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Abstract

The formation of InAs quantum dots by Stransky-Krastanow method on
(311)B InP substrates has been studied. On Alg sglngs2As alloy lattice matched on
InP, large changes of the quantum dot structural characteristics were observed as a
function of the amount of InAs deposited and of the As pressure during the InAs
guantum dots formation. Small quantum dots (minimum diameter = 20 nm) in very
high density ( 1.3 x10™ quantum dots per cm?) were achieved in optimized growth
conditions. These results are interpreted from the strong strain field interaction
though the substrate at high density and from the InAs surface energy evolutions with
the As pressure. The effect on quantum dot characteristics of the arsenic pressure
during the growth of Algslnos2As buffer layers has been also investigated. Despite
the importance of this parameter on the Alpsslngs2As clustering, weak changes on

guantum dots were observed.
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1. Introduction

Quantum dot (QD) structures elaborated by Stranki-Krastanov (SK) method have
demonstrated a large potential in optoelectronic devices [1]. Considerable efforts
have been devoted to understand and to control the formation of InAs QDs on GaAs
substrates. Devices with some of the improved performances predicted for QD such
QD laser with very low threshold current density have been reported in this material
system. [2,3] However (In,Ga)As/GaAs QDs emitting at wavelength longer than 1.4
pm with a good optical efficiency appear today difficult to achieve [4]. InAs QDs
grown on InP substrates have been proposed for longer wavelength emission [5].
They can emit at wavelengths around 1.55 um which correspond to the minimum of
optical fiber absorption and which are widely used in long haul optical telecom.
However, between the InAs and InP lattices, the mismatch is the half of the lattice
mismatch existing between InAs and GaAs and the InAs nanostructure formation is
drastically changed. For example, the deposit of few monolayers (ML) of InAs on
InP (100) surfaces by molecular beam epitaxy (MBE) leads to the formation of
modulated quantum wells, quantum wires or quantum dash as a function of growth
conditions or more subtle changes such as buffer layer growth method [6-8]. Many
studies have been performed on the effect of growth conditions on the
nanostructures formed on InP (100). Few authors have pointed out the major role
played by the buffer layer nature on the QD structural properties. Despite these
efforts up to now, QDs in high density with large separation between electronic levels
have been not achieved by MBE on InP (100) substrates.

Deposition on high index surfaces such as (311)B allow the formation of a high
density of small QDs on InP substrates [9]. Already, devices with improved
performance have been achieved on such substrates [10,11]. However, the effect of
the growth conditions on the QD size and QD density have been not yet extensively
investigated on the high index InP substrate. Especially, extensive study on the
formation of QDs on (Al,Ga,In)As alloys lattice matched on InP has been not
reported. In this paper the structural characteristic evolutions induced by the
composition of the alloy buffer layer, by the amount of InAs deposited, and by the As

Pressure have been studied.



2. Experimental procedure

The samples under investigation were grown by solid source MBE in a
compact 21 Riber system on (311)B InP substrates. After oxide adsorption at 530 °C
under phosphorus flux, a 0.5 um thick InP buffer layer, followed by a 0.25 pm thick
AlGalnAs buffer layers lattice matched to InP were grown. During the growth of
AlGalnAs alloys the substrate temperature was set at 500°C and the Beam
Equivalent Pressure (BEP) was fixed at 5.10® Torr. The latticematch conditions were
checked in advance by X ray diffraction measurements. The composition of the
AlGalnAs alloy layers were either Algaslngs2AS, Gag.47INos3As or Alg29Gag 19lNg52AS
according to the samples. The InAs QDs were formed by deposition of various
amount of InAs at 0.17 ML/s at 480°C. The amount of InAs is given in (100)
equivalent ML. Due to the higher atom surface density on (100) than on (311)B
surface, the deposit of one monolayer on (100) surface corresponds to the formation
of 1.65 monolayer on (311)B. After the island formation, a 10s growth interrupt under
As flux was performed for all the samples. Then the samples to be imaged by Atomic
force microscopy (AFM) were cooled down quickly to room temperature. The AFM

measurement were performed in contact mode.

3. Results and discussion

On Fig.1 are reported AFM images recorded on samples on which 2.5 ML of
InNAs have been deposited on Algsglngs,As, on Alg29Gag 19lngs2As, and on
Gap.47Inos3As surfaces. The island diameter (d) becomes smaller and the density
(dens) increases with the Al content, e.g. d ~23 nm and dens ~ 7.5 10% Isl/cm? on
Algsslngs2As whereas d ~47 nm and dens ~ 2.5 10'° Isl/cm? on Gag.7Ings:As. The
islands formed on Alp29Gag.19lNo52AS present intermediate values of size and density
(d ~28 nm and dens ~ 6.5 x10™ Isl/cm?). Thus smaller islands in higher density is
obtained for Al rich surface. Similar trends have been reported for InAs QDs formed
on AlGaAs and AlGalnAs alloys lattice-matched on GaAs(100) and InP (100)
substrates respectively [7,12]. It has been related to lower In diffusion on Al rich
surface which favours the formation of smaller island in higher density on Al rich

surface.



Smaller islands present higher electronic confinement effect and therefore
should present a more like QD behaviour. Therefore, in the following we focus our
study on islands formed on AllnAs. AFM images for various amount of InAs
deposited on AllnAs are shown in Fig. 2(a-c) and results from statistical treatments of
the images are reported in Fig. 2(d). The QD density increases continuously with the
amount of InAs deposited. It reaches 1.3x 10 islands/cm?® for 3.5 ML InAs
deposited. Diameters follow an opposite evolution. The islands become smaller for
larger InAs deposit. The smallest islands, obtained by 3.5 ML deposition have
diameter as small as 20 nm. The size fluctuation of the QDs is also reduced for large
amount of InAs deposited, the diameter fluctuation Ad/d for example is 45 % for 2.5
ML deposit and 31 % for 3.5 ML deposit.

Such evolution can be related to interacting stress field induced by the QD within
the substrates. Such effect has been already reported for GalnAs QD formed on
(311)B GaAs [13] and InAs islands formed on InP [5]. A part of the stress
accumulated by the QDs is released within the substrate. At high density, when the
distance between the QD is in the same order than the islands diameter, the stress
fields within the substrate interact leading to a reduction of the island size and of the
size fluctuation.

To go further we calculate the InAs volume as a function of the amount of InAs
deposited. The average QD volume was determined by directly integrating AFM
images using image processing software with no assumption made about the actual
shape of the dots. Fig. 3 is a plot of the total volume of the dots. The solid lines
represent the predicted total QD volume by a classic Stranski-Krastanow (SK)
mechanism with various critical thickness. The slope of theses curves agree roughly
with the experimental QD volume. In the other words. The volume of InAs deposited
beyond 2.5 ML corresponds to the QD volume increase as predicted in classic
Stranski-Krastanow growth mode. The critical thickness is roughly determined by this
mean to be 1 ML. It correspond to the formation of around. The critical thickness
determined by RHEED experiments for InAs deposition on GagsringssAs  (311)B
surface is 0.95 monolayer (e.g 1.6 atomic planes in the [311]B) [14]. However the
critical thickness appears quite small for the low lattice mismatch (3%) existing
between InP and InAs. [15] We assume that it is related to large In segregation
during the AllnAs growth which lead high Indium concentration on surface before

Indium cell opening.



Finally we studied the effect of the As flux during the QD formation. Firstly, we
studied the effect of the As pressure during the QD formation. On Fig. 4, AFM
images from samples grown with a high As pressure (BEP : 1.5 x 10 torr) and low
As pressure ( BEP 1.5 x 10° torr) are shown. For both condition the surface
reconstruction corresponds to As rich surface. The InAs deposit and the BEP during
the AlinAs alloy growth were set at 3 ML and 1.5 10~ torr respectively. The QDs
grown with high As pressure have an average height of 3.4 nm, a mean radius of
30.4 nm and an area density of 5.5x 10'° islands/cm?. When decreasing As pressure,
the mean QD height and radius are reduced to 2.2 and 23.8 nm respectively. The
area density is roughly twice and reach 1.2 x10*! islands/cm?. Therefore, as reported
previously for QDs formed on GalnAsP alloys, a drastic reduction of size and density
increase is observed when the As BEP is reduced [16]. The mechanism at the origin
of the size reduction is still unclear. For InAs QDs formed on (100) GaAs surface an
increase of the island size is observed for lower arsenic pressure. This trend has
been related to indium diffusion length changes when varying the arsenic pressures.
Evidently such explanation can not interpret our results. Because same trends are
observed on (311)B surface for deposits on AlGalnAs or GalnAsP surface, it seems
not specific to the buffer nature or to the alloy surface roughness. A possible
explanation is the increase of the InAs (311)B surface energy for low As pressure. A
larger instability at low arsenic pressure should favor QD nucleation and leads to high

density of small QDs apart from buffer layer as observed.

During the previous experiments, the As pressure during the AlInAs buffer
layer growth was set at 1.5x10™ torr. Indeed number of studies have shown that due
to the large difference between In- and Al- related bond energy, the AlinAs alloy can
present clustering and phase separation. The clustering depends of the growth
conditions ( e.g substrate temperature, growth rate and As BEP). Usually it is
reported that moderate temperature and high As BEP are required to reduce AllnAs
clustering. Cluster or surface roughness of the alloy surface on which QDs will be
formed should induce size and density fluctuation. To check the importance of this
effects we deposited 3 ML of InAs in standard conditions on AlinAs buffer layer
grown with different As pressure. The density and diameter determinated by AFM as

a function of the As BEP are reported on Fig. 5.



Weak evolutions are observed as a function of arsenic BEP during the AllnAs
growth. The density change for extrema value from xx to and the diameter from xx to
xX. Therefore, at the contrary to nanostructures formed on InP (100), the QDs formed
on AllnAs (311)B appears robust to buffer layer quality. It is crucial for use them for

devices fabrication.

4. Conclusion

The formation of InAs QDs on AlGalnAs alloys lattice matched on InP (311)B
substrates have been investigated. Decrease of the QD size and Increase of the QD
density were observed as a function of the amount of InAs deposited. Small quantum
dots (minimum diameter = 20 nm) in very high density (1.3 x10* quantum dots per
cm?) were achieved in optimized growth conditions. Moreover, the evolution of the
island volume have shown that far behind the SK transition, all the indium deposited
are incorporated within the QDs. The critical thickness of 1.65 (311) planes was
determined. We assume that such small value is related to the indium floating layer
existing at the top of the AllnAs buffer layer due to the segregation phenomenon.
Changes of the As pressure during the QDs formation result in drastic evolution of
the QDs density and size. At the contrary, the As pressure during the growth of the
buffer layer seems to have, in the range of BEP studied, only small effects on the QD
formation. In conclusion the control of the QD growth parameter provides
straightforward means to tailor the size and density on QDs grown on AlGalnAs alloy
lattice matched on InP.
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