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The emission wavelength of InAs quantum dots grown on InP has been shown to shift to the
technologically desirable 1.5 mm with the deposition of 1–2 monolayers of GaAs on top of the quantum
dots. Here, we use aberration-corrected scanning transmission electron microscopy to investigate
morphological and compositional changes occurring to the quantum dots as a result of the deposition
of 1.7 monolayers of GaAs on top of them, prior to complete overgrowth with InP. The results are
compared with theoretical models describing the overgrowth process.
& 2011 Elsevier B.V. All rights reserved.
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1. Introduction
Self-assembled semiconductor quantum dots (QDs) are of
interest for a wide range of applications that include optical
ampliﬁers, temperature-stable low noise lasers and mode-locked
lasers (e.g. [1–3]). For applications in optical communication great
effort has been devoted for tuning the emission wavelength of
InAs QDs to the ﬁbre-optics-compatible 1.5 mm (e.g. [4,5]). As the
structural properties of the QDs, such as their morphology and
chemical composition, largely determine their optical properties,
a detailed understanding of these parameters is needed to control
the growth process. To date, the majority of the characterisation work carried out on InAs QDs has been on InAs/GaAs
structures (e.g. [6–8]). However, despite the successful application of InAs/GaAs QD structures emitting at 1.3 mm (e.g.[9]). the
extension of the emission wavelength of these structures remains
challenging. More recently, the growth of InAs/InP QDs by metalorganic vapour-phase epitaxy (MOVPE) has been developed and
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shown to be promising for 1.5 mm emission wavelength applications (e.g. [10–13]). The smaller lattice mismatch between InAs
and InP, compared to that between InAs and GaAs, results in the
formation of larger QDs on InP than on GaAs, for the same amount
of InAs deposited. InAs/InP QDs typically emit at wavelengths
above 1.7 mm. Several techniques such as double capping growth
[12] or the insertion of a GaAs underlayer [13] have been used to
control the size of the QDs and tune their emission wavelength to
the desired 1.5 mm range. For example, inserting a thin layer of
GaAs or GaP below the QDs in InAs/InGaAsP QD structures was
shown to tune the room-temperature emission wavelength of the
QDs within the range 1.5–1.6 mm [13].
Here, we describe the results of an aberration-corrected scanning transmission electron microscopy (STEM) study of the
structural properties of InAs QDs grown on InP, for which partial
capping with 1.7 monolayers (ML) of GaAs prior to capping with
InP was found to decrease the room-temperature emission
wavelength to the desired 1.5 mm (the results of our optical
characterisation will be discussed in a future publication). We
use atomic-resolution STEM to identify changes introduced to the
QDs by partial capping with GaAs. High-angle annular dark-ﬁeld
(HAADF) imaging in STEM can provide an image contrast that is
less sensitive to strain [14]. This gives an advantage over
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conventional TEM imaging techniques, in which image interpretation is often complicated by the strong strain contrast present.
Furthermore, STEM holds the required resolution to characterise
the small amounts of the deposited GaAs successfully, which is
otherwise challenging using other characterisation techniques.

2. Experimental details
Two samples, A and B, were grown in a vertical low-pressure
MOVPE TurboDiscs reactor on InP (0 0 1) substrates, using H2 as a
carrier gas, trimethylindium (TMIn) and trimethilgallium (TMGa)
as group III sources and arsine, phosphine and tertiarybutylphosphine (TBP) as group V sources. A RealTemps system was used
for the temperature control during the growth. The following
growth sequence was employed: an InP buffer layer was deposited on top of an InP substrate at 610 1C. The temperature was
then ramped down to 516 1C under a PH3 pressure and switched
to AsH3 after the temperature stabilised. Arrays of QDs were
formed by the deposition of 1.65ML of InAs onto the InP buffer
layer at 516 1C, with a V/III ratio of 4.7 and a growth rate of
1.45 Å/s. Sample A was overgrown with 10 nm of InP after 12 s
growth interruption and at low temperature, followed by a
further 5 nm of InP at 610 1C. The QDs in sample B were initially
overgrown with 1.7ML of GaAs, followed by further overgrowth
with InP as for Sample A.
Cross-sectional and plan-view specimens were prepared by
mechanical polishing and dimpling, followed by argon ion milling.
They were examined at 300 kV using an FEI Titan instrument that
is ﬁtted with a ﬁeld-emission electron source and a spherical
aberration corrector on the condenser lens system. The electron
probe convergence semi-angle used was 17.5 mrad, the electron
probe diameter was 1.5 Å and the HAADF inner and outer detector
semi-angles were 60 and 300 mrad, respectively. The specimen
thickness was calculated using the log-ratio model in electron
energy-loss spectroscopy, as described in [15].

3. Results and discussion
Fig. 1 shows cross-sectional high-resolution HAADF STEM images
of samples A and B aligned along the [1̄ 1 0] zone-axis. Under the
experimental conditions employed here, the image contrast is
sensitive primarily to variations in the atomic number (Z-contrast
imaging). The QDs appear as bright regions, primarily due to the
higher atomic number of As compared to P. The QDs in Sample A are
on average 22.672.0 nm in width and 3.170.2 nm (10.570.8ML)
in height (measured from 10 different dots) while the dots in
sample B are on average 23.571.8 nm in width and 2.070.2 nm
(7.070.8ML) in height (measured from 14 different dots).

These observations suggest that the deposition of 1.7ML of GaAs
onto the QDs in sample B has resulted in an average reduction of
3.5ML in the heights of the QDs.
In addition to the difference in image intensity between
regions of different chemical composition, a difference is visible
between the shapes of the atomic-resolution contrast features in
the P-rich and As-rich regions. When InAs or GaAs crystals are
viewed along /1 1 0S type zone-axis specimen orientations, the
contrast from both the neighbouring In/Ga and As columns is
visible, resulting in atomic contrast that is commonly referred to
as a dumbbell structure [16]. However, in the case of InP, only the
contrast from In atomic columns is visible as the contrast from
the columns of P atoms is much weaker, and hence, the dumbbell
contrast features are no longer visible. Corresponding simulated
STEM images of InP, InAs and GaAs produced using the multislice
simulation software QSTEM [17], for three different specimen
thicknesses and using the same instrumental parameters as those
used in the experiments, are shown in Fig. 2(d), (e) and (f),
respectively. The same difference between the shapes of the
atomic-scale contrast features for InAs or GaAs and InP is
observed in the simulated images.
A region containing the edge of a QD in sample B and the
wetting layer next to it is shown in Fig. 2(a). The marked area in
Fig. 2(a) is enlarged in Fig. 2(b) to better display the shapes of the
diatomic columns. The thickness of the wetting layer seen in
HAADF STEM images of the QDs in Sample A was found to
be  2ML. However, in sample B, a further 3ML of dumbbellshaped diatomic columns can be seen above the wetting layer
(see Fig. 2(b)) but was not seen in similar regions in Sample A.
This means that a further 3ML of As-rich material is present above
the wetting layer in sample B. This pattern was observed everywhere on the wetting layer around the QDs in sample B (position
1 in Fig. 2(c)), but was not observed close to the tops of the QDs
(position 2 in Fig. 2(c)). This dumbbell-like contrast can be
sensitive to the number of As atoms relative to P atoms from
the surrounding InP matrix, along the viewed direction. In the
case of a uniform distribution of the capping GaAs over the QDs in
sample B, up to 2ML of dumbbell-like contrast is expected to be
present above the wetting layer, as well as above the QDs. The
intensity of the dumbbell-like contrast is then expected to
decrease towards the tops of the QDs, since the ratio of As to P
atoms present in this orientation decreases towards the tops of
the QDs. Fig. 2(g) shows a simulated image of the atomicresolution contrast expected to be seen above the tops of the
QDs (position 2 in Fig. 2(c)) in a 50 nm thick specimen, in the case
of a uniform distribution of GaAs. The QDs have ﬂat tops of
approximately 15 nm. Therefore, the simulation was carried out
for 15 nm of GaAs encapsulated in the middle of 35 nm of InP.
Although the dumbbell-like contrast is not as pronounced as that
seen in pure InAs or GaAs (Fig. 2(e) and (f), respectively), it can

Fig. 1. High-resolution Z-contrast HAADF STEM images of (a) Sample A and (b) sample B in cross-sectional geometry. The dotted lines mark the outline of the QDs and the
arrows denote the measured height of them. Both specimens are oriented along the [1̄ 1 0] zone-axis.
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Fig. 2. (a) Cross-sectional HAADF STEM image of part of QD and the wetting layer in sample B acquired along the [1̄ 1 0] zone-axis. (b) The marked region in (a) zoomed in
and the contrast and brightness in the image is enhanced. The solid arrows denote the 2ML of wetting layer and the dotted arrows denote the 3ML of As-rich region above
it. (c) A schematic showing two different positions relative to the QDs discussed in the text. (d), (e) and (f) Simulated HAADF STEM images of InP, InAs and GaAs,
respectively, along /1 1 0S type zone-axis for specimen thicknesses, t¼ 15, 50 and 125 nm. The ﬁeld of view in each image is approximately 18nm  18 nm. (g) Simulated
HAADF STEM image of a 50 nm thick specimen containing 15 nm of GaAs encapsulated in the middle of 35 nm of InP, along a /1 1 0S type zone-axis. Simulations were
carried out using the QSTEM software and using the same instrumental parameters as those used in the experiments, including electron beam accelerating voltage of
300 kV, electron probe convergence semi-angle of 17.5 mrad and probe diameter of 1.5 Å [17].

still be recognised in the simulated image in Fig. 2(g). However,
no dumbbell-like features above the tops of the QDs are visible in
the experimental images. This combined with the presence of
3ML of this contrast feature over the wetting layer, around the
bases of the QDs (position 1 in Fig. 2(c)) suggests that GaAs may
have segregated around the QDs in this sample.
In order to better understand the inﬂuence of the deposited
GaAs on the morphology of the QDs in sample B, energydispersive X-ray spectroscopy (EDS) of the QDs was carried out
in both cross-sectional and plan-view specimen geometries.
Consistently, lower levels of Ga were measured on the tops of
the QDs, while higher levels of Ga were detected around the QDs.
Examples of the EDS analyses are shown in Fig. 3. The measured
ratios between the Ga and In signals detected at each point
marked in Fig. 3(a) and (c) are shown in Fig. 3(b) and (d),
respectively. The inset in Fig. 3(a) shows the expected beam
broadening in EDS, which results in the collection of a signal from
regions that are approximately 1–2 nm in size at each acquisition
point [18]. The higher level of Ga detected at point 2 in Fig. 3(a),
when compared with points 1 and 3, may result from the
presence of Ga above and below the QD in the electron beam
direction. This explanation is supported by the plan-view analysis
shown in Figs. 3(c) and (d), where the strongest Ga signal is
detected around the QDs (e.g. points 1, 4 and 6), while minimal
amounts of Ga are detected at the position of the QDs (e.g. points
3 and 5).
The high-resolution HAADF STEM images and EDS analysis
suggest that the deposition of 1.7ML of GaAs leads to a reduction
in the heights of the QDs and to the presence of GaAs primarily
around the bases of the QDs. These morphological changes then
lead to the reduction of the emission wavelength of the QDs to the
desired value of 1.5 mm. Our observations are consistent with

theoretical models of the overgrowth processes of QDs, in which
the initial stage of overgrowth is said to be driven by strain
relaxation and leads to a height reduction of the QDs [19–21].
Prior to overgrowth, the tops of the QDs are the least strained
positions within the QDs, where the lattice parameter approaches
that of bulk InAs [22]. However, overgrowing the QDs with a
material of smaller lattice parameter makes the tops of the QDs
the least favourable positions for the adsorption of the overgrowth material. Instead, the overgrowth material is suggested to
cause InAs to migrate away from the tops of the QDs and
redistribute around the bases of the QDs. A larger lattice mismatch between the dot material and the capping material is
expected to cause higher degrees of structural modiﬁcations
during overgrowth. This behaviour explains the greater height
reduction of the QDs in sample B as compared to Sample A, due to
the larger lattice mismatch between InAs and GaAs (7% mismatch) as compared to that between InAs and InP (3% mismatch).
This process leads to the segregation of an alloy of the capping
material and InAs around the bases of the dots. The 3ML of
As-rich material observed on top of the wetting layer in highresolution HAADF STEM images of the QDs in sample B (Fig. 2) is
therefore likely to be InGaAs, formed by alloying between the
capping GaAs and the InAs that was removed from the tops of
the dots.

4. Conclusions
We have used aberration-corrected STEM and EDS to investigate morphological changes in InAs QDs grown on InP(0 0 1)
resulting from partial overgrowth of the dots by 1.7ML of GaAs.
HAADF STEM imaging and EDS analysis suggest that the observed
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Fig. 3. (a) Cross-sectional and (c) plan-view HAADF STEM images of QDs in sample B. The outlines of the QDs in (c) are marked with dotted lines. (b) and (d) The ratios of
the Ga/In signals detected by EDS at each acquisition point marked in images (a) and (c). The specimen thickness is estimated to be  50 nm in (a) and  30 nm in (c).
The acquisition time was 60 s at each point. The plan-view specimen in (c) was only ion-milled from the back and there is 15 nm of InP above the QDs. The inset in image
(a) shows the extent of the estimated broadening effect in EDS.

reduction in the average heights of the QDs following overgrowth
is associated with redistribution of the deposited GaAs around the
bases of the QDs. Our results are consistent with the theoretical
models describing overgrowth processes of QDs. Such changes in
the morphologies of the QDs lead to a change in their emission
wavelength to 1.5 mm, which is desired for optical communication applications.
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