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5.1 Introduction

5. 1.1 Quantum dot formation

Self-assembled quantum dots (QDs) have attracted much attention in the last years [1, 2]. These
nanostructures are very interesting from a scientific point of view because they form nearly
ideal zero-dimensional systems in which quantum confinement effects become very important.
These unique properties also make them very interesting from a technological point of view.
For example, InAs QDs are emploved in QD lasers [3. 4], single electron transistors [5], mid-
infrared detectors [6, 7], single-photon sources [8, 9], etc. InAs ODs are commonly created by the
Stranski-Krastanov growth mode when InAs is deposited on a substrate with a bigger lattice con-
stant, like GaAs or [nP [10]. Above a certain critical thickness of InAs, three-dimensional islands
are spontaneously formed on top of a wetting layer (WL) to reduce the strain energy. Once cre-
ated. the QDs are subsequently capped. a step which is required for any device application.

For any application based on InAs QDs, an accurate control of their electronic properties is
required. The electron and hole states in the dot are very sensitive to the QD size, shape and com-
position (as well as to the surrounding material}, and therefore an accurate control of the QD
structural properties is necessary for applications. This explains the strong effort dedicated in the
last years to the structural characterization of QDs[11], which is essential in order to have a deep
understanding of the QD formation process. Although a lot of effort has been dedicated to study
surface QDs, there are relatively few studies focused on the effect of the capping process [12-20].
Some of these studies have already shown significant dilferences in size, shape and composition
between uncapped and capped QDs. For example, an important collapse of the QD) height has
been reported for InAs/GaAs QDs capped with GaAs [14, 15, 17-19], revealing the big influence
of the capping process on the structural properties of the QDs. Indeed. critical issues affecting the
dot take place during capping like dot decomposition, intermixing. segregation, As/P exchange
and composition modulation in the capping layer. This means that the real buried QDs must be
studied in order to understand the complete QD formation process. Cross-sectional scanning tun-
nelling microscopy is an especially useful technique for this purpose, because it allows the struc-
ture of the capped dots at the atomic scale to be assessed.

5.1.2  Cross-sectional scanning tunnelling microscopy (X-STM}

The scanning tunnelling microscope is part of the family of scanning probe microscopes, which
are able to provide direct real space information of a physical property at the atomic scale. This



is done by scanning a probe across the surface of a sample while recording the measured signal,
which results in an image of the surface. In the case of scanning tunnelling microscopy (STM),
invented in 1981 by Binnig and Rohrer [21]; the probe consists of a metallic tip which is brought
into tunnelling contact with a (semi-jconducting surtace. The quantum mechanical tunnelling
effect allows the electron to tunnel through the vacuum barrier even when the energy of the
electrons is lower than the potential barrier (Fig. 5.1a). Since the tunnelling current depends
exponentially on the distance between tip and sample, an atomic-scale height map of the sur-
face density of states and topography can be acquired by adjusting the tip sample distance during
scanning, using a feedback loop that keeps the tunnelling current constant (Fig. 5.1b).
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Figure 5.1 (a) Schematic showing the overlap and decay of tip and sample wave functions in the vacuum barrier.
{b) Schematic of a scanning tunnelling microscopy with feedback loop.

In cross-sectional scanning tunnelling microscopy (X-STM), the direct visualization of nano-
structures, which are generally embedded in several layers of semiconducting material, is possible
by cleaving the sample and thereby exposing the cross-sectional surface of the buried nanostruc-
tures. The semiconductor walers are cleaved along a natural cleavage plane to expose a cross-
section of the epitaxial layers grown on the waler, In the case of III/V semiconductors, the (110)
and (110) cleavage planes of the zinc-blende crystal show a 1 X 1 surface unit cell reconstruc-
tion where the group Il elements move into the surface while the group V elements move outward
(Fig. 5.2). This buckling behaviour causes the energetic position of the dangling bond surface
states of the type IIl and type V elements to move above and below the semiconductor band gap
in the bulk, respectively. Therefore, depending on the polarity of the applied bias between tip and
sample, either the empty states of the type Il elements (Vsample > 0) or the filled states of the
type V elements (Vsample < 0) are imaged (Fig. 5.3). Since the (110) and (110) surface planes
contain only hall of the (001) layers within the zinc-blende crystal, the atomic rows observed in
the cross-sectional STM image are separated by a bilayer distance in the growth [001] direction,
which is equal to the lattice constant ay. Because there are no surface states present in the band
gap of most cleaved 1II/V semiconductors, the Fermi level at the cleaved surface is unpinned,
i.e. it is not forced to assume a specific value in the band gap independent of its value in the bulk
material. This allows the electronic properties of the bulk to be probed at energies near the band
gap. The bulk states generally contribute with an electronic contrast to STM images that is not
related to the actual physical topography of the surface, but governed by factors such as varia-
tions in the band gap, doping level and electron affinity.

The electronic contribution to the apparent height in the STM image can be suppressed to a
large extent by scanning at high voltages [22, 23]. Since the tunnelling probability decays expo-
nentially with the height of the effective tunnelling barrier, the states with the highest energy
contribute most to the tunnelling current. If' a sufficiently large voltage is applied during empty
state imaging ol a heterostructure, the states contributing most to the tunnelling current have
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Figure 5.2 Schematic top and side view of 1III/'V semiconductor (110) surface.

Empty surface states

E
¢ ¢eV
E;
Sample Tip
Ee D
B e iev
Sample Tip

Filled surface states

Figure 5.3 Schematic of tunnelling into empty and filled surface states, and STM image showing the atomic cor-
rugation at both polarities.

energies far above the conduction band edge and the contribution of the lower lying states is
negligible. Similarly, the voltage dependent sensitivity of the tunnelling current on doping level
can be overcome by injecting electrons above the depletion region. In the case of filled states tun-
nelling (electron tunnelling from sample to tip), the valence band offset in a heterostructure is



smaller with respect to the total barrier height than the conduction band offset, since the effec-
tive barrier height for tunnelling is increased by the band gap. Therefore, the resulting electronic
contrast is smaller than in the case of empty states tunnelling (electron tunnelling from tip to
sample). Thus, as demonstrated in [22, 23], at high (preferably negative) sample voltages, the
electronic contribution to the height contrast is minimized, enabling the acquisition of the true
(filled states) topography of the structure, such as the outward relaxation of the cleaved surface.

5.1.2.1  X-STM topography and strain analysis

When two materials with a different lattice constant are used in a heterostructure, it will accu-
mulate strain, Stranski—Krastanov grown InAs quantum dots are the ultimate example of such
strained heterostructures, but also (In,Ga) As quantum wells have built-in strain. When such a
structure is cleaved, it reduces its built-in tensile or compressive strain by deforming the cleaved
surface. Regions under compressive strain bulge outward while tensile strain depresses the
cleaved surface (Fig. 5.4). The strain can be measured in two ways with cross-sectional scanning
tunnelling microscopy:

e Strain in the plane of the surface can be deduced from the lattice spacing.
e Distortion normal to the surface can be measured using (filled states) topography imaging,

as described before.
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Figure 5.4 Strain relaxation at the cleaved surface of a strained quantum well. (a) Natural lattices of freestanding
GaAs and InAs. (b) Due to lattice mismatch the InAs well is strained in GaAs. (¢) The strain is released at the cleaved
surface by outward relaxation.

The measured outward displacement and strain (measured by the change in lattice spacing)
can be used to determine the indium composition of a strained (In,Ga) As nanostructure, by
comparing the experimental data with the calculated relaxation and strain using elasticity the-
ory [24]. In the case of quantum wells with a low concentration of indium (<<30%), or wetting
layers, the indium distribution can also be obtained directly by counting the indium atoms, as
will be shown in the next sections. However, in the case of InAs quantum dots the indium con-
centration is too high to distinguish individual indium atoms, and the only way to determine its
composition is by fitting to the measured outward relaxation or change in lattice constant. To cal-
culate the outward relaxation of a cleaved QD we use the package ABAQUS. It is based on contin-
uum elasticity theory and performs a finite element calculation to solve the 3D problem, in which
an isotropic material is considered. The measured size and shape of the QDs is introduced in the
model and the composition is varied until the calculated profile fits to the experimental one. The
real size and shape of the QDs can only be known after scanning a large number of dots, since
they will be cleaved at a random position. Figure 5.5 shows the calculated outward relaxation
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Figure 5.5  Expected (solid line) and measured by X-8TM (squares) size distribution of cleaved InAs/GaAs QDs.
The different sizes correspond to dots cleaved in different positions, as shown by the calculated outward relaxation for
different cleavage planes.

of the surface of a cleaved InAs/GaAs QD and WL as a function of the position of the cleavage
plane. The dots are considered to be truncated pyramids. The corresponding expected size distri-
bution is shown by the solid line in the graph, in which the results of a real X-STM measurement
are also shown (squares). Only after scanning a large number of cleaved dots can the maximum
base length of the cross-section of the dot be determined, which is indicative for a cleavage near
the dot centre. Only the outward relaxation profile of the dots cleaved close to the centre (dots in
the region (d)) are used to compare with the model.

5.1.2.2  Experimental set-up

5.1.2.2.1  Sample and tip preparation

Small rectangular pieces (about 3.5 X 10mm?) are cleaved from a wafer containing the semi-
conductor heterostructure of interest. These walers are normally 350-550pm thick and are
polished down with aluminum oxide powder to a thickness of about 100 pm, for easy cleavage.
For an STM measurement it is essential to have good electric contact with the sample. Therefore,
metallic contacts are evaporated at the top surface ol the sample after treating it with an N2/
H2 plasma. A small scratch of about 0.5-1.5mm, which extends to a small notch at the side
of the sample, is made at the top surface of the sample using a diamond pen. This scratch facili-
tates the cleavage of the sample and provides a fixed starting point for the propagation of the
cleavage plane. The sample is clamped on a sample holder between two metal bars that can be
screwed together, as shown in Fig, 5.6. Only one corner of the sample is clamped for the uncon-
strained propagation of the cleavage plane. Between the metal bars and the two surfaces of the
sample, at the position where the sample is to be clamped, thin slices of indium are placed. The
sample holder is heated in order to melt the indium before tightening the screws. The indium
provides an even pressure distribution on the sample, preventing it from cleaving during tighten-
ing of the screws and slipping out of the holder when the sample is degassed subsequently in the
UHYV system. The sample is cleaved in the STM chamber using a gentle touch by a manipulator
(the so-called "wobble stick”) just before the measurement as shown in Fig. 5.6. A characteristic
crack pattern is also shown in Fig. 5.6 [25]. After cleavage, the sample is placed into the sample
stage and moved towards a mounted tip, with the help of a CCD camera equipped with a tele-
lens. First, the sample is brought close to the tip and then lurther approached until tunnelling
contact is done automatically by the system. After the first tunnelling contact, the tip is retracted
and moved several 100 nm towards the edge of the cleavage surface where the grown layers (epi-
layers) are located. The process of making tunnelling contact and moving towards the epilayers
is repeated until the tip moves over the edge of the sample. At this point tunnelling contact is not
achieved, which indicates that the location of the epilayers is within several 100 nm.
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Figure 5.6 Schematic view of the sample cleavage process.

The tips are made of 99.97% pure polycrystalline tungsten wire with a diameter of 0.25mm.
A short piece of this wire (~5mm) is spot welded onto an Omicron tip holder and cleaned for use
in UHV. The tips are then electrochemically etched with a 2.0 molar potassium hydroxide solu-
tion. The top 1-1.5mm of the tip is put into the solution and a positive voltage (4-5V} is applied
to the tip wire. A platinum-iridium (90%/10%) spiral serves as a counter-electrode. As the reac-
tion products dissolve in the etchant, they sink down along the wire, which is visible from the
local change of the diffractive index of the solution. Because of the geometry. the reaction veloc-
ity is the highest at the point where the tungsten wire penetrates the surface of the solution. This
causes necking of the wire at the surface of the etching solution, as the reaction products owing
down the tip shield the rest of the wire. Eventually, the wire will break at the neck leaving a very
sharp tip. A current limiter is used to interrupt the etching process immediately (<1 ps) after the
breaking of the wire. The tips are degassed after loading into the UHV system and treated with a
700 eV argon ion bombardment in order to mechanically stabilize the tip.

51.2.22 The STM unit and the LIHY system

A commercially available room-temperature STM unit (Omicron STM-1 TS2) is used. The STM
set-up is very sensitive to external vibrations, as the tip-sample distance during tunnelling is
only a few angstrom. Moreover, the apparent height of the atomic corrugation visible in the STM
images is only 20 pm. Therefore, the set-up is vibration isolated with different damping systems.
The scanner unit is suspended on a set of springs and stabilized by an eddy current damping sys-
tem. The eddy current damping system consists of copper fins that surround the scanner and are
placed between permanent magnets when the scanner unit is in its suspended position. The STM
unit, together with the rest of the set-up, is mounted on a heavy metal tabletop. Rubber damp-
ers between this tabletop and the supporting frame filter out high-frequency vibrations. Low-
frequency vibrations are suppressed by four active damping elements that are mounted between
the floor and the frame. In this active damping system several motion detectors are present and
several actuator coils counteract the detected motion of the system. Finally, the entire set-up is
standing on a heavy concrete platform that is decoupled from the building.

A factor of critical importance in cross-sectional scanning tunnelling microscopy on III/V
semiconductors is the production of an atomically flat cross-sectional surface that is free of
contamination/oxidation, in order to obtain an electronically unpinned surface. Therefore, clea-
vage of the samples and the subsequent measurement are performed in a home-built ultra-high
vacuum set-up (Fig. 5.7). The central vacuum chamber (STM), in which the STM unit is posi-
tioned, is pumped down by an ion-getter pump (IGP) with a titanium sublimation element {TSE)
to a pressure lower than 5 x 10711 torr (Varian Vaclon Plus, 300 litre/sec). During X-STM
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Figure 5.7 Schiematic drawing of the UHV sysfem containing the STM and damping system.

measurements the inner panel of the IGP/TSE can be cooled down with liquid nitrogen, which
enhances the pump speed by a factor of two. In the preparation chamber (PREP), which is separated
by a valve from the STM chamber, the tips and samples can be degassed with a baking unit and
tips can be treated with an argon ioh bombardment. Two oil-free turbo-molecular pumps (Varian
V-250 and V-70). installed in series, keep the preparation chamber at a pressure of approximately
6 % 10710 torr, The preparation chamber is connected to a load lack, for loading and unloading
the tips and samples without seriously affecting the pressure in the preparation and STM chamber.
The load lock is pumped with one of the turbo-molecular pumps (V-70} to a pressure of about 10~%
torr. An XD85 dry scroll pump provides the necessary pre-vacuum of about 107! torr. During the
X-STM measurements all pumps are switched off to prevent vibrations, except the IGP/TSE as this
pump contains no moving parts. Two wobble sticks in the STM and preparation chamber are used
for manipulation and transportation of the tips and samples.

5.2 Formation of the wetting layer

The formation of InAs wetting layers (WLs) has attracted relatively little attention compared
to quantum dot {QD} formation [26-28]. In the simple picture of Stranski-Krastanov growth,
after the build-up of a critical amount of strain, 2D layer growth is followed by QD formation. It
has become increasingly clear, however, that such a simple picture is far from reality. Recently,
In incorporation during pseundomorphic InAs/GaAs growth and QD formation was observed by
in situ stress measurements [29].

In this section we analyse the composition and segregation of InAs WLs by either directly
counting the indium atoms or by analysis of the outward displacement of the cleaved surface as
measured by X-STM.

As mentioned in the introduction, the measured outward relaxation profile at high nega-
tive voltage can be compared to the calculated one to deduce the In concentration in the WL.
By modelling the indium segregation, the outward displacement of the segregated WL can be
calculated by integration of the analytical expression derived by Davies for the outward displace-
ment of a cleaved quantum well [24]. Several models for indium segregation have been proposed



[30-33]. We use the phenomenological model of Muraki et al. [31], which has been shown to
describe well the indium composition x(n) of InAs WLs[28]:

0, n<l1
x(n) = (1-R"), 1<n<N (5.1)
(1—RNJR*N, n>N

where n is the monolayer (ML) index, N is the total amount of deposited indium and R is the
indium segregation coefficient. N and R are determined by fitting the calculated relaxation profile
to the measured relaxation profile.

The WLs were grown by molecular-beam epitaxy (MBE) on doped GaAs (100) wafers. In
sample A, three different sets of WLs were grown at 495°C by deposition of 1.5ML, 2.0ML and
2.5ML of InAs, respectively, at a growth rate of 0.1 ML/s. Each layer was repeated two times, sep-
arated by a 50 nm GaAs buffer layer, also grown at 495°C. A growth interruption of 10 seconds
has been applied after the growth of each layer. No dot formation was observed for the layers
with 1.5 ML indium deposition. [n sample B, two sets of WLs were grown at 480°C by deposition
of 2.0ML of InAs at a high and a low growth rate of 0.1 ML/s and 0.01 ML/s, respectively. Each
layer was repeated two times and capped by a 20nm GaAs layer grown at 480°C, followed by a
30nm GaAs layer grown at 580°C. A growth interruption of 10 seconds has been applied after
the growth of each layer. In sample C, one set of InAs layers was grown in GaAs while a second
set was grown in AlAs barriers, The InAs layers were grown at 500°C by deposition of 1.9 ML
of InAs in a cycled way, i.e. with a 3 second pause after each deposition of 0.25ML, at a growth
rate of 0.043ML/s. The following layer sequence was used: 20nm GaAs/1.9 ML InAs/40nm
GaAs/1.9ML InAs/40nm CaAs/50nm GaAs (doped 1 X 10*¥em ~2)/20nm GaAs/4 X (20nm
AlAs/1.9ML InAs/20nm AlAs/40 nm GaAs). To reduce interface roughness, the bottom AlAs
barriers were grown at 600°C followed by a growth interruption prior to [nAs deposition.

Sample A was used to study the effect of the amount of indium deposition on the WL forma-
tion. We measured the relaxation profiles of the WLs and fitted these with calculated relaxation
profiles, by adjusting the fit parameters N and R. The resulting segregation profiles were verified
by counting directly the number of indium atoms in the WL as a [unction ol distance in growth
direction. For the counting procedure, we selected four high-quality images of each layer, such
as the one shown in Fig. 5.8. The relaxation and segregation profiles are shown in Fig. 5.9.

& W PRI, N e o Ay

.

. . -
L4 Fa L .y v
-~ *

e e e e e A e Y ok : R T
AT R R PR R AT DA T I Y 1A B RS T,

Figure 5.8 (a) Empty states X-STM image of a segregated 2.0 ML InAs WL. The arrow indicates the growth direc-
tion. (b) The same image treated with a high-pass Fourier filter: The inset shows an enlarged view of part of the image.
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Figure 5.9  Measured and fitfed relaxation profiles of the 1.5ML fa). 2.0ML (b} and 2.5 ML (c) InAs WLs of
sample A, The black curves in (d), (e} and (f) show the segregation profiles corresponding fo the fitfed relaxation pro-
files in (a), (b} and (c). The columns indicate the counfed indium concentration in the WL as a function of distance X
in the growth direction.

In all three cases, we find an excellent agreement between the indium profile determined from
the outward relaxation of the surface, and the direct counting procedure. For the 1.5 ML WL, the
measured amount of indinm N corresponds to the deposited amount, since no indium has gone
into dot formation. For the 2.0ML and 2.5 ML WLs, however, we find a clear indium enrichment
of the WL, despite dot formation.

In Stranski-Krastanov growth mode, strain builds up until the critical amount of indium for
dot formation is deposited [34]. It has been shown that only part of the deposited amount of
indium contributes to the strain, by incorporation into the lattice, while the remaining indium
forms a floating layer on the surface [29]. During dot formation, part of the floating indium is
transferred by lateral mass transport to the dots. The amount of indium that remains in the dots,
however, is strongly reduced by the capping process, which dissolves the top of the dots back into
the WL, as we will show in sections 5.2 and 5.4. The dissolved indium adds to the remaining



floating indium, and is eventually incorporated into the lattice, during continued capping. That
is the reason for the observed indium enrichment of the WL after dot formation.

We used sample B to study the effect of a reduced growth rate on the WL formation. It
is known that a reduced growth rate leads to an increased QD size and a reduced QD density.
However, it is not a prioti clear how this will affect the formation of the segregated WL in the
buried structure. In Fig. 5.10 we show the average measured and calculated relaxation pro-
files of the InAs WLs of sample B. The dashed lines indicate the relaxation profiles calculated
directly from indium atom counting using different images, We find that the high (0.1 ML/s) and
low {0.01 ML/s} growth rate InAs WLs can be described by the same parameters within errors.
However, there is, as expected, a marked difference in the size of the QDs, shown in Fig. 5.11.
Whereas the OD grown at the high growth rate appears as a rather flat, disk-like shape with
a height of 3nm (Fig. 5.11a), the ODs grown at low rate show an indium distribution with a
reversed truncated cone shape [35] with a height of 5.4 nm (Fig. 5.11b).
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Figure 5.10 Measured and fitted relaxation profiles of the high (a) and low (b) growth rate InAs WLs of sample B.
The dashed lines indicate the relaxation profiles calculated divectly from counted segregation profiles.

(a) (b

Figure 5.11  X-STM images of typical quantum dots found in the high (a) and low (b) growth rate WLs. The arrow
indicates the growth direction,

We studied the effect of the host material by analysing the segregation of InAs WLs grown
in the AlAs barriers of sample C, and comparing this to the segregation of InAs WLs grown,
under the same growth conditions, in a GaAs matrix. It has been shown that QD formation in
the InAs/AlAs system is kinetically limited due to a reduced lateral In migration on the AlAs sur-
face, because of the larger Al-In bond strength [36]. In the next section the marked differences in
the structural properties of the dots grown in GaAs and AlAs will be discussed [37]. Figure 5.12



shows the averaged measured and fitted relaxation profiles. We find that the vertical indium seg-
regation in AlAs and GaAs can be described by almost the same parameters, in agreement with
[27]. This indicates that, in contrast to the lateral In migration, the vertical indium segregation is
strain driven rather than determined by the chemical bond strength,
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Figure 5.12  Measured and fitted relaxation profiles of the segregated InAs WLs in GaAs (a) and AlAs (b).

It is known that vertical indium segregation is reduced at lower growth temperatures [38]. As
will be shown in section 5.4.1, we have reported that reducing the growth temperature to 300°C
after capping of the WLs with three monolayers of GaAs leads to a dramatic reduction ol the
indium segregation [19]. However, such a capping procedure also leads to the almost complete
dissolution of the ODs into the capping layer due to their partial coverage.

Another drastic example of the effects of partial capping is the formation of quantum rings
{ORs). ORs can be grown by the partial capping of ODs with 2nm of GaAs and subsequent
annealing [39]. Recently, we observed that during this process, a second layer of indium accu-
mulates on the surface of the capping layer. which is due to vertical segregation of indium from
the WL and to lateral migration on the surface of indium atoms that have been expelled from the
0QDs during OR formation [40-43]. After continued capping, the second layer of indium itself
forms a segregated indium distribution.

Finally, we show in Fig. 5.13 an overview image of the WLs of sample B. Surprisingly, one of
the layers showed a shallow V-groove in which a QD was formed. The V-groove was unintention-
ally created on the GaAs substrate. [t can clearly be seen that a large amount of indium atoms
have accumulated in the V-groove. By comparing the extent of the indium segregation inside and

(a) (b}

Figure 5.13  (a) X-STM overview image showing a shallow V-groove in one of the layers of sample B. (b) X-STM
current image showing an enlarged view of the V-groove. The arrow indicates the growth direction.



outside the V-groove, it can be seen that during GaAs overgrowth, the indium segregation and
migration facilitates a rapid planarization of the growth front, in the presence of indium atom
accumulation in the V-groove.

To summarize, we have shown that the composition of (segregated) InAs WLs can be deter-
mined by either directly counting the indium atoms or by analysis of the outward displacement
of the cleaved surface as measured by X-STM. We used this approach to study the effects of the
deposited amount of indium, the InAs growth rate, and the host material on the formation of the
WLs. We conclude that the formation of (segregated) WLs is a delicate interplay between surface
migration, strain-driven segregation and the dissolution of quantum dots during overgrowth.

5.3 Dependence of the QD siructural properties on the substrate material (GaAs vs AlAs)

Sell-assembled InAs quantum dots embedded in an AlAs matrix have been of recent interest
because of their larger confinement potential compared to InAs QDs in a GaAs matrix and their
use in resonant tunnelling devices [44]. In order to understand the formation and the electronic
properties of InAs QDs in AlAs, detailed information about the composition of the QDs is needed.
Several studies have been reported on the effect of indium supply and growth temperature on
the structural and optical properties of InAs QDs grown on AlAs [45, 46]. It has been shown that
InAs QDs grown on AlAs exhibit smaller sizes and larger densities compared to InAs QDs that
were grown on GaAs under similar growth conditions. This has been attributed to a reduced dif-
fusion of In adatoms on the AlAs surface due to a higher surface roughness and the larger Al-In
bond strength [45].

In this section we use X-STM measurements to determine the composition of InAs ODs and
WLs grown on AlAs, and compare this to InAs QDs that were grown on GaAs under identical
growth conditions.

The QDs were grown by MBE on doped GaAs (100) wafers. During growth of the QDs the sub-
strate temperature was maintained at 500°C. A 1.9 * 0.1 monolayer (ML) of InAs was grown in
a cycled way, i.e. with a 3 second pause after each deposition of 0.25ML, at a slow growth rate of
0.043 ML/s. After a 500 nm doped {1 X 10'% cm™2) GaAs bulfer layer the following sequence was
grown: 20nm GaAs/1.9ML InAs/40nm GaAs/1.9 ML InAs/40nm GaAs/50 nm GaAs (doped
1 x 10%¥em™2)/20nm GaAs/4 X (20nm AlAs/1.9ML InAs/20nm AlAs/40nm GaAs). To
reduce interface roughness, the bottom AlAs barriers were grown at 600%C followed by a growth
interruption prior to [nAs deposition.

Figure 5.14a shows a large-scale filled-states topography X-STM image of the structure. Three
layers of QDs grown on AlAs and two layers of QDs grown on GaAs are visible in the image.
Compared to GaAs, the QDs grown on AlAs show a smaller size and have a significantly larger
density of about 3 X 10 cm ™% Many QDs were imaged and the largest ones selected for analy-
sis. [t can then be assumed that these QDs are cleaved near their middle.

In Fig. 5.14b and ¢ we compare high-voltage filled-states topography images of individual QDs
grown on GaAs and AlAs, respectively. These images show the surface relaxation which var-
ies with the local indium distribution in the QDs. From the contrast in the images it can be seen
that the InAs/AlAs QD has a more homogeneous surface relaxation than the InAs/GaAs QD, We
calculated the outward relaxation and the strain distribution of the QDs with the finite element
calculation package ABAQUS. The QD shape was modelled by truncated pyramids with sizes
determined by the X-STM measurements while the indium distribution was varied in order to get
the optimal fit to the measured outward relaxation. The best results were obtained by allowing
the modelled ODs to be cleaved at a plane 1 nin above their diagonal. The diagonal base length
and the height of the InAs/GaAs QD are 28.4nm and 6 nm, respectively. For the InAs/AlAs
0D the diagonal base length is 19 nm and the height is 4.2 nmn. The calculated relaxation of the
cleaved surface of the QDs is shown in Fig. 5.14d and e using the same colour scale as in the
corresponding X-STM images (Fig. 5.14b and ¢). From the calculated strain distribution, lattice
constant profiles were derived which were used to verily the fitting results.

Figure 5.15 shows the measured and calculated outward relazation profiles () and (b) and
lattice constant profiles (¢) and {(d) taken in the growth direction through the centre of the QDs.
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Figure 5.14  Filled states topography X-STM image of (a) three QD layers embedded in 40 nm thick AlAs barriers
and two OD layers grown in GaAs, (b) InAs/GaAs OD, (c) InAs/AlAs OD. (d) and (e) show the calculated outward
relaxation corresponding to (b) and (c}. The colour scale for (b} and (d) is O (dark) to 600 pm (bright). The colour
scale for (c) and (e) is O (dark) to 450 pm (bright ). V. = —3V.

From the change in lattice constant, which is determined by the strain distribution in and around
the QDs, it can be seen that there is compressive strain above and below the QDs.

For the InAs/GaAs QD, there is a clear increase in lattice constant towards the top of the QD,
which indicates an increasing indium concentration. This can also be seen by the slight asymme-
try in the relaxation profile of the InAs/GaAs QD. From X-STM and photocurrent experiments,
it has been shown that low-growth rate InAs/GaAs ODs have an increasing indium concentra-
tion in the growth direction [47, 48]. However, other groups have reported InGaAs QDs with
laterally non-uniform indium compositions showing an inverted-triangle, trumpet or truncated
reversed-cone shape [26, 49-51]. We find that the indium distribution of our low-growth rate
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Figure 5.15  Calculated and meastred relaxation profiles through the centre of the QD in the growth direction for
an InAs/GaAs QD (a) and an InAs/AlAs QD (b). fe) and (3} are (e corresponding calculated and meastred Iatfice
contstant profiles. (¢) and () show the meastived and calculated relaxation profiles of the WLs in Gads and AlAs.

InAs/GaAs ODs mostly resembles the trumpet shape proposed by [26] which we describe with a
linear gradient in both the growth direction and lateral direction. Along the centre of the QD, the
indium concentration increases with 80% at the base to 100% at the top of the QD. The gradient
in the lateral direction is dependent on position along the growth direction. At the base of the
QD, it varies linearly from 80 to 40% from the core to the perimeter, while at the top of the QD it
remains constant. For the InAs/AlAs QD best fit results were obtained by an indium gradient of
85 to 70% decreasing from base to top of the QD. In this case there is no indication for a lateral
gradient in the indium composition.

We attribute the observed differences in indium composition and size of the ODs in GaAs and AlAs
to the combined effects of (a) the reduced diffusion of In on AlAs compared to GaAs, (b) the reduced
intermixing for the InAs WL on AlAs, and (c) the capping process. It is known that the indium accu-
mulation in ODs is determined by strain minimization during growth. However, the preferential
indium aggregation at the In-rich region of the dot is limited by the lateral diffusion of indium in the
case of growth on the AlAs substrate, which results in a reduced QD size and increased QD density.

Furthermore, top-view STM experiments have shown that the surface reconstruction of the InAs
wetting laver on AlAs indicates less intermixing for the WL [52], which together with the reduced



mobility of In on AlAs, explains the homogeneous indium distribution in the base of the [nAs/AlAs
0Ds. It has been proposed that the growth of dots on AlAsisinitiated by 2D islands which develop into
small 3D islands for higher InAs depositions [52]. This is in contrast with the growth of dots on GaAs
where dot formation is initiated by small indium-rich nucleation centres which develop into trum-
pet-shaped indium distributions by the preferential diffusion of In to the apex of the dot [26]. These
growth mechanisms are supported by our observation of the indium distribution inside the dots.

The observed decrease of the indium concentration towards the top of the InAs/AlAs QD
might be caused by the residual incorporation of AlAs in the top of the dot during the capping
process. In order to reduce the total strain field in the OD some capping material is incorporated
in the top of the dot. In the case of GaAs capping. the diluted part of the dot is very mobile and
therefore disappears very quickly during capping. causing levelling of the QDs. The InAs diluted
by Al however, is much less mobile due to the stronger Al-In bond strength and therefore more
diluted material at the top remains in place.

In Fig. 5.15e and f we show measured and calculated relaxation profiles of segregated WLs in
GaAs and AlAs that were grown at a higher temperature of 530°C. These WLs did not show dot
formation. The indium segregation profile of the WLs can be simply described by the phenom-
enological model of Muraki et al. described in the previous section [27, 31]. Based on this model,
we calculated the outward relazation of the WLs using the analytical expressions by Davies ef al,
[24]. The optimal fit to the experimental relaxation profiles was obtained with N = (1.9 + 0.1}ML,
R=079+003and N=1(1.9*+ 0.1)ML, R = 0.78 + 0.03 for the InAs WLs in GaAs and AlAs,
respectively, where N is the total amount of deposited In and R the segregation coefficient. The
obtained values for N are in agreement with the nominal deposited amount of indium. We do not
find a significant difference in the segregation coefficients of indium in AlAs and GaAs as was con-
cluded by Schowalter et al. [27]. The small apparent difference between the relaxation profiles of
the WLs can be attributed to the difference in lattice constants of GaAs and AlAs. We conclude that
InAs segregation does not play a role in the difference in the formation of QDs in AlAs and GaAs.

In summary, [nAs QDs grown on GaAs are larger than those grown on AlAs, and they show
both a lateral and a normal gradient in the In composition, while InAs/AlAs QDs show only a
vertical gradient and with an opposite sign (In concentration decreasing from bottom to top).
The WLs on GaAs and AlAs do not show significant differences, so we suggest that the segre-
gation of the WL is mainly strain driven. whereas the formation of the QDs is also determined
by growth Kinetics. In particular, the observed differences between QDs are due to the reduced
mobility of In in AlAs due to the higher Al-In bond strength, which modifies both the QD forma-
tion and capping processes.

5.4 Capping process of InAs quantum dots

In previous sections we have studied relevant aspects of the WL and QD formation process.
Nevertheless, once created, the QDs are subsequently capped, a step which is required for any
device application. Although a lot of effort has been dedicated to understand the QD growth
mechanism, there are relatively few studies focused on the effect of the capping process [12-20].
Some of these studies have already shown significant differences in size, shape and composition
between uncapped and capped QDs. For example, an important collapse of the QD height has
been reported for InAs/GaAs QDs capped with GaAs [14, 15, 17-19], revealing the big influence
of the capping process on the structural properties of the QDs.

In this section we use X-STM to analyse the capping process of InAs QDs. The effect of the cap-
ping temperature and growth interruptions is studied, as well as the impact of using different
materials in the capping layer. The possibility of controlling the QD height with a double capping
method is also discussed.

5.4.1 Capping temperature and growth interruptions

Levelling of InAs/GaAs QDs alter deposition of thin GaAs cap layers has been clearly revealed by
top-view STM [18, 58] and atomic force microscopy (AFM) [54]. The levelling process has been



attributed to the additional strain build-up between the cap layer and the partially relaxed InAs
0Ds [18, 54] to destabilize the ODs. These experiments, however, lack information about the
shape and, in particular, the residual height of the QDs which is the most important parameter
determining the electronic properties. In this section, we study the GaAs-capping process of [nAs
QDs on GaAs(100) by X-STM. The role ol the capping temperature and growth interruptions is
discussed. Detailed and accurate results of the QD levelling are presented, which are essential for
understanding the capping process and the control of the structural and electronic properties of
InAs QDs.

The samples were grown by solid source MBE on Si-doped n-type GaAs(100) substrates. After
oxide desorption at 580°C, a 150 nm thick GaAs bulffer layer was grown. Then the substrate tem-
perature was lowered to 500°C for deposition of 2.1 ML InAs. Formation of InAs QDs was verified
by the sharp transition from streaky to spotty of the reflection high-energy electron diffraction
pattern. Thereafter, for samples A-D different capping procedures were applied: (A) deposition of
10nm GaAs at 500°C lollowed by 150 nm GaAs growth at 580°C; (B) cooling down the sample
to 300°C before capping the ITnAs QDs by 10 nm GaAs at the same temperature and growth of
150 nm GaAs at 580°C; (C) capping the InAs QDs by 3 ML GaAs at 500°C, then cooling down
the sample to 300°C for deposition of 150nm GaAs; and (D) capping the InAs QDs by 3 ML GaAs
at 500°C followed by a growth interruption (GI) of time t, deposition of 10nm GaAs at the same
temperature, and growth of 50 or 150 nm GaAs at 580°C. In sample D five such InAs QD layers
were inserted with GI times t of 0, 20, 40, 60, and 90 seconds, separated by 60nm GaAs. An
extra 30nm GaAs spacer was grown as a marker between the QD layers with GI times t of 40
and 60 seconds. The time for cooling down samples B and C from 500 to 300°C was 4 minutes.
The growth rates were 0.58 and 0.06 ML/s for GaAs and InAs, respectively, and the Asy beam
equivalent pressure was 1 X 107° torr.

Figure 5.16a shows the filled state's topography X-STM image of the InAs ODs in sample A
which are capped in the conventional way by 10 nm GaAs at 500°C and 150 nm GaAs at 580°C.
The marked part of the image is shown in Fig. 5.16b after treatment with a local mean equaliza-
tion filter [55] to enhance atomic details by removing the large scale background contrast. The
bright horizontal lines are the top zig-zag rows of the (110) surface, which are separated by one
bilayer (BL), i.e. two MLs. The topographical contrast in Fig. 5.16a is due to the outward relaxa-
tion of the cleaved surface of the compressively strained InAs QDs, revealing their cross-sectional
shape. The bright spots in Fig. 5.16b correspond to In atoms in the top layer of the cleaved sur-
face. The height of the InAs QDs in sample A is measured as 8 BLs by counting the number of
atomic rows.

Figure 5.16  (a) Filled states topography X-STM image of the InAs ODs in sample A with conventional capping by
10nm Gads at 500°Cand 150 nm GaAs at 580°C. Ve = — 3.0V, A part of the image (a) marked by four cor-
ners is treated by a local mean equalization filter and shovn in (b). In (a) the arrow indicates the growth direction.
The black-to-white height contrast in (a) is 0 to .5 nnt.



It is well established that InAs QDs buried in the conventional way of sample A exhibit a reduced
height compared to unburied ones due to QD levelling [18, 53, 54]. In order to determine the QD
height reduction, the shape change during overgrowth of the InAs QDs in sample B is strongly
suppressed by capping them at 300°C. The filled state’s topography X-STM image of an InAs QD
in sample B is shown in Fig. 5.17a with the filtered image in Fig. 5.1 7b. The InAs QD exhibits very
sharp and well-defined interfaces confirming the suppressed QD levelling, atom diffusion, and seg-
regation [29] and, thus, the preservation of the QD shape [56, 57]. The height of the InAs QD is
12 BLs which is 4 BLs larger than that of the QDs in sample A, This indicates that during conven-
tional capping at 500°C the QD height is reduced by about one third of the original one.
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Figure 5.17  (a) Filled states topography X-STM image of the InAs 0D in sample B with the GaAs cap grown at
300°C. Vemple = — 3.0V, A part of the image (a) marked by four corners is treated by a local mean equalization
filter and shown in (b). In (a) the arrow indicates the growth direction. The black-to-white height contrast in (a) is O
to 0.5nm,

When InAs QDs are capped only by a very thin GaAs layer, strong QD levelling or QD collapse
occurs, Figure 5.18 shows the filled state’s topography and filtered images of such InAs QDs in
sample C. The QDs are capped at 500°C by 3 ML GaAs and subsequently overgrown at 300°C to
further maintain the shape. During the thin GaAs capping and cooling down, the levelling of the
InAs QDs leads to a rather homogeneous (In,Ga)As layer in between the QDs due to In detachment
from the QD tops, Ga/ln intermixing, and In segregation with a thickness of about 4 BL, which
is much thicker than the original InAs wetting layer. Intermixing with the GaAs substrate [58]
expected during the growth of InAs at 500°C additionally contributes approximately 3 ML of GaAs
to the (In,Ga)As layer, which is derived by subtracting the thicknesses of deposited InAs (2.1 ML)
and GaAs (3ML) from the total (In,Ga)As thickness of 4 BL. After levelling of the QDs, unincorpo-
rated In floating on the surface is pinned there by the low-temperature GaAs capping and forms an
[n-rich layer marked by the arrow in Fig. 5.1 7b. The sharp interface between this layer and the low-
temperature GaAs cap confirms that In segregation and diffusion in growth direction are strongly
suppressed for GaAs overgrowth at 300°C. Most interestingly, the InAs QDs are completely levelled
to the thickness of the (In,Ga)As layer in between them, which is much smaller than the height of
the QDs observed in sample A. This suggests that the conventional, continuous GaAs capping at
500°C in sample A not only drives QD levelling during the initial stage, like the thin GaAs capping
in sample C, but also quenches the levelling process when the QDs become buried.



Figure 5.18 (a) Filled states topography X-STM image of the InAs QD in sample C capped by 3 ML GaAs at
500°C, followed by 150nm GaAs grown at 300°C. Vgnpe = —3.0V. A part of the image (a) marked by four cor-
ners is treated by a local mean equalization filter and shown in (b). In (a) the arrow indicates the growth direction.
The black-to-white height contrast in (a) is O to 0.4 nm.The arrow in (b) points to the In-rich layer:

To assess the time scale of OD levelling which is, thus, crucial for the final size and shape of the
buried QDs, varying Gl times are inserted in sample D after deposition of 3 ML GaAs at 500°C on
the InAs QDs prior to GaAs overgrowth. Figure 5.19 shows the filled state's topography image
of the InAs QDs in sample D with GI times of 0, 20, 40, 60, and 90 seconds in subsequent lay-
ers. Clearly, the height of the InAs QDs capped without GI (first layer) is significantly larger than
that of the QDs with insertion of 20 seconds GI. No significant further decrease in QD height
is observed when the GI time is increased to 90 seconds. Hence, QD levelling during thin GaAs
capping and GI takes place on a time scale of less than 20 seconds. For the present GaAs growth
rate, this is comparable to the time required [or growing several nanometres of GaAs to fully bury
the ODs by continuous overgrowth. This indicates that both the driving and quenching of the QD
levelling in conventional capping take place on a similar timescale. The size and shape of the bur-
ied ODs are therefore determined by a delicate interplay between driving and quenching of the
0D levelling which is controlled by the GaAs growth rate and growth temperature.

A model based on the above experimental results is proposed for the growth of InAs ODs embed-
ded in GaAs. The growth of InAs commences in the two-dimensional (2D} layer-by-layer mode
until the InAs thickness reaches the critical value of 1.7 ML for InAs QD nucleation to reduce the
accumulated strain. The InAs QDs are formed by In atoms transported massively from the 2D
InAs layer, leaving a thin wetting layer on the surface. The whole system is stable at the minimum
of the total energy composed of the surface energy, the strain energy, and the interface energy.
Subsequent capping of the InAs QDs by GaAs, on the other hand, introduces extra strain energy
between the GaAs cap and the InAs QD layer, resulting in an unstable system and the consequent
0D levelling process. In atoms are redistributed from the InAs QD tops to the areas in between
them during the QD levelling. They contribute to a several nanometres thick (In,Ga)As layer with
an exponential In composition decay due to [n segregation and Ga/In intermixing during over-
growth [28], reducing the lattice mismatch and. hence, the total energy of the system. Thus, the
thickness and the In composition profile of the (In.Ga)As layer in between the InAs QDs strongly
depends on the QD levelling and In segregation. It is important to note that the QD levelling is
very sensitive to the substrate temperature and is strongly suppressed at low growth tempera-
tures, where it becomes more and more difficult to thermally break the In-As bonds. [n addition to



Figure 5.19 Filled states topography X-STM limage of the five InAs QD layers in smnple D. The InAs QDs are
capped by 3ML GaAs af 560°C, followed by a GI and a 10nm GaAs cap grown at 500°C plus a GaAs separation
Iager at 580°C. Ve = — 3.0V, The increasing Gl times of 0. 20. 40. 60, and 90 seconds are noted in the image.
The arrow indicates the growth direction. The black-to-white height contrast is O to 0.5 nn.

inducing QD levelling, the GaAs cap buries the InAs QDs, thereby quenching the levelling process
during continued overgrowth. Therefore, the size and shape of the embedded InAs QDs are deter-
mined by a delicate interplay between driving and quenching of the QD levelling during capping.
which depends strongly on the growth rate and growth temperature of the GaAs cap.

In summary, we have investigated the GaAs-capping process of InAs QDs grown by molecular-
beam epitaxy on GaAs(100) substrates. In its initial stage, GaAs capping induces levelling of the ODs
to drastically decrease their height. During continuous capping the QD levelling is quenched when
the QDs become buried. Both phenomena, driving and quenching of the QD levelling, take place on
a similar time scale and are very sensitive to the GaAs growth rate and growth temperature. This
understanding opens up an efficient route for controlling the size and shape of buried QDs.

5.4.2  Capping with ditferent materials

We have seen how the QD structure is strongly alfected by capping with GaAs and how this proc-
ess is very sensitive to the growth temperature and growth interruptions. Since GaAs is the most
commonly used capping material for InAs/GaAs QDs, the existing structural studies of buried
InAs/GaAs QDs have been mainly devoted to GaAs-capped QDs. Nevertheless, different materials
such as [nGaAs and GaAsSb are nowadays used to cap InAs/GaAs QDs in an effort to extend its
emission wavelength to the technologically interesting 1.3-155 pum region [59-64]. For InAs/
InP QDs, capping materials other than InP, like InGaAsP, have alse successtully been used for
laser applications [65-67].

The use of different capping materials strongly affects the emission wavelength and therefore
should strongly affect the QD electronic and/or structural properties, such as size, shape, compo-
sition, strain, band offsets, etc. Indeed, critical issues occurring during capping like dot decom-
position, intermixing, segregation, As/P exchange and phase separation in the capping layer
depend on the capping material. To understand the impact of the capping material on the struc-
tural properties of the ODs is consequently of crucial importance.

In this section, we have used X-8TM to analyse at the atomic scale how capping with differ-
ent materials influences the structural properties of InAs QDs in GaAs and InF. The role of the



different effects occurring during capping (intermixing, segregation, As/P exchange, compo-
sitional modulation in the capping layer, etc.) is determined. First, we study the capping with
strained layers to reveal the role of strain. For that we used InAs QDs grown on (100} GaAs
capped with InGaAs and GaAsSb strain reducing layers. Then we study the capping with lattice
matched layers (with respect to the substrate), where the chemical effects could dominate the
process. For that we study InAs dots grown on (311)B InP that were capped by either InP, InGaAs
or InGaAsP (the last two materials being nominally lattice matched to InP). While strong mor-
phological differences are found when strained layers are used, the difference between various
lattice-matched capping materials is more subtle, although also relevant for device applications.

5.4.2.1 Capping with strained layers

When InAs/GaAs QDs are capped with a material which has a larger lattice constant than GaAs
{and consequently closer to the one of InAs), the strain induced in the dot during capping could
be smaller, which would red shift the emission wavelength. In addition, the modified strain differ-
ence could induce differences in dot size, shape and composition since dot decomposition during
capping could be influenced by the strain. This is what we analyse in this section.

5.4.2.1.1 InGaAs capping of InAs/GaAs QDs

Capping with [nGaAs has become popular in the last few years because it allows the emission
wavelength of ITnAs/GaAs QDs [59-63] to be increased considerably. It is therefore very interest-
ing to study how the structural properties of InAs QDs are affected by an InGaAs strain reducing
layer.

The sample used in this study was grown by solid source MBE on an n* Si-doped (100) GaAs
substrate. 2.7 MLs of InAs were deposited at 500°C and 0.1 ML/s on an intrinsic GaAs buffer
layer. The OD layer was capped with a nominally 6 nm thick Ing 15Gag gsAs layer grown at 500°C
at a growth rate of 0.5ML/s.

Figure 5.20 shows a high voltage filled states image of an InAs/GaAs QD capped with InGaAs.
The InGaAs layer is not well appreciated in this image because the contrast is dominated by the
cleavage induced defects close to the dot. The dot is 7.0 = 0.5 nm high, considerably higher than
the typical GaAs-capped QDs, which are 3-5nm high, as shown in previous sections [15, 18, 19].
Nevertheless, the top lacet is not as well defined as in the GaAs case and the In content decreases
gradually in the growth direction (that is why the error in determining the height is larger).
The In composition in the capping layer was deduced by the analysis of the outward relaxation.
The fit shown in Fig. 5.21 was found when an 8.5 nm thick layer (as measured from the X-STM
images) with 17% In content is considered in the calculation. The In content is close to the nomi-
nal value (15%), although the layer is considerably thicker than the nominal 6 nm. The lattice

Figure 5.20 Topography image of an InAs/GaAs QD capped with InGaAs (V= — 3V, Liyne = 53pA) The big
white regions are cleavage induced defects. Growth divection: {001 ], lateral divection: [110].
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mismatch between InAs and the capping layer is now 0.056, about 17% smaller than in the case
in which GaAs capping is used. We think that the reduced dot decomposition during capping is
related to this smaller lattice mismatch; the result is that the dot height is increased by factor
of ~2 compared to GaAs capping. This interpretation is in agreement with previously reported
results in which QDs capped with InGaAs instead of GaAs are shown to retain their shape dur-
ing the initial stages ol capping [71, 72]. It could be argued that the increase in dot height is
due to strain induced compositional modulation in the capping layer [68]. Although part of the
increase in dot height could be due to that effect, we think that its contribution should be very
small, since no traces of compositional modulation are observed in the capping layer. The role of
the strain can be clarified by using GaAsSb as the capping material, because in this case the InAs
dot height cannot increase due to phase separation in the capping layer.
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Figure 5.21  Measured (dotted line) and calculated (solid line) outward relaxation profiles of the InGaAs capping
lager. A 8.5 nm thick layer (as measured from the images) with a 17% In content was considered in the calculation.
The inset shows a high-pass filtered topography image of the InGaAs capping layer (V = — 3V, Ljyne = 35pA). The
big white regions are cleavage induced defects.

5.4.2.1.2 GaAsSb capping of InAs/GaAs QDs

In the last few years, GaAsSb capping layers have also been used to increase the emission wave-
length of InAs/GaAs ODs [63, 69] and room temperature photoluminescence at 1.6 pum has
recently been reported from GaAsSb-capped In(Ga)As/GaAs ODs [64, 70]. The strong red shift
observed by using GaAsSb instead of GaAs capping layers has been attributed to a type 1l band
alignment [64, 70]. However, the structural properties of these QDs have not been studied,
despite the fact that they could be significantly different from those of GaAs-capped QDs. Due to
the larger lattice constant of GaAsSb compared to GaAs, the strain induced in the dot during
capping could be smaller, which would further red shift the emission wavelength and could affect
the dot size, shape and composition, as was the case with InGaAs capping.

The studied samples were grown by solid source MBE on n™ Si-doped (100) GaAs substrates.
In the first sample (sample A), 2.7 monolayers (ML) of InAs were deposited at 500°C and
0.1 ML/s on an intrinsic GaAs buffer layer. The QDs were capped with a nominally 6 nm thick
GaAsg 758bg 5 layer grown at 475°C. In the second sample (sample B), two QD layers were
grown under the same conditions (2.7 ML of InAs deposited at 500°C and 0.1 ML/s). The first
layer was capped with GaAs, and the second with 6 nm GaAsg 758bg »5. The capping tempera-
ture was 500°C in both cases. A layer of surface QDs was also grown for atomic force microscopy
measurements,
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A number of individual ODs were analysed in sample A in order to extract information con-
cerning their size, shape and composition. Figure 5.22 shows a high voltage filled states topog-
raphy image of a QD in this sample. The group V elements are imaged in this measurement so
that the bright spots are Sb atoms in the As matrix. Sb segregation into the GaAs layer is clearly
observed. Contrary to what happens when capping with GaAs at similar temperatures [12], the
capping layer covers all of the dot. This behaviour cannot be attributed to a larger bond strength
preventing Ga migration on the growth surface, since the Ga—Sb bond is weaker than the Ga—As
one (45.9 and 50.1 Kcal/mol, respectively). The reason is likely to be the smaller strain that exists
between the partially relaxed InAs QDs and the GaAsSb capping layer. This smaller strain can
be accommodated by the system at the present growth temperature (475°C) without inducing
the migration of capping material away from the top of the dots. The dot is a full pyramid with a
diagonal base length of 32 = 2nm. The height is 9.5 = 0.2 nm, much larger than that of typical
GaAs-capped QDs (3-5nm high) [15.18,19]. This result indicates that the QDs are not dissolved
during capping with GaAsSh.

Figure 5.22  Filled states topography image of an InAs/GaAs QD capped with GaAsSh (V= —3V). The bright
spots are Sb atoms in the As matrix. The white circles and the dark feature are cleavage induced defects.

The Sb composition in the capping layer can be obtained directly by counting the individual
Sb atoms in the filled states images, for example Fig. 5.23a. The Sb concentration profile as a
function of distance along the growth direction is plotted in Fig. 5.23b. The average Sb content
is 22%. This result can be checked by also analysing the outward relaxation of the cleaved sur-
face. The relaxation of the capping layer was compared to calculations from continuum elastic-
ity theory, The fit shown in Fig. 5.2 3¢ was obtained for a 5nm thick layer (as measured [rom
the X-STM images) with a 25% Sb composition. The agreement between theory and experiment
is quite good in the region of the layer itself, but deviates above the layer. This deviation is due
to the effect of Sb segregation, which is not included in the model but is clearly present in the
structure (see Fig. 5.23a and the asymmetry in the Sb profile obtained by atom counting).
The obtained Sb concentration of 22-25% agrees well with the nominal growth value. The
lattice mismatch between this Ga AsSb composition and relaxed InAs is 0.048, about 28% smaller
than in the case in which GaAs capping is used. We propose that the fact that dot decomposition
during capping is suppressed is related to the reduced strain between the dot and the capping
layer, although chemical effects due to the presence of Sb could also be relevant, The fact that the
lattice mismatch is now considerably smaller than in the InGaAs-capped sample studied before
could explain the fact that the dots are now completely preserved while they are still partially
dissolved when capping with Ing;5Gag gsAs, although the different chemistry in the two cases
must be taken into account.
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Figure 5.23  (a) Topography image of the GaAsSh capping layer (V = — 3V ). The bright spots are Sh atoms in the As
matrix. 8b segregation into the GaAs layer is clearly observed. (b) 8b concentration profile in the capping layer is obtained
by counting individual Sb atoms. (¢) Measured (solid line) and calculated (dotted line} outward relaxation profiles of the
GaAsSh capping layer: A 5nm thick layer (as measured from (a)) with a 25% Sb content was used in the caleulation.

The composition of the QDs can also be estimated from an analysis of the outward relaxation.
The size and shape of the dots obtained from the images are used as input parameters for the
model and the composition is changed until the calculated outward relaxation profile of the dot
fits the experimentally determined one. We assume that the dot with the largest observed base
length is cleaved through the middle and that the dots have a square base with the edges along
the <100> directions. The largest measured baselength was 32 nm (see Fig. 5.22) which cor-
responds to a square with 23 nm. Figure 5.24 shows the fit to the outward relaxation profile
through the middle of the dot, obtained when a trumpet-like shape In composition inside the QD
is included in the model. The fit deviates in the region above the dot, probably due to the fact that
Sb segregation is not included in the calculation. The In content increases from 80% at the bot-
tom to 100% at the top of the QD and from 40% in the corners to 80% in the centre of the base
(see inset of Fig. 5.24). This is the same non-uniform In composition that we found in section 5.3
in GaAs-capped InAs/GaAs QDs [73] and similar to what has been previously proposed in [26].
It is attributed to In—Ga intermixing. The presence of In-deficient corners in the present GaAsSb-
capped OQDs indicates that they are not necessarily created by a redistribution of material from
the top of the island to the bottom during capping, as has been recently reported [74]. In the
present case, the top of the dot is not dissolved during capping but the In-poor corners are still
present, hence they must originate during an earlier stage ol the QD formation process.

In order to confirm the observed differences between QDs capped with GaAs and GaAsSb, sam-
ple B was studied. This sample contains ODs capped with both GaAs and GaAsSb, with both cap-
ping layers grown at the same temperature as the InAs ODs. From an analysis of the measured
outward relaxation, the Sb concentration on the GaAsSbh layer was found to be 24%. However,
the properties are different to those of sample A because the GaAsSb capping layer does not
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Figure 5.24 Measured (solid line) and calculated (dotted line) outward relaxation profiles through the centre of a
OD. The inset shows the In distribution inside the QD used in the calculation.

completely cover the dots, with their apex remaining uncovered (see Fig. 5.25a). As the only dif-
ference between samples B and A is that the capping temperature was 25°C higher in sample B,
it can be concluded that this increase in temperature is sufficient to allow the capping material
to migrate from the relaxed apex of the dot, minimizing the strain [12]. This observation reveals
that the final dot/GaAsSb capping layer configuration is very sensitive to the capping tempera-
ture. Despite this fact, differences in the QD structure for GaAs and GaAsSb capping are clearly
revealed in Fig. 5.25. The GaAsSb-capped QDs (Fig. 5.25a) are again full pyramids, with a height
of 8.3 + 0.2 nm, while the GaAs-capped QDs (Fig. 5.25b) are truncated pyramids, with a height
of only 3.8 = 0.2 nm. ODs capped with GaAs are significantly dissolved during capping, while the
shape of QDs capped with GaAsSb (~25% Sb) at the same temperature is preserved. This result is
confirmed by atomic force microscopy measurements on uncapped surface QDs, which are found
to have a height of 8 = 1 nm, in good agreement with the height of the GaAsSb-capped QDs.
The base length of the strongly dissolved GaAs-capped QDs is smaller than that of the preserved
GaAsSb-capped dots (20 vs 26 nm, respectively), indicating that the material redistribution dur-
ing capping is not from the apex to the base of the dot [74], but occurs instead to the wetting
layer (WL), as was also shown in section 5.2. This is in agreement with the observation of a
significantly higher In content in the WL of GaAs-capped ODs (1.8 MLs vs 0.8 MLs in GaAsSb-
capped QDs), obtained by counting individual In atoms in the X-STM empty states images.

The present results indicate that strain could be playing an important role in inducing dot
decomposition during capping, and that decreasing the dot/capping layer lattice mismatch could
strongly reduce dot decomposition. The fact that InAs/GaAs QDs capped with GaAsSb are much
bigger than those capped with GaAs should also be taken into account when explaining the
observed red shift of the emission wavelength for GaAsSh-capped QDs.

In conclusion, X-STM has been used to study at the atomic scale the effect of InGaAs and
GaAsSb capping layers on the structural properties of self-assembled InAs/GaAs QDs. QDs capped
with a GaAsSb layer with 22-259% Sb are much larger than typical GaAs-capped QDs. GaAsSb-
capped ODs exhibit a [ull pyramidal shape of 8.3-9.5 nm height, while the same dots capped with
GaAs are truncated pyramids with a height of only 3.8 nm. ODs capped with Ing;5Gag gsAs are
between those two extreme cases. This finding indicates that dot decomposition during capping is
suppressed by using GaAsg 7sSbyg 15, this is likely related to the reduced dot/capping layer lattice
mismatch, although chemical effects due to the presence of Sb could also be relevant.


http://Ino.15Gao.85As
http://GaAso.75Sbo.25

43 nm X 27 nm

43nmx 27 nm

Figure 5.25 Filled states topography images of two QDs capped with (a) GaAsSh and (b) GaAs (V= —3V). The
white circles and the dark features are cleavage induced defects.

5.4.2.2 Capping with lattice-matched layers
The results shown in the previous section seem to indicate that strain could be playing a mayor
role in inducing dot decomposition during the capping process. Nevertheless, chemical elfects
should also be relevant, specially in the case of InAs/InP QDs, in which the As/P exchange reac-
tion is known to be present. In order to study the chemical effects, different capping materials were
used, all of them with the same lattice parameter, so the differences due to strain are eliminated.

The samples used in this study were grown by gas source MBE on an Si-doped (311)B-oriented
InP substrate. This substrate orientation is very attractive for laser applications because, in com-
parison with InAs dot formation on conventional (100) InP substrates, a higher density of dots
having a smaller size dispersion has been achieved on (311)B InP substrates [65, 66]. Indeed,
room temperature lasers with low threshold current density emitting at 1.5 pm were recently
demonstrated [67]. In the analysed sample the growth temperature was set to 480°C, The QODs
were formed by depositing 2.1 (100) equivalent monolayers (ML) of InAs at 0.33ML/s on InP
buffer layers. A low As flux was supplied to the surface during the InAs deposition to enhance
the formation of small QDs [21]. After island formation, a 30s growth interruption under As
flux was performed before the growth of the capping layer. Three QD layers, separated by 40 nm,
were grown under the same conditions but capped with different materials: 40 nm of InP in the
first layer, 20 nm of lattice-matched Ing 5:Gag 47As in the second layer (followed by 20 nm of InP)
and lattice-matched Ing ¢-Gag 13A80.285P 0. 715 in the third one.

A large-scale filled states X-STM image of the studied structure is shown in Fig. 5.26, in which
the three QD and capping layers can be observed. The QD layers capped with InP. InGaAs and
InGaAsP are labelled A, B and C, respectively.
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Figure 5.26  Large scale X-STM image of the structure showing the entire layer stack which comprises the InAs
dot layjers labelled with A, B and C (Ve = — 2.5V, Tjynne = 100pA). Growth direction: [113], lateral direction:

[1107.

A number of individual QDs were analysed within each layer in order to extract information
relative to its composition, size and shape. Figure 5.27 shows the high-voltage filled states image
of a single dot in layer A. Atomic details are resolved in this image, in which the group V ele-
ments, i.e. As and P, are imaged, From the homogeneity of the contrast it can be deduced that the
QD composition is quite uniform and close to 100% InAs. It should be noticed that these dots are
very different from the InAs/GaAs dots studied before. They resemble the shape of a quantum
disc, since they have a very small aspect ratio.

e S B S

Figure 5.27  (a} X-STM fopography image and (b} current image of a single InAs dot and the wetting layer (layer
A) eapped with InP (Vumpe = — 3.0V, Typnes = 100pA). Both of the images show the low aspect ratio of the dot
having a flat top facet. In the current image As atoms can be clearly seen within the P rows of the InP capping layer.
Growth divection: [11 3], lateral divection: [110] .

All the observed dots in this layer have a similar truncated pyramidal shape, with a fat top
facet. The height and base length distribution ol a number of dots showed an average height of
2.9 = 0.2nm, and a maximum base length of 32 = 2 nm.The difference in the outward relaxa-
tion of the dots and the WL, as indicated by the brightness in the STM image, is quite small (see
Fig. 5.27a). This indicates a high As concentration in the WL, Moreover, the measured magni-
tude of the outward relaxation of the WL is much higher than that observed in InAs/GaAs WLs
[75] (see section 5.2). This is surprising as the compressive strain in the InAs/GaAs case is more



than twice that of the InAs/InP system and thus for equally thick wetting layers in both sys-
tems a reduction by a factor of more than two in the outward relaxation for the case of InAs/InP
should be expected. We explain this by the presence of a very thick WL which contains much
more InAs material than the nominal 2.1 ML that were deposited during the dot formation.

The outward relaxation of the WL was again calculated by means of the analytical expression
derived in [24], which assumes that the elastic response is linear and isotropic. The WL was mod-
elled including the effect of the asymmetric As profile, which is likely created during the switching
between phosphorus to arsenic flux or by As carryover [76]. This can be seen in Fig. 5.27b in which
the briglht spots in the capping layer correspond to As atoms in the InP matrix. Just as in the case
of an InAs WL in GaAs, in which there is an asymmetric In profile due to segregation, we used the
phenomenological model of Muraki et al. [ 31] to model the As profile. The total amount of depos-
ited As is determined by fitting the calculated relaxation profile to the measured one. The result of
this fitting and the corresponding As profile are shown in Fig. 5.28. We obtained a total amount
of InAs of 4ML. The latter is almost twice the nominal value of deposited InAs. The origin of this
extra InAs is the As/P exchange reaction at the InAs/InP interface during the dot formation proc-
ess. During the growth interrupts used before and after the dot formation process, the structure is
kept under a As flux promoting the exchange of P by As and thus increasing the amount of depos-
ited InAs. Such exchange has also been reported to give rise to the formation of InAs QDs and InAs
quantum wires on [nP surfaces where only a growth interrupt was used under an As flux without
the additional In deposition [77, 78]. The large amount of InAs in the wetting layer is supported by
the distribution of As in the WL obtained by directly counting the As atoms in the X-8TM images.
In Fig. 5.28 we plot the number of counted As atomns as a function of the distance in the growth
direction. This method is accurate for As concentrations lower than about 25%., because above
those values it becomes complicated to distinguish individual As atoms in InP. The profile based
on the counting is shown in Fig. 5.28 together with the profile that was used to fit the outward
relaxation. The agreement is quite good in the range of validity of the counting method.
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Figure 5.28 Distribution profile of As atomns from the nAs WL (layer A). Above a concentration of 25%, atomn
counting is nof reliable and only a lower limit of the real value Is obfained. The inset depicts the measured (dotted
line} and e calculated (solid e ) oubward relaxation of the InAs wetfing layer based on the As profile thaf is indi-
cated by the solid line in flie main fighre.

The small height of the dots capped with InP suggests As/P exchange during the capping
process. This effect should be eliminated by using InGaAs as the capping material and thereflore
lattice-matched Ing 5;Gag 47As was used in the second QD layer. Two dots in this layer are shown
in Fig. 5.29. The height and base length distribution of a number of single dots was again
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investigated, giving an average height of 3,5 = 0.2 nm and a maximum length of 29 + 2nm.
These dots are on average 0.6nm higher than those capped with InP, which corresponds
to ~2ML of InAs. This indicates that the height of the dots was reduced by ~2 ML due to dot
decomposition induced by As/P exchange during InP capping. This value is in good agreement
with the 2 ML reduction of the In{As,P)/InP quantum well width reported in [79]. The top facet
ol the dots capped with InGaAs is less well defined and is more curved than that of the dots
capped with InP (compare Figs. 5.27 and 5.29). This is likely due to composition modulation in
the capping layer, which we analyse next.

Figure 5.29 X-STM topography image of two adjacent InAs dots (in layer B) capped with InGads,
(Vaample = — 3.0V, Tynne = 100pA). The image reveals the presence of a strain induced lateral phase separation in
the InGaAs capping layer. Growth divection: [11 3], lateral dirvection: [110].

The inhomogeneous topographic contrast in the InGaAs layer (Fig. 5.29) reveals the presence of
an inhomogeneous strain distribution, which must be due to the presence of In-rich (brighter) and
Ga-rich (darker) regions. This phase separation is a strain-driven process in which the In adatoms
on the growth surface migrate towards the regions on top ol the dots to minimize the strain, cre-
ating a columnar-like In-rich region above the dots. This process has been observed in columnar
[nGaAs ODs grown on GaAs [81], as well as in InAs/GaAs QDs, where capping with InGaAs has
been shown to induce an increase in the dot size [68]. In our case, the phase separation directly
affects the ODs by creating a rough top interface in which the In content decreases gradually.

In the third layer, a lattice-matched InGaAsP alloy was used as the capping material (Fig. 5.30).
The average dot height was 3.4 = 0.2 nm, and the maximum measured base length 27+ 2 nm.
As in the case of InGaAs, the height of the dots is higher as those capped with InP where the dot
is partially dissolved due to the As/P exchange. This means that, although there is phosphorous
in the capping layer, there is no dot height reduction due to As/P exchange, The shape resembles
that of a truncated pyramid, with a flat top interface. More remarkable is the fact that the phase
separation in the capping layer is much weaker than in the InGaAs. We think that the Ga—P bond
strength (54.9 keal/mol) which is stronger than the In—As bond strength (48.0kcal/mol) and Ga—
Asbond strength (50.1 kcal/mol) limits the phase segregation in InGaAsP as compared to [nGaAs.
The resulting weak composition modulation does not affect the dot shape or size, as is evidenced
by the well-defined dot lacets. Indeed, this material has been successfully used as capping layer
in InAs/InP (311)B OD lasers emitting near 1.55 pm with low threshold current density [67].

Figure 5.30 X-STM image of two InAs dots (in layer C) capped with InGaAsP alloy showing a flat base and top
(Vaample = — 2.3V, Lypnet = 100pA). Growth direction: [11 3], lateral direction: [110].

In summary, X-STM has been used to analyse at the atomic scale the effect of different lat-
tice-matched capping materials on the structural properties of self-assembled InAs/InP (311)B
0Ds. The As/P exchange on the InAs/InP interface during the growth interrupts is shown to
increase the amount of InAs in the wetting layers by ~2 ML. The As/P exchange takes place also



on the dot surface when the QDs are capped with [nP, reducing the dot height by about 2 ML.
This phenomenon can be avoided by using InGaAs as the capping material, but in that case a
strong strain-driven phase separation appears, giving rise to In-rich regions above the dots and a
degradation of the dot interface. Il the quaternary alloy InGaAsP is used instead of InGaAs, the
phase separation is much weaker and well-defined interfaces are obtained.

Nevertheless, the structural differences between [nAs/InP QDs capped with different lattice-
matched materials are much smaller than those found in the InAs/GaAs system when differ-
ences in strain are involved. This indicates that the dot/capping layer strain plays an important
role during the capping process.

5.4.3  Double capping process

We have shown in the previous section how the As/P exchange reaction can modily the
InAs/InP QDs. Indeed, this effect can be intentionally used to control the height of the QDs by
using a modified capping procedure which we analyse in this section. One of the main potential
applications of self-assembled InAs/InP QDs is as the active region of high-performance lasers
emitting at 1.55um [65, 67, 82, 83)], the long-range optical fibre communication wavelength.
For that purpose, an accurate control of the emission wavelength and of the QD size distribution
is of crucial importance. One method to reduce the QD height dispersion is based on a discontinu-
ous capping process [84]. where the capping is performed in two sequences. First, a capping layer
is deposited, with a thickness smaller than the QD height. Then, a growth interruption under phos-
phorous flux is performed, during which the uncovered part of the dots disappears due to As/P
exchange [65, 85]. leading, in principle, to a uniform QD height equal to the thickness of the first
thin capping layer. Finally. the capping layer growth is completed. This modified capping proce-
dure, named double cap (DC), was shown to allow wavelength emission control and to drastically
decrease the photoluminescence (PL) linewidth [84]. Indeed, room temperature lasers based
on double-capped InAs/InP QDs with low threshold current density emitting close to 1.55pm
were recently demonstrated on (311)R substrates [67]. On (100} substrates, the DC process was
also used for device elaboration by metal organic vapour phase epitaxy (MOVPE) [86]. However,
it has been recently observed that the preferential growth of the first cap laver occurs on the
edge of the QDs. This should induce an inaccurate control of the QD heights by the DC process in
MOVPE[91].

The initial stage of the capping process of InAs QDs is a very complex phenomenon [12, 14,
87, 88]. sensitive to many growth parameters [19, 71]. It has mainly been studied for [nAs/
GaAs ODs, and very little is known in the case of InAs/InP QODs [80, 89-91], in which the As/P
exchange reaction complicates the description. It is therefore difficult to know what happens
during and after the deposition of the first capping layer in the double capping method, and a
detailed structural characterization of the process is required.

We have used X-STM to study the double capping process of InAs/InP QDs grown by MBE at
the atomic scale. The effect of first capping layer with different thicknesses and composition has
been analysed.

The samples were grown by gas source MBE on an Si-doped (311)B-oriented InP substrate.
The growth temperature was set to 480°C. The QDs were formed by depositing 2.1 {100) equiva-
lent MLs of InAs on both InP and Ing =Gag 4 3A80025P 0,715 {lattice matched to InP) buffer layers.
In order to make the analysis easier, a high As beam equivalent pressure was supplied to the sur-
face during the InAs deposition to favour the formation of large QDs [66]. After island formation,
a 30s growth interruption under As flux was performed before the growth of the capping layer.
Then, the first capping layer (CL1) was deposited and the growth was interrupted for 605 main-
taining a group V overpressure. Finally, a thick (50 or 100 nm) second capping layer (CL2} was
grown. Three different samples were studied. In sample A, three QD layers were grown with dif-
ferent thicknesses of CL1: 1.5, 2.5 and 3.5 nm {from now on called layer 1, layer 2 and layer 3,
respectively). The buffer and the capping lavers consisted of Ing g7Gag, 13 A% 2550 715 In sample B,
the buffer, CL1 and CL2 were made of InP. Finally, in sample C, the buffer and CL2 were made
of InP. while CL1 consisted of Ing g7-Gag 13480 285P0.715- In samples B and C four QD layers were
grown with different thicknesses of CL1: 2, 3,4 and 5nm (lavers 1, 2, 3 and 4, respectively).
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First, we present results on sample A, with InGaAsP buffer and capping layers. Figure 5.31
shows a large-scale filled states image of this sample. The three QD layers separated by ~50nm
are observed. The inhomogeneous contrast in the buffer and capping layers is due to the random
alloy fluctuations in the InGaAsP. Remarkably, the QDs have a very large base length. The maxi-
mum measured base length was 60nm, which gives aspect ratios as low as 0.04. It is clear from
Fig. 5.31 that the height of the QDs increases when the thickness of CL1 increases. Moreover, the
height of the QDs in each layer fits very well with the nominal thickness of CL1. After analysing 37
dots in this sample, the measured average height in layer 1 (CL1 = 1.5nm} was 1.6 nm, in layer 2
(CL1 = 2.5nm) 2.5nm, and in layer 3 (CL1 = 3.5nm) 3.4nm (see the triangles in Fig. 5.34). This
indicates that the double capping procedure is controlling the QD height with high accuracy.

{c} (b} (a}

150 nm % 80 nm

Figure 5.31 Large scale filled states image of sample A showing the three QD layers in which CL1 is 1.5, 2.5
and 3.5nm thick in (a), (b) and (c), respectively. The growth direction is from right to left. Vampe = — 2.5V,
[tu.unel = SOPA

In sample B, buffer and both capping layers consist of InP and the thickness of CL1 was
increased up to 5nm. Figure 5.32 shows the current image of one dot in layer 2 of this sam-
ple. On such specific QDs, shallow trenches in the InP buffer close to the ODs are observed. We
assume that the trenches are mainly formed just after the dot formation during the growth inter-
rupt under As pressure. Mass transport from wetting layer to quantum dots leads to the forma-
tion of a dewetted InP surface on which As/P exchange reaction occurs. The extra InAs formed
migrate to the dots and a trench is formed around the QDs. The [act that these trenches were not
present in sample A (see Fig. 5.1), where the dots were grown on InGaAsP, supports this expla-
nation (As/P exchange is reduced on an InGaAsP surface) [90]. Similar observations have been
previously reported for InAs QDs grown on (001) [nP, and explained in a similar way [92].

Figure 5.32 is representative of what was observed when CL1 was 2 or 3 nm thick. The dots
are similar to the ones in sample A: they have a flat top facet and their height fits very well with
the thickness of CL1 (the average height was 2.2 and 2.9 nm in layers 1 and 2, respectively).
Nevertheless, the situation is different when CL1 is 4 and 5 nm thick. In this case, the measured
average heights of the ODs are 3.1 and 4 nm, respectively. Thus the QD heights are not accurately
controlled by the first cap layer thickness in this range. These results confirm the PL measure-
ment as a function of the thickness of CL1 previously published [84], For CL1 thicker than 4 nm,
the PL energy control by the DC process is lost.

On sample C, CL1 and CL2 consist of InGaAsP and InP, respectively. The thicknesses of CL1 were
set at 2, 3, 4 and 5 nm. Figure 5.33 shows a filled states topography image of layers 2, 3 and 4.
Atomic details are resolved in this image, in which the group V elements, i.e. As and P, are imaged.
As the ODs are grown on InP. the trenches are present again, but it is clear [rom image 5.3 3c that
it is a global effect alfecting the whole WL. CL1 appears as a dark region with inhomogeneous
contrast between the WL and CL2. A bright region in CL.1 on top of the ODs is observed in layers
3 and 4, indicating an As- and/or In-rich region. This is likely due to strain induced composition
modulation, similar to what was found in the previous section for InGaAs capping [90]. The thick-
ness of CL1 in layers 2, 3 and 4, measured from the top of the WL, is 2.9, 3.8, 4.8 nm, respectively.



49 nm X 22 nm

e

Figure 5.32 Cuwrrent image of a OD in sample B corresponding to layer 2 (CL1 = 3nm). Part of a second QD
appears on the right and a shallow trench is clearly observed between the two ODs. Ve = — 2.5V, Lynne = 52pA.

This is in good agreement with the nominal values. Figure 5.3 3a shows how in layer 2 the height
of the QD is levelled to the thickness of CL1. This is also the case in layer 1 (not shown). As in the
previous sample, when the thickness of CL1 is increased to 4 nm, the height of the QDs is slightly
smaller than CL1 (see Fig. 5.3 3b}. This difference is much bigger when CL1 is 5nm thick. In this
case the height of the QD is more or less half of the thickness of CL1, as shown in Fig. 5.3 3c.
Moreover, a strong decrease of the QD density is observed in this layer. Complete island dissolu-
tion, as previously observed for large InGaAs QDs on GaAs, may be effective in this case [93].
Complementary experiments to clarify this question are still in progress.

Figure 5.33  Topography image of three QDs in sample C corresponding to (a) layer 1 (CL1 = 2nm), (b) layer 3
(CL1 = 4nm} and (c) layer 4 (CL1 = 5nm). CL1 appears as a dark region between the WL and CL2. The bright
spots are As atoms in the P matrix. Veppe = — 3.0V, Liypne = 53pA.



All the results are summarized in Fig. 5.34, in which the average height of the ODs in each layer
is plotted as a function of the nominal thickness of CL1 for the three analysed samples. The solid
curve represents the ideal situation where the dot height corresponds exactly to the thickness of
CL1. The double capping method works well for first capping layers up to ~ 3.5 nm, independently
of the materials used. This is very important because the desired QD height for 1.55pm applica-
tions (—2.7 nm) lies in that range. For thicker layers, a reduction in the dot height compared to the
thickness of the first capping layer is observed, indicating that the control over the QD height with
the DC process is lost for capping layers thicker than -~ 3.5 nm. This can be understood in terms
of a transition from a double capping to a classical {one-step} capping process when the first capp-
ing layer is thick enough to completely cover the dots. Once the dots are covered, the growth inter-
rupt has no effect on them. Since the height of similar classically capped Qs has been measured in
the previous section to be around 3.5 nm, that should be the maximum possible height obtained
and the DC method should not work for CL1 thicker than that. Indeed, 3.5 nm is approximately
the saturation value observed for thick capping layers il Fig. 5.34 (except for the special case of
5nm in sample C, in which a strong decrease of the QD density is also observed).
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Figure 5.34  Average QD height in each lnyer as a function of the nominal thickness of CL1 jor the three analysed
samples. The error is tnken as the distance fo the maximtim and minfom valties measured. The solid curve repre-
sents the ideal situation where the dot height corvesponds exactly to the thickness of CL1. A significant deviation is
observed for thick first capping layers.

In summary, our X-STM measurements show that the double capping method applied to InAs/
InP (311)B QDs grown by MBE allows a very accurate control of the QD height when the thick-
ness of the first capping layer is not higher than ~ 3.5 nm, independently of the material used in
the capping layer. For higher values a significant reduction of the QD height is observed. This is
explained by the fact that 3.5 nm is the height of classically capped ODs and therefore for thicker
capping layers the double capping process becomes a classical capping process since the ODs
would be completely covered by the capping layer before the growth interrupt.

5.5 Conclusions

X-STM has been used to study at the atomic scale the formation of self-assembled QDs. This tech-
nique allows determining the size, shape and composition of the buried nanostructures and pro-
vides vital information to understand the QD formation process.

X-STM measurements show that the size and composition profile of InAs self-assembled quan-
tum dots depend strongly on the substrate on which the dots are formed. In particular, InAs QDs



grown on GaAs are larger than those grown on AlAs, and the In gradients inside the dot from
bottom to top have opposite signs (increasing in InAs/GaAs QDs and decreasing in InAs/AlAs
QDs) [73]. These differences are mainly due to the reduced mobility of In in AlAs due to the
stronger Al-In bond strength.

The capping process is found to be a critical step in QD formation because it strongly modi-
fies the QD structure. In its initial stage, GaAs capping induces leveling of the QDs to drasti-
cally decrease their height. During continuous capping the QD leveling is quenched when the
QDs become buried. Both phenomena. driving and quenching of the QD leveling take place on
a similar time scale and are very sensitive to the GaAs growth rate and growth temperature
{decreasing the capping temperature can strongly reduce dot decomposition) [19]. This dot
decomposition during capping can also be modified by using different capping materials [94]. It is
strongly reduced when the dots are capped with Ing 5Gag g5As and completely suppressed when
GaAsy »5Shy 5 is used [95]. The result is that QDs capped with these strain reducing layers are
much taller than GaAs-capped QDs. This suggests that the dot/capping layer strain plays a mayor
role in inducing dot decomposition during capping. When the different capping materials are lat-
tice matched to the substrate, the differences in the QD properties are more subtle and can be
dominated by chemical effects: InAs/InP QDs capped with [nP have a 2 MLs smaller height than
those capped with InGaAs or InGaAsP due to As/P exchange induced decomposition [90]. The
effect of the As/P exchange can be intentionally used to control the QD height by using a double
capping method. We found that the double capping method allows a very accurate control of the
0D height when the thickness of the first capping layer is not higher than ~3.5nm. For higher
values a significant reduction of the QI height is observed. These results are interpreted in terms
of a transition from a double capping to a classical capping process when the first capping layer
is thick enough to completely cover the dots [96].
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