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T
he attractive prospects of quantum
dots (QDs) have been demonstrated
in the case of sophisticated applica-

tions in new-generation devices such as
single-photon emitters for nanophotonics
and quantum computing.1�3 In the past
decade, a considerable amount of research
has been devoted to the attempt to employ
the Stranski�Krastanov growth mode in
highly strained semiconductor hetero-
epitaxy in order to engineer defect-free,
spatially ordered, self-assembled QDs. Until
now, advances in this regard have been
obtained by combining bottom-up and
top-down methods, such as introducing
ex situ processing steps (e.g., standard lithog-
raphy) before and/or after the epitaxial
growth4�6 or by multilayer stacking.7�9

It is well known that steps and step
bunching constitute preferential sites for
dot nucleation.10�14 In this paper we report
on a new effect due to the As flux direction
that can take place on structured substrates

when InAs is deposited at high growth tem-
perature and at high V/III flux ratios. We
show that at these growth conditions by
tuning the As flux direction it is possible to
decide which slopes, among all the other-
wise similar step-bunching slopes, will ac-
commodate the growing dots, adding in
this way a further degree of freedom for
nonrandomness in the system. We find in-
deed that the dots grow only on the step
bunching of the pattern oriented toward
the incoming As flux.
This selective growth can be obtained in

principle by (i) engineering a proper step-
bunching arrangement on the buffer layer
and (ii) appropriately tuning the directions
of the As flux at growth temperatures higher
than 500 �C. In order to demonstrate the
effect, we create a step bunching by inten-
tionally inducing (by a suitable choice of the
growth parameters15,16) the formation of
surface instabilities during the growth of
the buffer layer, so as to obtain a slightly
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ABSTRACT Here we show a new effect due to the arsenic flux in

the molecular beam epitaxy growth of InAs quantum dots on GaAs(001)

at temperatures higher than 500 �C and high As/In flux ratio. We show
that, by changing and tuning the direction of the As flux on a rippled

substrate, a selective growth can be obtained where the dots form only

on some appropriately orientated slopes of a sequence of mounds

elongated along the [110] surface direction. Since the relative As flux

intensity difference over the two opposite mound slopes is very small

(2�5%), the observed large effect cannot be explained simply as a pure

shadowing effect and reveals instead that As, whose contribution to the modeling of growth has often been ignored or underestimated, probably for a lack

of knowledge, plays a fundamental role at these growth conditions. To explain our experiment, we have developed a kinetic model that explicitly takes into

account the coupling between cations (In) and anions (As) and found that the very small surface gradient in the anion flux, due to the oblique evaporation

on the mounded surface, is responsible for a massive drain of cations toward the surface anion-rich areas, thus generating the selective growth of quantum

dots. We expect a comparable behavior for the anions of other III�V and II�VI compound semiconductors.

KEYWORDS: quantum dots . molecular beam epitaxy . kinetic modeling . rate equations
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rippled surface consisting of a sequence of mounds
elongated along the [110] surface direction. The ob-
lique incidence of the As flux on the surface during the
InAs deposition at a growth temperature of 545 �C
leads then to the formation of QDs aligned along only

one of the two sides of the mounds, i.e., the one facing
the As flux. The opposite side along with the flat regions
of the substrate surface are completely bare of dots.
Given the small tilting angles of the mound sides,
shadowing effects cannot explain our observation.
These findings contradict the minor role usually

attributed to anions in the III�V molecular beam
epitaxy (MBE) growth. Growth is indeed commonly
described as primarily dictated by the dynamics of
cations, assumed as the rate-limiting species. Our experi-
ment shows instead that, at the growth conditions used,
As has a strong influence on the nucleation and devel-
opment of the InAs islands, and its contribution cannot
be neglected in the description of the growth process.
To explain the experiment, we have developed a

kinetic model that introduces couplings between In
and As atoms. We have found that the small As flux
gradient existing between the two mound sides, be-
cause of the oblique As evaporation, acts as a pump,
pushing the cations from one side to the other side of
themounds. This causes the growth of the dots on only
one of the two mound sides. This In surface current is
generated by the inhomogeneity in the In adatom
surface distribution caused by the As flux intensity
gradient and is activated by the relatively high growth
temperatures. Here, we find that the As-related In
adatom density gradient between the two mound
sides is not only due to reasons of equilibrium between
the As on the surface and the As vapor pressure;17 it is
also a distinct byproduct of the incorporation dy-
namics, where As plays an important role. Our kinetic
model of dot growth incorporates many new features
such as (i) a different dynamics for cations and anions,
(ii) a distinction between the bulk and surface regions
of the dot, and (iii) a dot surface composition that
depends primarily on the growth conditions (substrate
temperature, atomic and molecular fluxes).

EXPERIMENTAL RESULTS

The samples were prepared by molecular beam
epitaxy on singular GaAs(001) substrates. It is well
known that the growth of GaAs films in the presence
of step edge barriers can be unstable on low-index
crystal surfaces, which can develop step bunching,
forming large mounded structures with a typical slope
of a few degrees.15 As these structures can provide a
template for the nucleation sites of QDs, we intention-
ally induced the formation of surface instabilities dur-
ing the growth of the buffer layer by means of a
suitable choice of the growth parameters15,16 (see
Figure 1). The deposition of 2.45 ML of InAs was
performed at 545 �C with a pulsed In flux (pulsed

deposition (PD)mode, each pulse being 5 s of evapora-
tion followed by 25 s of growth interruption) and a
continuous As4 flux, without rotating the sample and
for different orientations of the As4 flux with respect to
the normal direction to the sample surface (Figure 1).
(See Experimental Methods section for more details.)
The anisotropic surface distribution of QDs is shown

in Figure 1, where the atomic force microscopy (AFM)
topographies of three different samples are reported
together with the schematic drawings of the evapora-
tion geometry used for each sample. In particular, the
figure shows the orientation of the As4 and In fluxes
with respect to the plane (110) of the samples. The
images show the rippled morphology of the sub-
strates, made of mounds elongated along the [110]
direction, produced by the kinetic instabilities during
the buffer layer growth. Very importantly, the topogra-
phies of Figure 1 also show the strict correlation
between the growth conditions and the resulting sur-
face distribution of QDs. When the InAs is deposited
with a pulsed In flux, the sample rotation is switched
off; there is also a given orientation of the As4 flux with
respect to the plane (110) of the sample (see the
drawings in Figure 1); as a result, the QDs are aligned
along the step bunching of one single side of the
mounds (Figure 1b,c). Such asymmetry is strongly
reduced when the growth is performed with the same
growth rate but with a continuous In flux (continuous
deposition (CD) mode)) (Figure 1a) and vanishes com-
pletely when the sample rotation is switched on
(Figure S1 in the Supporting Information). In Table 1
all the relevant parameters determined by a statistical
analysis of many AFM topographies for each sample
are reported with respect to the growth conditions.
It is clearly evident that the mound side where the

QDs are located is determined by the direction from
where the As4 beam comes from. In fact, if we reverse
the direction of the As4 beam (Figure 1b,c), the
mound side where the QDs are located is reversed
as well. The percentage of asymmetry in the QDs
position-related density, fFleft(%) = (Fleft/Fleft)100,
where F is the QDs number density, increases as a
function of the angle between the As4 beam direc-
tion and the plane (110). As can be seen in Figure 1b,c
and Table 1, the surface distribution of QDs is com-
pletely asymmetric when the angle of incidence of
the As4 beam is θAs4 = 25� and θAs4 =�27�with fFleft =
99% and fFleft = 5%, respectively. A significant (32%)
QD formation on the side of the mounds opposite
the As flux is observable only when the angle of
incidence of the As4 beam is decreased to 16� (Figure S1
in the Supporting Information) or when the sample is
grown with the CD mode (fFleft = 59%, Figure 1a).
Figure 2b shows an AFM image of a sample grown

by PD mode but with a lower InAs deposition (2.1 ML).
The sample was quenched at the end of the growth
cycle subsequent to the cycle for which the critical
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thickness was reached. The image shows that, at the
critical thickness for the 2D to 3D transition, QDs are
nucleated on both sides of the mounds, although, at
the stage of the growth reported in the figure, the dots
on the right side already have a significantly smaller
density (fFleft = 74%; see Table 1) and size.
The observed phenomenology clearly demonstrates

that the orientation of the As4 beam plays a crucial role

in the selective growth of QDs. Conversely, the orienta-
tion of the In flux is not significant, being always the
same for all the samples grown and almost vertical
with respect to the sample surface (θIn = 12� on the
right side with reference to the drawings in Figure 1).
The mounds on the substrate surface are fully sym-
metric (the average slope along the [110] direction is in
the range 1�3�, from sample to sample): Thus any
possible effect related to different slopes between the
two sides of the mounds can be ruled out. Further-
more, the low average slope of themound sides allows
us to exclude shadowing effects for both As and In
fluxes (see Figure 2a, where the mounds are schema-
tized and represented in scale). Shadowing effects,
related to In flux, have recently been reported in the
case of mounds with very steep facets.18 Actually, the
evaporation geometry (Figure 2a) allows for a tiny
difference between the As4 fluxes on the opposite
sides of the mounds. By considering an As4 incidence
angleθAs4 = 25�27� and theaverage slopeof themound
sides, the relative difference between the effective
projected flux on the two mound sides is, on average,
ΔFAs4/FAs4 ≈ 1�5%.
Other than theAs4 flux direction, another key param-

eter for obtaining the selective growth of QDs is the

Figure 1. Schematic drawings of evaporation (left column) and AFM topographies, 5 � 5 μm2 (center column) and
2 � 2 μm2 (right column), revealing the decoration of the step bunching on one side of the mounds (b, c) after deposition
of 2.45 ML of InAs at T = 545 �C. The depositions were carried out without rotating the sample, with different growth
procedures (continuous and pulsed In flux, with a continuous As4 flux), and with different orientations of the As4 beam with
respect to the plane (110) of the sample. (a) Continuous In flux; θAs4 = 25�. (b) Pulsed In flux; θAs4 = 25�. (c) Pulsed In flux;
θAs4 = �27�.

TABLE 1. Number Density (G) of QDs and Percentage of

Asymmetry (fFleft(%) = (Fleft/F)100), Determined by a

Statistical Analysis of Many AFM Topographies, with

Respect to the Growth Mode (GM), Geometry of

Evaporation, and Temperature of Growth (Tgrowth)

GM SRa Tgrowth (�C) As4 cell angle (deg) F (cm�2) fFleft (%)

PDb off 500 25� left 2.9 � 1010 64
PD off 530 25� left 4.0 � 109 97
PD on 545 25� left 1.1 � 109 50
PD off 545 25� left 1.7 � 109 99
PD off 545 16� left 2.9 � 109 68
PD off 545 27� right 1.1 � 109 5
CDc off 545 25� left 1.1 � 1010 59
PDd off 545 25� left 1.3 � 109 74

a SR, sample rotation. b PD, pulsed In flux. c CD, continuous In flux. d InAs coverage
2.1 ML.
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substrate temperature: itmust be greater than∼530 �C
(although, to a much lesser extent, the effect is still
present at lower temperatures starting from about
500 �C; see Table 1). It is well known19,20 that, above
500 �C, InAs dots are formedonly if the As/In flux ratio is
greater than a given value, and the higher the tem-
perature, the greater the need for the As flux intensity.
Above 550 �C, no InAs islands are formed irrespective
of the As flux.19,21 This behavior has been ascribed to
temperature-activated indiumdesorption.20,21 It is clear,
however, that at the growth temperature employed in
the present work (545 �C) we are close to these critical
conditions; hence In desorption cannot be neglected.

THEORETICAL RESULTS

To explain the experiment, we have developed a
kinetic model that predicts the time evolution of 3D
islands from the appearance of small structures (radius
1�2 nm) and throughout cycles of 5 s of growth and
subsequent 25 s of annealing period (PD growth
mode). We first note that at T = 545 �C nuclei can
stabilize preferably at the step bunching, where, due to
a higher density of dangling bonds, the adatoms find
more stable binding sites.10�14 Thus, we assume that
stable nuclei occur only at the mound sides. We study
the time evolution of two dots assumed to be nu-
cleated on the two sides of a mound. This assumption
is substantiated by the AFM topography shown in
Figure 2b. Then we model the dots as positioned on
two planar surfaces subjected to slightly different

As molecular fluxes (FA
1 and FA

2 in Figure 2c). Indeed,
the local surface density of As tetramers is the only
experimentally relevant difference existing between
the two sides of the mounds.
Each dot is coupled to the external fluxes and to

a portion of the surrounding wetting layer (WL)
(Figure 2c). We first consider the dot�WL system open
to atom exchanges with the vapor, but closed to atom
exchanges via WL with the other dots. Indium atoms
(indicated as cations C), after deposition, diffuse ran-
domly inside each dot�WL region and attach to/
detach from the dot. The As dimers follow instead a
different kinetics. EachAs4molecule from the flux gives
rise to only one As2 molecule, which may be incorpo-
rated at the surface.22 As2 molecules are known to be
weakly trapped in a precursor state, where they are
assumed to be distributed all over the system.22�24

The As2 sticking coefficient was found to depend on
the availability of cations on the surface.25 The WL is
modeled via an ensemble of rapidly diffusing cations.
Indeed, experimental observations26,27 have found
that, for In depositions larger than about 1 ML up to
the critical thickness, cations become unable to stick to
the surface because of themismatch-related strain and
diffuse rapidly on the WL.
Themodel is expressed through a set of coupled rate

equations describing the time evolution of the number
of atoms of each species: anions and cations at the dot
surface, anions and cations in the dot bulk, and fast
diffusing cations on theWL surface. TheWL is modeled

Figure 2. (a) Schematic side view of a typical mound represented in scale; the lateral slope is 2.5�. The orientations of the As4
and In beamswith respect to the sample normal are also reported. (b) AFM topography 1� 2 μm2after deposition of 2.1MLof
InAs at T=545 �C. The image shows that, immediately after the 2D to 3Dgrowth-mode transition, nucleation of QDs occurs on
both sides of amound. (c) Schematic side viewof twodots of radius r andheight hwith their bulk and surface, sitting on top of
the surroundingwetting layer (WL) on the two sides of amound. On the left, the directions of the atomic exchanges, coupling
the different subsystems (dot�bulk, dot�surface, WL, and vapor phase), are indicated by arrows, and their expressions are
given in the text. The arrow labeled with Ntr represents the coupling between the two dots.
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as a circular sector surrounding the dot, whose width
depends on the cation diffusing length ld = ao(Rdifftd)

1/2,
where Rdiff is the cation diffusion rate, ao the lattice
parameter, and td the WL cation diffusion lifetime, for
which we assume the value of 1 s, consistent with a
relatively long diffusion length at the high growth tem-
peratures. Thus, the diffusion length comes to dependon
the temperature, but not explicitly on theAs flux because
ofour simplifiedmodelof theWL.We labelNC

s (t) andNA
s (t)

thenumberof In andAsatomsat thedot surfaceat time t,
andNC

WL(t) the number of In atomsdiffusing randomly on
the WL surface.26�28 Their time evolution is given by

dNs
C

dt
¼ FCSdot � RCdesN

s
C þ

1
4
RattN

WL
C

� RdetfNs
C
� T s f b

C þ Tb f s
C (1)

dNs
A

dt
¼ FA

0 λ
dC
Sdot � RAdesN

s
A � T s f b

A þ Tb f s
A (2)

dNWL
C

dt
¼ FCSWL � RC

0
desN

WL
C � 1

4
RattN

WL
C þ RdetfNs

C
(3)

FC is the incident flux of In atoms. In the case of As, by
assuming that the incorporation occurs only when the
As dimer is in the precursor state and encounters an
appropriate cation site,22�24 we obtain an incorpora-
tion rate that depends explicitly on the number of
surface In atoms as FA

0
(λ/dC), where FA

0
= FA exp(EB/kT) is

the enhancement of the incident flux FA due to the
entrapment of the As2 molecules in the precursor with
barrier EB = 0.25 eV (see Supporting Information).
λ = τ(2πkT/m)1/2 is the distance traveled by the As2
molecule during its lifetime τ≈ 10�12 s,m is themolecule
mass, and dC is the average distance between two
surface indium atoms. Other events occurring for both
species at the dot surface include desorption (with
rates Rdes) and transfer to and from the dot bulk (T).
Only cations are assumed to diffuse and attach to (with
rate Ratt) and detach from (with rate Rdet) the dot
border (see Supporting Information). The number of
In atoms on the dot border is given by fNC

s in terms of
the surface atoms NC

s and of the ratio between surface
area andperimeter. For simplicity the dot is assumed to
have the shape of a spherical sector with surface Sdot.
The dots grow or dissolve through atom transfer

from the surface to the bulk below and vice versa. Bulk
atoms are fully four-coordinated to atoms of the other
species and are inert in regard to the growth events.
They evolve as

dNb
C

dt
¼ þT s f b

C � Tb f s
C ¼ f1(t)ΨA (4)

dNb
A

dt
¼ þTs f b

A � Tb f s
A ¼ f2(t)ΨC (5)

where f1(t) and f2(t) are introduced for each atomic
species, respectively, to express how many bulk atoms

of a given species are generated in the average for
each incorporated surface atom of the other species.
ΨC = FCSdot � Rdes

C NC
s þ 1/4 RattNC

WL � RdetfNC
S is the net

In flux on the dot surface (the difference between
atoms incorporated at and leaving from the surface),
while ΨA = FA

0
λ/dC Sdot � Rdes

A NA
s is the same quantity

for As atoms (see Supporting Information for more
details).
The kinetic coupled eqs 1�5 are solved using the

Runge�Kutta method. We find that, irrespective of the
used rates, the dot exposed to the larger flux (Dot 1 in
Figure 2c) always has a larger volume than that ex-
posed to the smaller flux (Dot 2 in Figure 2c). The
different density of As2 precursors on the two sides of
the mounds also affects, as well as dimension, a
number of other dot properties. Regardless of the
employed energy barrier values, we always find that
Dot 2 has a cation-richer surface composition. Dot 1 is
under an As flux of 30 atoms/nm2 s, whereas Dot 2 is
under an As flux of 27 atoms/nm2 s. The In flux is
0.2 atoms/nm2 s, with a As/In ratio larger than 100 (see
Supporting Information).
Furthermore, we always find a slightly larger density

of cations FWL in the WL of Dot 2. Thus, the entire
surface region of Dot 2 is In-richer than the surface of
Dot 1. Eventually we find that a relatively small As
surface density gradient originates a gradient in the
cation surface density. At the high temperature used in
our experiment surface cations have a very large
mobility; thus, we expect that the density gradient
should originate a cation flow from the mound side,
where the As flux is smaller, to the other side. In order
to verify this hypothesis, we introduce two new ingre-
dients into our model. The first one is a modification of
the detachment barrier taking into account size and
composition-related effects (see Supporting Informa-
tion). Thus, we model the total detachment rate as

Rdet
0 ¼ Rdet

l2d
Sdot

Θ(xC � 1=2) exp(2xC � 1)
Ex
kBT

� �
(6)

where xC is the cation content, Θ(x) is the Heaviside
step function. ld

2/Sdot is the ratio between the surface
spanned by the diffusing In on the dot surface and
the actual dot surface area, and it is related to the
frequency with which surface cations reach the dot
border. An increase of the detachment rate for smaller
dots is produced without the introduction of a new
energy barrier. The factor in the curly brackets in-
creases the detachment rate Rdet

0
and then decreases

the detachment barrier only for In-rich surfaces and
proportionally to the In composition. Ex = 0.45 eV is
estimated by the ab initio calculations.29,30 The second
ingredient is the coupling between the two dots,
that is, the cation transfer between the two dot�WL
regions. This is calculated using the Fick law. The
number of In atoms transferred per second, Ntr(t),
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from one WL region to the other is (assuming the two
dot regions do not overlap)

Ntr(t) ¼ �4D ΔFWL(t)
L � (r1(t)þ ld) � (r2(t)þ ld)

(r0(t)þ ld)

(7)

where r0(t) = (r1 þ r2)/2 is the average base radius of
Dot 1 and Dot 2, and L is a typical distance between
the dot regions on the two sides of a mound; we use
L = 350 nm. D = Rdiffa0

2 is the diffusion constant;ΔFWL is
the difference in the cation density between the two
WLs (see Figure 3b).

DISCUSSION

The results of the rate equations for a given set of
energy barriers (see Supporting Information) are
plotted in Figure 3c for the cases with (Ntr 6¼ 0) and
without (Ntr = 0) coupling and for two different growth
temperatures. As predicted, when the coupling is
“on”, the cations flow from the region exposed to the
smaller As flux to that exposed to the higher As flux. At
T = 545 �C, the mass transport between the two areas
determines the dissolution of Dot 2 within the first 25 s
of the annealing cycle, while Dot 1 continues to grow at
the expense of Dot 2. Even without this atom transfer,
the volume difference between the two dots is fairly
large, especially during the annealing period. However,
it is worth noting that the dissolution of Dot 2 takes
place only when the coupling between the two dots is

allowed. This effect is clearly temperature dependent
since at T = 500 �C no substantial difference in the
volume time evolution is found between the two dots,
even when the coupling is “on”. The processes leading
toDot 2 dissolution are not yet activated for the chosen
energy barrier values. This finding is in line with the
experimental results where the selective growth is
sharp only at the higher temperatures (see Table 1,
where fFleft at T = 500 �C is strongly reduced to 68%).
Moreover, our experimental observations show that
when the angle of the As flux is reduced to 16�, so that
ΔFAs4/FAs4 is smaller, the percentage of observed asym-
metry is also smaller (Table 1). This behavior is also
predicted by the model (not shown) for which the
dissolution of Dot 2 is slower when ΔFA/FA is smaller,
enabling Dot 2 to survive during the annealing cycles.
Notably, our model sheds light on the main reason

for the experimentally observed selective growth. First,
we notice from Figure 3a that the higher the As flux
intensity, the higher the As incorporated at the dot
surfaces. At increasing temperatures, As desorption
increases, leading to an In enrichment of both the
dot surfaces (Figure 3a). For an As desorption barrier
lower than 1.70 eV, the Dot 1 surface is still As-rich
(anion content xA > 0.5), while the Dot 2 surface is
In-rich (xA < 0.5). Consequently, on the basis of eq 6,
the In detachment rate from Dot 2 increases, andmore
In is released into theWL around Dot 2 (the smaller size
of Dot 2may further increase the detachment rate of In

Figure 3. (a) As surface content xA = NA
s /(NA

s þ NC
s ) of Dot 1 (solid lines) and Dot 2 (dashed lines) at T = 500 �C (red lines) and at

T=545 �C (black lines). xA = 1 corresponds to a full As-richdot surface, and xA = 0.5 to equal As and In content. Dot 1 is under an
Asflux of 30 atoms/(nm2 s), whereasDot 2 is under anAsflux of 27 atoms/(nm2 s); the In flux is 0.2 atoms/(nm2 s); the As/Influx
ratio is larger than 100. (b) Schematics of the density of cation on the WL (FWL) versus dot distance (see eq 7). (c) Dot 1 (solid
lines) and Dot 2 (dashed lines) volume time evolution at T = 500 �C (red lines) and at T = 545 �C (black lines).
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from Dot 2). On the other hand, the In incorporation
kinetics is more efficient when more As is available,
as testified by the larger volume of Dot 1. Thus, In is
incorporated more efficiently into Dot 1 than into
Dot 2, thus leaving a larger In density in the WL (FWL)
surrounding Dot 2 (see Figure 3b). Both processes
contribute to increasing the In density around Dot 2
relative to that around Dot 1. This adatom density
gradient leads to a persistent In flow from one side of
the mound to the other. The overall process pro-
motes the dissolution of the dots on the side oppo-
site the As flux arrival direction.
A very distinct role is played by indium diffusivity. As

shown in eq 7 the observed phenomenon requires a
relatively high diffusion constant and corresponding
diffusion lengths on the order of the distances between
the step bunches. We find ld = 82 nm at T = 500 �C and
ld =143nmat T=545 �Cbyusing adiffusionbarrier Ediff=
1.34 eV; these values are to be compared with the
estimated experimental value of ∼240 nm. A typical
distance between two mound bunches L is in the range
200�400 nm. Since diffusion depends considerably on
temperature, the activation requirements are clearly
satisfied only at high growth temperatures. A different
choice for the energy barrier values changes not the
occurrenceofDot 2dissolution, but only the timeand the
annealing cycle, at which dissolution takes place, pro-
vided the diffusion length is sufficiently long.
Ourmodel provides a clear interpretation of the experi-

ment, highlighting the main mechanisms responsible

for the observed selective growth. We note that the
sample grown in CD mode (see Figure 1a and Table 1)
shows only a poor selective growth. However, in light
of the kinetic processes identified by our model, we
expect that a consistent reduction of the growth rate
should enhance the selective growth in the CD mode
as well.

CONCLUSIONS

The results presented here highlight an unexpected
behavior of As in the nucleation and growth of InAs
QDs. We have shown that, growing InAs on a slightly
rippled GaAs buffer layer with a properly tilted incom-
ing As flux, even a small imbalance in the As flux
intensity can lead to a selective growth of QDs at
specific locations on the surface. We have developed
a kineticmodel that shows that such anAs gradient can
drag In adatoms over the surface, thus determining the
positions where the QDs grow, provided the growth
temperature is sufficiently high to enhance the In
surface mobility. Our results tackle the problem of
the comprehension of fundamental aspects of nano-
structure growth in III�V systems and, in particular,
offer new insights and pose new questions regarding
the understanding of the interaction kinetics of
anions during the growth of both III�V semiconduc-
tors and other compound semiconductors for which
the adsorption kinetics of one of the elements
involves a highly mobile precursor state close to
the surface.

EXPERIMENTAL METHODS
Sample Growth. The samples were prepared by molecular

beam epitaxy (RIBER 32P reactor) on singular GaAs(001) sub-
strates with a miscut angle of about 0.01�, corresponding to
average step distances of about 2000 nm. A GaAs buffer layer of
approximate thickness 500 nm was grown at 590 �C with a
choice of the As4/Ga flux ratio and of the growth rate suitable for
inducing the formation of surface instabilities15,16 (see Figure 1).
The InAs depositions were carried out with a pulsed In flux
(PD mode) and a continuous As4 flux, without rotating the
sample, for three different orientations of the As4 flux with
respect to the normal direction to the sample surface (Figure 1).
The In delivery was cycled in 5 s of evaporation followed by 25 s of
growth interruptionwith the As4 shutter permanently open. For all
the samples studiedadepositionof 2.45MLof InAswasperformed
at a rate of 0.03 ML/s at 545 �C, a temperature where the stable
surface reconstruction of GaAs(001) is (2� 4). The As4/In flux ratio
was about 40 in order to control the decrease of the In sticking
coefficient with temperature.19,20 Immediately after the InAs
growth, the samples were quenched under As4 flux (beam
equivalent pressure = 1.3 � 10�6 Torr). For purposes of compar-
ison several samples were prepared under different growth con-
ditions: One sample was grown with the same rates and growth
temperatures but with a continuous In flux (CDmode) (Figure 1a).
Three other samples were grown by PDwith rotation switched on
(Figure S1 in the Supporting Information) and by PDwith rotation
switchedoff, but at differentgrowth temperatures, 500and530 �C,
respectively (not shown), or smaller InAs coverage (2.1 ML; see
Figure 2b). The results are summarized in Table 1.

Sample Characterization. The reflection high-energy electron dif-
fraction patternwasmonitored by a charge-coupled device camera

during growth. atomic force microscopy. VEECO multiprobe char-
acterization was performed ex situ in the tapping mode by using
ultrasharp nonconductive Si tips with a nominal radius of about
2 nm.
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