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We report the effects of variations in As4 growth flux on the evolution of molecular beam epitaxy
grown InAs quantum dots �QDs� and their structures and optical properties. For InAs QDs grown
under As-stable conditions, evaluated through photoluminescence and atomic force microscopy
�AFM� measurements, it is evident that QD size increases with As4 pressure along with
improvement in size uniformity. Furthermore, transmission electron microscopy measurements for
InAs layers of critical thicknesses ��1.7 ML� showed decreasing QD density with increasing As4

pressure accompanied by a strong reduction in photoluminescence �PL� integral intensity. These
show that high As4 fluxes suppress InAs QD formation while the decreasing PL intensity seems to
indicate cluster formation that features nonradiative recombination. AFM measurements show larger
and denser QDs for samples grown at higher As4 pressures. These are explained on the basis of
adatom condensation during surface cooling and the influence of As4 pressure on indium
incorporation. © 2007 American Institute of Physics. �DOI: 10.1063/1.2785969�

I. INTRODUCTION

The study of quantum dots has allowed immense devel-
opment in the physics of zero-dimensional �0D� structures.
The technological potential of quantum dot �QD�-based de-
vices owing to their superior optical and electronic properties
has become the main driving force for further studies in this
field. Taking advantage of the inherent strain among hetero-
structures, quantum dots are grown via self-assembly �i.e.,
Stranski-Krastanow mode� through molecular beam epitaxy
�MBE� and metal organic chemical vapor deposition
�MOCVD�. The practicality of QD-based devices at room
temperature applications, however, imposes several require-
ments from the growth standpoint, particularly on QD size
and uniformity.1 Various investigations have been reported
on the study of QD size control2–6 as the ability to control the
height, shape, and lateral dimension of QDs affords struc-
tures that emit in the technologically important wavelengths
of 1.3 and 1.55 �m. No less important than size control is
the demand for QD uniformity. Devices that require the
strictest spectral constraint, with the exception of QD lasers,
will rely on the uniformity of quantum dots and as such any
significant fluctuation in size or volume is undesirable. In the
InAs/GaAs quantum dot system, enhanced uniformity is ob-
served on vertically coupled quantum dot samples,7,8 on
samples grown by migration enhanced epitaxy under In �no
As� flux,9 and for QDs grown with As2 instead of As4

species.10 Independent control of size and density distribu-
tions in the upper QD layer in bilayer samples has also been
reported.7 Similar studies exploring the effects of various
parameters such as growth rates,11 growth temperature,12

annealing,13,14 AlAs,15 and InxGa1−xAs capping layers16,17 on
the structure and luminescence characteristics of QDs have
been conducted.

Curiously, the effect of arsenic growth flux �As2 or As4�
on InAs/GaAs systems is scarcely investigated except for
one of the early studies conducted by Ledentsov et al.18

which showed that higher or lower As fluxes suppressed the
formation of dots.

In this study, we report a detailed investigation on the
effects of As4 flux on the growth kinetics and the optical and
structural characteristics of InAs quantum dots grown on
GaAs �100� substrates by MBE, particularly with regard to
size evolution, QD density, and uniformity.

II. EXPERIMENTS

The layers were grown on n+-GaAs �100� substrates us-
ing a solid source Riber 32P MBE system equipped with a
12 keV reflection high energy electron diffractometer
�RHEED�. After oxide desorption, a 0.6-�m-thick Si-doped
GaAs buffer layer containing 20–30 periods of AlAs/GaAs
superlattice was grown at 580 °C to shield the layers from
substrate impurities and smoothen the surface prior to the
deposition of dots. The growth temperature was slowly
ramped down to 490 °C during the last 100 nm of the buffer
layer, followed by InAs deposition. The amount of deposited
InAs was determined from RHEED signal in accordance
with Ref. 19, wherein the appearance of so-called chevrons

in the �110¯ � azimuth corresponded to a critical coverage of
1.7 ML �monolayer� at this growth temperature for a total
deposition time tc. Immediately upon observation of critical
coverage, the In cell was closed and the InAs layer was
subjected to a 10 s growth interrupt �G.I.� under flowing As4
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followed by another InAs deposition for the same duration tc

and, finally, an overgrowth with 100 nm Si-doped GaAs. On
this cap layer, a second InAs QD layer was grown in an
exactly similar manner but at a higher As4 flux. In all, three
QD layers were grown at various values of As4 flux for each
sample, and two samples �S1 and S2� were prepared this
way, covering As4 flux range of 1.6P0–8.4P0. In this study,
1.6P0 corresponds to an As4 pressure which is 1.6 times over
the value where the transition from As-rich to Ga-rich
growth takes place. To investigate the effect of varying As4

flux during growth interrupt, another sample �S3� containing
three QD layers was grown in the same manner described
above but without the subsequent InAs regrowth following
the growth interrupt stage. Finally, a control sample �S4�
containing three layers of identically grown InAs QD layers
was prepared to determine whether the relative positions of
the QD layers with respect to the surface affect the photolu-
minescence �PL� peak positions and intensities.

All InAs QDs in this study were grown at 490 °C at a
fixed In flux and capped with 100 nm Si-doped GaAs �for PL
measurements� except for those intended for atomic force
microscopy �AFM� measurements. For these uncapped lay-
ers, the growth temperature was rapidly ramped down to
room temperature upon growth of InAs. Two QD layers for
AFM under 2.3P0 and 8.4P0 were grown in this manner. We
note that the cap layers for the other samples were grown at
different V/III flux ratios corresponding to the changes in
As4 flux �Ga flux was fixed�. The thickness �100 nm� of the
cap layer was meant to minimize if not eliminate any tem-
plating and/or stacking effects between QD layers that could
lead to vertical coupling.

PL measurements were performed using the 488 nm line
of Ar+ laser with the output signal collected by a Spex 500
spectrometer using a Ge photodiode employing standard
lock-in techniques. It was necessary to etch the samples se-
quentially in order to probe the buried QD layers. For this
purpose we used 1:3:150 �NH4OH:H2O2:H2O� solution by
volume at an etch rate of about 90 Å/s for GaAs. Finally for
S3, cross section transmission electron microscopy �XTEM�
images are correlated with PL data to evaluate the effect of
As4 during growth interrupt.

III. RESULTS AND DISCUSSION

Figure 1 presents the PL spectra for sample S1, corre-
sponding to the lowest range of As4 flux used in this study,
1.6P0–5P0. The broad spectra indicate wide size distribu-
tions while broadening toward higher wavelengths accompa-
nied by a redshift in PL peak positions suggests increase in
QD size with As4. To visualize size increase, we utilized
Gaussian fitting curves showing three dominant size distri-
bution modes labeled SQD, MQD, and LQD �for purposes of
distinction�, corresponding to their respective relative sizes
�small, medium, and large�. The increasing emission wave-
length �Figs. 1�a�–1�c�� translates to a decrease in quantum
confinement which is an indication of increasing QD size. In
addition, a low density of smaller QDs starts to appear in the
PL spectrum for the layer grown at 5P0 �indicated by an
arrow in Fig. 1�c��. No broadening is observed in the low

wavelength side of the spectrum. This size increase can be
explained by the minimal In desorption at high As4 flux20

and at relatively low temperatures. In incorporation is there-
fore enhanced and the In adatoms are probably bonded pref-
erentially to existing islands. A similar behavior can be seen
in Fig. 2 for sample S2 grown at a higher As4 flux range of
4.4P0–8.4P0. Comparing Figs. 1 and 2, we see an improved

FIG. 1. PL spectra for sample S1 �three GaAs-capped QD layers� grown at
�a� 1.6P0, �b� 3.2P0, and �c� 5P0 where P0 corresponds to As4 pressure at the
Ga-rich to As-rich growth transition point. The increase in PL emission
wavelengths with As4 pressure indicates increasing QD size over the entire
multimodal distribution with small, medium, and large QDs labeled SQD,
MQD, and LQD, respectively, based on Gaussian fitting curves. The peak
marked by the arrow in �c� represents the appearance of small QDs in
addition to the three modal sizes.

FIG. 2. PL spectra for sample S2 �three GaAs-capped QD layers� showing
broadening at higher wavelengths with increasing As4 flux indicating QD
size increase.
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uniformity in QD size distribution for S2, in addition to the
increased QD size with As4 pressure. We estimate a 46%
reduction in full width at half maximum �FWHM� value for
S2 relative to S1. The lowest As4 flux used in this study
corresponds to As4/ In ratio of �200 well into the As-stable
condition regime. Accordingly, strain relaxation under As-
stable conditions starts with the formation of coherent is-
lands while misfit dislocation formation that leads to the sup-
pression of island growth is characteristic of In-stable
conditions.21 Our results are in perfect agreement with the
former case.

GaAs cap layers have been known to affect the size and
shape evolution of dots. The anisotropic formation of InAs
on GaAs can lead to elongation of the dots22 and shape trans-
formation has been reported from square-based pyramids to
lens-shaped dots after GaAs regrowth.23 A study on the effect
of thin GaAs cap layer resulted into reduction in height and
density of QDs.3 In our case, aside from a small reduction in
PL intensity for buried layers, we observed consistent and
reproducible effect of the 100 nm GaAs spacer layers for
QDs grown at a relatively higher flux of 3.8P0. This is seen
in Fig. 3, the PL spectra for sample S4 consisting of three
QD layers grown identically at this As4 flux. Hence, we at-
tribute the observed redshifts in PL emission as due exclu-
sively to increased QD size. The nonconformity of our re-
sults with those of Ref. 3 where In segregation from the
wetting layer to the GaAs layer was considered to be the
cause for QD volume reduction may be due to the relatively
low growth temperature of 490 °C used in our study that
renders the thermally driven In segregation to be ineffective.

In Fig. 4 we compare the AFM micrographs of two un-
capped QD layers grown at As4 fluxes of 2.3P0 ��a� and �c��
and 8.4P0 ��b� and �d��. A most notable difference between
the two layers is the high concentration of clusters for the
layer grown at the lower As4 flux as seen in Fig. 4�a�. Such
lateral coupling indicates that In is preferentially incorpo-
rated into large dots already present and further enhanced
under low arsenic conditions. This mechanism also explains
the apparent low coverage seen in Fig. 4�a�. However, as can
be seen in Fig. 4�c�, a large portion of these “uncovered”
areas is in fact populated by small coherent dots, whose
growth is hampered by the above-mentioned preferential In

incorporation. Figure 4�b� shows the areal micrograph of
QDs grown at higher As4 flux and it can be seen that the
density of clusters is significantly reduced leading to a more
uniform size distribution �Fig. 4�d�� and larger coherent dots.

We now focus on the origin of the increase in size and
density of the uncapped QDs. The effect of cooling of un-
capped surfaces has been previously studied and it was found
that QD size increases due to surface adatom condensation
onto existing InAs islands.24 However, the observed size in-
crease in our study cannot be fully attributed to this phenom-
enon because �i� the uncapped samples in this study were
cooled rapidly to 300 °C severely limiting adatom diffusion
and condensation on preexisting islands and �ii� QD size
increase is observed even for capped QDs �samples S1 and
S2� as indicated by the redshift in PL peak position seen in
Fig. 1. This means that some other mechanism�s�, such as the
one described above, is �are� in effect. Comparing the densi-
ties of QDs, we found from Fig. 4 that the layers grown at
higher As4 flux have a higher concentration than the lower
As4 flux layer. Such increase in QD density is consistent with
the results of the study conducted by Ledentsov et al.25 and
is accordingly due to adatom condensation. The speed of the
cooling process in this case imposes a limitation on the ef-
fective diffusion length of In adatoms which therefore con-
dense to form new islands rather than being incorporated into
existing islands. This is particularly true for surfaces of low
island density before cooling starts. As can be seen in Fig. 5,
QD density is significantly low for InAs layers grown at
higher As4 fluxes �sample S3�. Therefore, adatom condensa-
tion will strongly be manifested in the formation of new
islands, hence the increase in density for uncapped QDs
grown at high As4 fluxes. It is also evident from the integral
intensities of the PL peaks in Fig. 5 that the dots grown at
high As4 fluxes are dominated by cluster formations as re-
ported in Ref. 18.

FIG. 3. PL spectra of sample S4 �three identically grown GaAs-capped QD
layers� showing the decrease in integral intensity of buried QD layers.

FIG. 4. �Color online� 2�2 �m2 AFM areal and three-dimensional �3D�
micrographs of QD layers grown at 2.3P0 ��a� and �c�� and 8.4P0 ��b� and
�d��. Improved uniformity and density can be seen for the QDs at higher As4

flux.
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IV. CONCLUSION

In conclusion, we found that InAs quantum dots grown
under As-stable conditions increase in size with As4 pres-
sure, in addition to enhanced size uniformity. Furthermore,
InAs layers of critical thicknesses ��1.7 ML� showed de-
creasing QD density with increasing As4 pressure accompa-
nied by a strong reduction in PL integral intensity. High As4

fluxes therefore suppress InAs QD formation while at the
same time inducing cluster formation that features nonradia-
tive recombination. Higher density QDs resulted from
growth of uncapped QDs at high As4 pressures due to ada-
tom condensation during surface cooling, while volume in-
crease is due to the influence of As4 pressure on indium
incorporation.
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