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We show that, by changing and tuning the direction of the As flux on a rippled substrate, at
temperatures higher than 530 °C and high As/In flux ratio, a selective growth of InAs dots can be
obtained on GaAs. This is an undisclosed effect related to the Arsenic flux in the molecular beam
epitaxial growth of InAs quantum dots (QDs) on GaAs(001). This effect cannot be explained by

a shadowing effect, due to the gentle slopes of the mounds (1-3°), and reveals instead that As plays
a fundamental role at these growth conditions. We have developed a kinetic model, which takes into
account the coupling between cations and anions, 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 QDs.

. INTRODUCTION

During the last decade, the growth of highly
strained semiconductor heterostructures has been
studied extensively, especially those systems that exhibit
a Stranski—Krastanov (SK) growth mode. The SK growth
mode, in fact, represents an appealing approach for ob-
taining defect-free self-assembled quantum dots (QDs)."
Recently, the attractive prospects of QDs have been
demonstrated in the case of sophisticated applications in
new generation devices such as single-photon emitters for
nanophotonics and quantum computing.'™ For these
exciting applications of QDs, the major challenge to be
solved is a proper control over the single-QD arrange-
ments.' The stochastic nature of the microscopic surface
processes, and more importantly of the diffusion, leads to
random nucleation and size/composition fluctuations of
the QDs. Until now, advances in the ordering of QDs have
been obtained by combining bottom-up and top-down
methods, such as introducing ex situ processing-steps
(e.g., nanopatterning, etching, lithography) before and/or
after the epitaxial growth,*® or by multilayer stacking.””
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However, the emission properties of such arrays are still
far from the high optical quality of randomly grown QDs'°
Thus, a patterning-free method, relying solely on tailoring
of the growth to control the lateral position and com-
position of QDs would be a relevant technological
achievement. The capability to achieve this result in the
InAs/GaAs heterostructure relies on the possibility of
minimizing the randomness of In diffusion, which is the
main responsible of the fluctuations in the QD size and
mutual distance. In this paper, we report on a new effect,
related to the As incorporation kinetics, which represents
an important progress in this direction. It is known that
steps and step bunching constitute preferential sites for
dot nucleation.''~'* By using this concept and a pulsed
deposition (PD) in molecular beam epitaxy (MBE), we
show that, at high growth temperature and at high V/III
flux ratio, it is possible to determine which slopes, among
all the otherwise similar step bunching slopes, will accom-
modate the growing QDs. The key parameter is the As flux
direction and we find indeed that, after a mounding and
a proper step bunching on the GaAs buffer layer are
engineered, the dots grow “only” on the step bunching of
the mounds which is oriented toward the incoming As
flux. These results challenge the commonly held belief that
the As role can be neglected in the description of As-based
epitaxy. We have thus developed an appropriate two-
species kinetic model that explains the experiments
showing that the oblique arsenic evaporation, giving rise
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to a small As flux unbalance between the two mound sides,
causes a drift current of In adatoms that determines the
growth of the QDs on only one of the two mound sides.

Il. EXPERIMENTAL METHODS

The samples were prepared by MBE (RIBER 32P
reactor, France) on singular GaAs(001) substrates with
a miscut angle of about 0.01°, corresponding to average
step distances of about 2000 nm. A GaAs buffer layer with
an approximate thickness of 500 nm was grown at 590 °C
with a choice of the Asy/Ga flux ratio and of the growth
rate suitable for inducing the formation of surface insta-
bilities'>1® (see Fig. 1).

The InAs depositions were carried out with a pulsed In
flux (PD mode) and a continuous As, flux, without
rotating the sample. With reference to the orientation of
the sample reported in Fig. 1, three different orientations
of the As, flux have been used with respect to the plane
(110) of the sample with angles: —25°, —16°, and +27°
(see Table I). The In delivery was cycled in 5 s of

In cell

As, cell

evaporation followed by 25 s of growth interruption with
the As, shutter permanently open. For all the samples
studied, the InAs deposition was performed at a rate of
0.03 ML/s at 545 °C, a temperature where the stable
surface reconstruction of GaAs(001)is (2 x 4). The As,/In
flux ratio was about 40 to control the decrease of the In
sticking coefficient with temperature.'”'® Immediately
after the InAs growth, the samples were quenched under
As, flux (beam equivalent pressure, BEP = 1.3 x 10° Torr).

For purposes of comparison, several samples were pre-
pared under different growth conditions: one sample was
grown using the same rates and growth temperature but
with rotation switched on [Fig. 1(a)]. Other two samples
were grown with rotation switched off but at different
growth temperatures, 500 and 530 °C, respectively.

The reflection high-energy electron diffraction pattern
was monitored by a charge-coupled device camera during
growth. Atomic force microscopy (AFM) VEECO multip-
robe characterization was performed ex situ in the tapping
mode by using ultrasharp nonconductive Si tips with
a nominal radius of about 2 nm.

As,cell  Incell

Incell As, cell

]

(d)

FIG. 1. AFM topographies, 5 x 5 pm®. Drawings in the figures show the evaporation geometry on the sample. The morphologies have been obtained by
PD after 2.45 ML of InAs at 7 = 545 °C, rotating the sample, and with As source oriented at 6 = 25° with respect to the surface normal (a), without rotating
with 0 = 16° (b), 0 = 25° (c), and 6 = —27° (d). Panels (c, d) reveal the decoration of the step bunching on one side of the mounds.
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lll. EXPERIMENTAL RESULTS

An example of selective growth of QDs is shown in
Fig. 1, where the AFM topographies of four different
samples, obtained after deposition of 2.45 ML of InAs, are
reported together with the schematic drawings of the
evaporation geometry used for each sample. In particular,
the figure shows the orientation of the As, and In fluxes
with respect to the (110) plane of the samples. The images
show the rippled morphology of the substrates (mounds
elongated along the [110] direction, with typical sizes
~1.2 pm x 0.3 um X 3 nm) produced by the kinetic
instabilities that occurred during the buffer layer growth.
As these structures can provide a template for the
nucleation sites, owing to the higher density of dangling
bonds leading to higher adatom binding energies, we have
intentionally induced the formation of step bunching
during the buffer layer growth (see Sec. II). In fact, AFM
topographies of Fig. 1 show the QD decoration of the step
bunching. In particular, the higher is the bunch slope, the
higher is the linear density of QDs along the step bunches
(Fig. 2). Very importantly, the topographies of Fig. 1 show
clearly the strong correlation between the growth conditions
and the resulting surface distribution of QDs. When InAs is
deposited with the sample rotation off and with an oblique
orientation of the As, flux with respect to the (110) plane
of the sample (see the drawings in Fig. 1), the QDs align
along the step bunching of one single side of the mounds
[Figs. 1(c) and 1(d)]. Such an asymmetry between the two
mound sides is strongly reduced if the sample is grown with
a continuous In flux,"® while it is completely removed when
the sample rotation is on [Fig. 1(a)].

It is clearly evident that the mound side where the
QDs are located is determined by the direction of the
impinging As, beam. In fact, if we reverse the direction
of the As, beam (Fig. 3), the mound side where the QDs
are located is reversed as well. Furthermore, the percent-
age of asymmetry f,r (%) in the QD positioning
[calculated as fpiere (%) = (pies/p)100, where p is the
QD number density] increases as a function of the angle
between the As, beam direction and the (110) plane.
As can be seen in Figs. 1(c) and 1(d) and 3, InAs QDs are

TABLE 1. Summary of the growth conditions (rotation, substrate
temperatures, angles of fluxes with respect to the plane (110) of the
sample, and fluxes) used for each sample presented in the paper.

Sample  Tyrown Asgcell Fag, (BEP  Fy, (BEP

Growth mode rotation  (°C) angle (°) in Torr) in Torr)

PD Off 500 -25 13x107° 37x10°®
PD Off 530 -25 13x107° 37 x10°®
PD On 545 -25 13x107° 37x107®
PD Off 545 -25 13x107° 37 x10°®
PD Off 545 —-16 13x107° 37 x10°®
PD Off 545 +27  13x107° 3.7 x107®
PD Opas =2.1ML  Off 545 -25 13x107° 37 x10°®

not found on the mound side opposite to the direction of
the As flux [f,er (%) is typically in the range 95-99%].
A significant (32%) QD formation on this side is observ-
able only when the angle of incidence of the As, beam is
decreased from 25 to 16° [Fig. 1(b)] or when the sample
is grown with a continuous In flux [f,er (%) = 59]."
The observed phenomenology clearly demonstrates
that the orientation of the As, beam plays a central role
in the selective nucleation of QDs. Conversely, the orien-
tation of the In flux (Fig. 1) is not significant, since it is
always the same for all samples, and almost vertical with
respect to the sample surface (0, = 12° on the right side

.
20 + .o.
L ]
‘Tg .
315— L] .
= LI A
@ o .
510— N ° °
9 e % o,
3 ™
£ 5t hd
5 :
o
O Al‘lllAlq | 1 P

0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
Step Bunching Slope (deg)

FIG. 2. Linear density of QDs nucleated on the mound (sample not
rotating and As source evaporating at 6 = 25° with respect to the surface
normal) plotted as a function of the slope of the step bunches.
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FIG. 3. Three-dimensional perspective views of the AFM morphologies
(2 x 2 um?) changing the evaporation source of As from left (a) to right
side (b).
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with reference to the drawings in Fig. 1). The mounds on
the substrate surface are completely symmetric and, for
our growth conditions, 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.
Furthermore, the low average slope of the mound sides
[e.g., 2.5 %= 0.5° for the sample of Fig. 1(c)] allows us to
exclude shadowing effects of both As and In fluxes as the
reason for the observed phenomenon, as instead recently
observed for In flux in the case of mounds with very steep
facets.?”

To complete the phenomenology, Fig. 4 shows the
AFM images of two samples grown at two different
temperatures: 500 °C [Fig. 4(a)] and 530 °C [Fig. 4(b)].
It is evident that the effect is temperature dependent since
at T = 500 °C, the percentage of asymmetry fyer (%)
is only 64%, whereas it increases markedly to 97% for
T =530 °C.

The key parameters to obtain the selective growth of
QDs are essentially two: (i) the substrate temperature,
which must be greater than ~530 °C [Fig. 4(b)] and,
(i1) most crucially, the orientation of the As, beam, which
must have a given direction with respect to the mounds
and step bunching on the surface. These two points
suggest that the role of In desorption should be considered
too. At growth temperatures higher than 500 °C, In desorp-
tion rapidly increases and is strongly dependent on the As,
flux, thus influencing the growth mode of InAs. In Refs. 17
and 18, it is shown that, for temperatures higher than
500 °C, InAs grows in the SK growth mode only if the
As/In flux ratio is greater than a given value, but for
temperatures higher than about 550 °C no InAs islands
can be formed, irrespective of the As flux. At the growth
temperatures used in the present work (530 and 545 °C),
we are close to these critical conditions (for our growth
conditions, we can estimate an In desorption rate of
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FIG. 4. AFM topographies, 2 x 2 umz of 2.45 ML of InAs, grown with PD, without rotation, at 7 = 500 °C (a) and 7' = 530 °C (b).

about 0.003 MLY/s, i.e., about 10% of the In deposi-
tion rate)®': in fact, practically all QDs can be found
only at particularly favorable sites, such as step bunching
(Figs. 1 and 3).

The QD density difference that we observe between
the two sides of the mounds must be related to the As flux
gradient between the two sides generated by the oblique
As evaporation. Actually, the evaporation geometry
(Fig. 3) can account for a tiny difference of the As, flux
impinging on the opposite sides of the mounds. By con-
sidering an As, incidence angle 055, = 25-27° and the
average slope of the mound sides in the range 1-3°,
the relative difference between the effective projected
flux between the two mound sides is, on average,
AFas,/Fas, = (1 —5)%. To understand how such a small
As surface density gradient affects the In adatoms distribu-
tion and the kinetics of dot formation, we have developed
a kinetic rate equation model which predicts the time
evolution of QDs (see Sec. IV).

To understand the time evolution of the phenomenon
and distinguish between nucleation and growth, we have
grown two samples under the same growth conditions
stopping the growth at a lower InAs coverage (2.1 ML).
The samples were quenched at two different times during
the growth cycle next to the one where the critical thick-
ness was reached [Fig. 5(a)]. The first sample was
quenched at the end of the 5 s of In evaporation, whereas
the second one was quenched at the end of the growth
interruption. The AFM images in Fig. 5 show that, at the
critical thickness (or just after) for the 2D to 3D transition,
QDs are nucleated on both sides of the mounds [Figs. 5(b)
and 5(c)], although, at the stage of the growth reported
in the figure, the dots on the right side already have a
significantly smaller density [ fper (%) = 79 for the sample
in Fig. 5(a) and f,jct (%) = 74 for the sample in Fig. 5(b)].
A careful inspection of the images and the analysis of the
sizes show, however, that the mean volumes of the dots on
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FIG. 5. (a) Schematic view of the pulsed deposition cycles. The
coverage Oy of the three-dimensional transition is pointed out.
(b, ) AFM topographies 1 x 2 pm? after a deposition of 2.15 ML of
InAs at T = 545 °C. The image shows that, at the end of the deposition
cycle (b), nucleation of QDs occurs on both sides of a mound, while at
the end of the growth interruption (c), QDs nucleated on the right side of
the mound are dissolving.

the opposite sides of the mounds change significantly
during the growth interruption: while the sizes of the dots
on the left side increase in volume from (V). = 7600 nm?
to (V)q = 8800nm?, the mean volume of the dots on
the right side decreases from (Vg = 7200 nm® to
(Wrighe = 1500 nm?>. Thus, the AFM analysis of the sam-
ples shown in Fig. 5 suggests that the process which leads
to the selective positioning of QDs is not only a process
of selective nucleation, but the result of the combination
of selective nucleation with a sort of ripening process.
The result is the increase of the dot average volume on
one side of the mound with the reduction of the average
volume of the dots on the other side. Such a process seems
to imply material transfer from one side of the mound to the
other one.

IV. TWO-SPECIES KINETIC MODEL
OF IlI-V QD GROWTH

To explain the experiment, we have developed a two
species 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 model the dot [Fig. 6(a)] as a sector of the
sphere with surface Sy, where r is the radius of the

Two Species Kinetic Model of 1lI-V Quantum Dots Growth
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FIG. 6. (a) Schematic side view of a QD of radius r and height /, on top
of the surrounding WL. The microscopic processes considered in the
model are indicated by arrows and their expressions are given in the text.
(b) Schematic side view of a typical mound represented in the scale: the
lateral slope is 2.5°. The orientation of the As, flux with respect to the
sample normal is reported. (c) Schematic side view of the two-dot
model.

circular base and 4 its height. The dot is coupled with a
circular sector of the surrounding wetting layer (WL) with
surface Swi whose width depends on the cation diffusion
length. The WL is modeled as an ensemble of rapidly
diffusing cations.”*>* Each As, molecule from the flux
gives rise to only one As, molecule weakly trapped in a
precursor state. These molecules are assumed to be dis-
tributed all over the system. The As, sticking coefficient
depends on the availability of cations on the surface.”> The
considered microscopic processes are schematically
shown in Fig. 6(a): desorption of both anions and cations
from the dot surface (Rf., RS.,), detachment (RS,,) and
attachment (RC,) from/to the dots to/from the WL of

att - -
cations, desorption of cations from the WL (RS..) with a

different energy barrier with respect to the dot. Fui?[ilermore,
we distinguish between the surface and bulk regions of the
dot including transfer to and from the dot bulk (T, T).
The model 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
(N(S:, Ni), anions and cations in the dot bulk (N2, NR), and

fast diffusing cations on the WL surface (N'©):
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dN(S; _ C 1 C A7WL C’
F = FcSdot — RdesNC + 4RattN Rdethg
~ TSP TS (1)
NS S
A S RN ST (@)
dN / 1 /
dr = FcSw — Rt(l:esNWL - ZRe(ljttNWL + Rithg ’

where F is the incident flux of In atoms and Rd . is asize
dependent detachment rate [see Eq. (4)]. In the case of As,
we assume that the incorporation occurs only when the As
dimer is in the precursor state and encounters an appro-
priate cation site,'®*> and obtains an incorporation rate
that depends explicitly on the number of surface In atoms
as F'al/d., where F'y=Fxexp(Eg/kT) is the enhance-
ment of the incident flux F due to the entrapment of the
As; molecules in the precursor with a barrier Eg = 0.25 eV.
A=1+/2nkT/m 1is the distance traveled by the As,
molecule during its lifetime T ~ 10~'? s, m is the molecule
mass, and dc is the average distance between two surface
indium atoms.
The In detachment rate is given by

C’ C l?l
Rdet = Rdet S
dot

{@ (xc - %) exp[(2Xc — 1)Ex/kT]
(4)

where xc is the cation content, ®(x) is the Heaviside step
function, 1421 / Sdot 18 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
in the detachment rate observed for smaller dots is
produced without the introduction of a new energy
barrier. The factor in the curly brackets increases the
detachment rate RS, and then decreases the detachment
barrier only for In-rich surfaces and proportionally to
the In composition E, = 0.45eV is estimated by ab
initio calculation®®?’

A = aog/Raisrta, Wwhere Ry is the cation diffusion rate,
ao the lattice parameter, and 74 the WL cation diffusion
lifetime. Thus, the diffusion length comes to depend on the
temperature but not explicitly on the As flux because of
our simplified model of the WL. The number of In atoms on
the dot border is given by st in terms of the surface atoms
N¢ and of the ratio between ‘surface area and perimeter.

Bulk atoms are fully four-coordinated to atoms of the
other species and are inert with regard to the growth
events. They evolve as:

dNg

—d[C =Te P =T =f(t)Pa (5)
dNR L

& =TT =AY (6)

where fi(¢) and f5(¢) 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.
We = FoSaor — R NG + RGN — RS, st is the net
In flux on the dot surface (the difference between atoms
incorporated at and leaving from the surface), while
Wi = FgﬁSdm — R} N3 is the same quantity for As
atoms.

The kinetic coupled Egs. (1)—(3) and (5)—(6) are solved
using the Runge—Kutta method. An extensive discussion
of all details of the model can be found in Ref. 19.

To simulate the experimental results, we modeled a
two-dot system representing two dots nucleated on the
two opposite sides of a mound [see Fig. 6(b)] and
thus exposed to a slightly different Asy flux [F} and F%
in Fig. 6(c)].

We consider that surface cations have a very large
mobility at the high temperature used in our experi-
ment; thus, a cation flow is expected to take place from
the mound side, where the As flux is smaller, to the
other side, if an unbalance in the cation density occurs
between the two sides.

We introduce a coupling between the two dots,
through the Fick law. The number of In atoms transferred
per second, Ny (t) from one WL region to the other is
(assuming the two dot regions do not overlap):

Apy (1)
L— [rl (l) + ld] — [rz(t) + ld]

Ny (t) = —4D [ro(t) +1a]

(7)

where ry(r) is the average base radius of Dot 1 and Dot 2,
and L is the typical distance between the dot regions on the
two sides of a mound; we use L = 350 nm. D is the
diffusion constant; Apy, (¢) is the difference in the cation
density between the WL in the surrounding of Dot 1 and
Dot 2.

V. RESULTS AND DISCUSSION

The results for a given set of energy barriers and
parameters”®” are shown in Fig. 7, where the dot radii and
heights are plotted as a function of time during one
deposition cycle for a growth temperature of 545 °C.
Dot 1 is under an As flux F', = 30 atoms/(nm> s) whereas
Dot 2 is under an As flux of F5 2 = 27 atoms/(nm?s), the In
flux is 0.2 atoms/(nm?s).
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FIG. 7. Time evolution at 7' = 545 °C of radium (a) and height (b) of Dot 1 (red lines) and Dot 2 (blue lines). In panel (c) snapshots of the two-dot
evolutions are shown (the movie is available in Supplementary Information). Green regions highlight the time interval of In supply, whereas the pink

regions are the In growth interruption.

As expected, the small As, density gradient between
the two WLs originates a small In adatom density gradient
which, due to the coupling between the dots [Eq. (7)],
causes a cation flow from the region exposed to the smaller
As flux (Dot 2) to that exposed to the higher As flux (Dot
1). 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 [Figs. 7(a) and 7(b)], while
Dot 1 continues to grow at the expense of Dot 2. This
effect is temperature dependent, and no substantial dif-
ference in the volume time evolution is found between the
two dots at 7 = 500 °C.'° This finding is in line with the
experimental results, where the selective growth is sharp
only at the higher temperatures [>530 °C as shown in
Fig. 4(b)] and in agreement with the fact that several
kinetic processes, mainly coarsening and In desorption,
are activated at high temperatures.25’26’28’29 Both the
experimental observations and simulations show that
when AF g, /Fas, is reduced, the percentage of observed
asymmetry is smaller. Indeed, the model predicts that the
dissolution of Dot 2 is slower when AFag,/Fas, is
smaller, enabling Dot 2 to survive during the annealing
cycles.

To explain the In adatom density gradient which
originates between the two WLs, we find that the higher
the As flux intensity, the more As is incorporated at the dot
surfaces. At high temperature, the As desorption increases

leading to an In enrichment (As deficiency) of both the dot
surfaces. For an As desorption barrier lower than 1.70 eV,
the Dot 1 surface is still As-rich (anion content x, > 0.5),
whereas the Dot 2 surface is In-rich (x4 < 0.5). Due to
Eq. (4), the In detachment rate from Dot 2 increases, and
more In is released into the WL around Dot 2. On the other
hand, the In incorporation kinetics is more efficient when
more As is available. Thus, In is incorporated more
efficiently into Dot 1 than into Dot 2, leaving a larger In
density in the WL surrounding Dot 2. Both processes
contribute to increase the In density around Dot 2 relative to
that around Dot 1.

Figure 7(c) shows the dot shape evolution during
growth (green area) and during the growth interruption
(pink area). We can see that the dot exposed to the higher
As flux (red) has always a much larger volume, in
particular due to a larger base radius. Dissolution leads
first to the flattening of Dot 2, which becomes a platelet
before being completely dissolved in agreement with
experimental results.?’

Finally, we need to mention that 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 length of the order
of the distances between the step bunches. We find
l; = 82 nm at T = 500 °C, and l; = 143 nm at
T = 545 °C by using a diffusion barrier Egiir = 1.34 €V,
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these values to be compared with the estimated experi-
mental value ~240 nm. A typical distance between two
mound bunches L is in the range 200400 nm. Since
diffusion depends considerably on temperature, the acti-
vation requirements are clearly satisfied only at high
growth temperatures.

A different choice for the energy barrier values changes
not the occurrence of Dot 2 dissolution but only the time
and the annealing cycle, at which dissolution takes place,
provided the diffusion length is sufficiently long.

VI. CONCLUSION

The results presented here point out the role of As in
the selective nucleation and growth of InAs QDs under
suitable growth conditions. We have shown that the
growth of InAs on a slightly rippled GaAs buffer layer,
with a properly tilted incoming As flux, can lead to a
selective growth of QDs at specific locations on the
surface. We have developed a kinetic model which shows
that the As flux gradient due to the oblique evaporation is
responsible for an In-adatom drift current over the surface
determining the positions where the QDs grow, provided
the growth temperature is sufficiently high to enhance the
In surface mobility. Our results offer new insights of
the interaction kinetics of anions during the growth of
both III-V semiconductors and other compound semi-
conductors for which the adsorption kinetics of one of the
elements involves a highly mobile precursor state close to
the surface.
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