colleagues involved in ICT, physics and
mathematics. N. Deguffroy and A. Gassenq have presented DOMINO results in 2007 and
2008, respectively.
The activity of UM2 group and its financial supports has been presented to the public in
a very simplified manner during the “Open Day” of UM2 on 20 – 21 April 2007 and on 4 – 5
April 2008.
Dissemination actions aiming at raisng the public awareness are described in details in
the deliverable D19 which is provided separately.
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