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Initial stages of chain formation in a single layer of (In,Ga)As quantum dots
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The self-organized formation of Inj41GajgpAs quantum dot chains was investigated using x-ray
scattering. Two samples were compared grown on GaAs(100) by molecular beam epitaxy. The first
sample with a single layer of Ing4,GageyAs dots shows weak quantum dot alignment and a

corresponding elongated shape along [011], while the top layer of a multilayered
Ing 40Gag gpAs/GaAs sample exhibits extended and highly regular quantum dot chains oriented

along [011]. Numerical calculations of the three-dimensional strain fields are used to explain the
initial stages of chain formation by anisotropic strain relaxation induced by the elongated dot
shape. © 2007 American Institute of Physics. [DOI: 10.1063/1.2775801]

In the Stranski-Krastanow growth mode, the growth con-
ditions can be optimized to produce semiconductor nano-
structures of nearly identical size and shape. However, often
only a random spatial distribution is observed for a single
layer of quantum dots (QDs)." This is caused by kinetic limi-
tations which are particularly relevant at high growth rates
and low growth temperatures. On the other hand, growth at
elevated temperature may lead to ordering phenomena. As an

example, extended chains of QDs arranged along the [011]
direction have been observed in the growth of multiple layers
of (In,Ga)As on GaAs (100).>* The formation mechanism of
these (In,Ga)As QD chains—in particular the initial stages of
ordering—is not fully understood yet.

Growth at high temperatures and at low growth rates
ensures conditions close to thermodynamical equilibrium.
This reinforces the role of energy minimization and thus the
importance of lattice strains in the evolution of QD ordering.
Surface diffusion and strain relaxation are often correlated:
For example, adatom diffusion on a GaAs(100) surface
shows a pronounced anisotropy which is caused by the (2
X 4) surface reconstruction. In particular, the adatom diffu-

sion along [011] is larger than that along [011]. This leads to

greater strain relaxation along [011] which is—during fur-
ther multilayer growth—transferred to succeeding layers,
eventually leading to an asymmetric separation between
neighboring dots. The evolution of highly ordered QD chains
could thus be a result of both anisotropic surface diffusion
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and anisotroApic vertical strain inheritance in the multiple lay-
ers of QDs. -3
In this letter, we will demonstrate that the anisotropic

strain field of a QD which is elongated along [011] plays an
essential role in the formation of QD chains in multilayered
samples. We will focus on two samples grown under identi-
cal conditions. Sample 1 consists of a single Ing40GaggpAs
QD layer, while sample 2 represents a stack of 16.5 periods
of Ing40GaggAs QDs embedded in 120 ML thick GaAs
spacer layers with the top layer consisting of Inj40Gag goAs
QDs. Both samples were grown by solid-source molecular
beam epitaxy on GaAs(100) substrates. The growth condi-
tions are described in detail elsewhere.>*° Briefly, after de-
sorption of the native oxide at 580 °C, a half micrometer
thick GaAs buffer layer was grown at 600 °C. For the depo-
sition of the Ing4oGagAs QD structure (0.36 ML s™!), the
substrate temperature was lowered to 540 °C. For sample 2,
the GaAs capping of the QDs was performed with the first 60
ML at 540 °C and the last 60 ML at 600 °C.

The atomic force micrograph (AFM) of sample 1 [Fig.
1(a)] shows that the QDs lign up into short chains that are

directed along [011]. Moreover, short fragments of QD
chains oriented along the planar (001) directions are also
observed. By contrast, the top layer of the multilayered stack
of (In,Ga)As QDs consists of extended QD chains directed
along [011] [Fig. 1(b)]. These chains contain monodisperse
islands, they are highly regular, and their mutual spacings
along [011] are well defined. A quantitative analysis of both
AFM images [Figs. 1(a) and 1(b)] reveals that the dots ex-
hibit an approximate height of #=7 nm. However, while the
multilayered sample contains rotationally symmetric dots
with a base diameter of about w=60 nm, the dots of the
single layered sample are slightly elongated along [011] with
approximate bases of wyoi;;=60 nm and wpy;;;=40 nm.
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FIG. 1. (Color online) Atomic force micrographs of (a) a single layer of
Ing 40Gag ¢oAs QDs grown on GaAs(100) (sample 1) and of (b) a 16.5 period
multilayer of Ing 4Gay goAs/GaAs QDs grown on GaAs(100) (sample 2). (c)
and (d) are corresponding GISAXS intensity patterns on a logarithmic color
scale. The insets in (a) and (b) are fast Fourier transforms of the correspond-
ing AFM image.

QDs with an elongated base have been the subject of
extensive discussion in the literature owing to the induced
anisotropic optical properties.7’8 Since real surfaces are often
strongly anisotropic, significant deviations from highly sym-
metrical nanoscale objects (e.g., hemispherical domes’ or
lens-shaped rotationally symmetric islandslo) were fre-
quently observed. This anisotropy in surface-free energy may
cause faceting of the island surface, resulting in a compli-
cated final island shape. The situation can be further compli-
cated by kinetic limitations during growth in that anisotropic
surface diffusion lengths may also have a large impact on the
QD shape.ll Consequently, a large variety of quantum dot
shapes has been suggested (e.g., Refs. 12 and 13) and re-
ported experimentally (e.g., Refs. 7 and 14-17).

Grazing-incidence  small-angle  x-ray  scattering
(GISAXS) and grazing incidence x-ray diffraction (GIXD)
have been performed at an x-ray wavelength of A=1.55 A.
In order to ensure maximum sensitivity to the QD top layer,
the angle of incidence was chosen slightly below the critical
angle of total external reflection («.=0.31°). The experi-
ments were carried out at the synchrotron radiation facilities
in Hamburg, Germany (HASYLAB, beamline BW2) and
Grenoble, France (ESRF, beamline ID10B).

The in-plane GISAXS intensity pattern for the multilay-
ered sample [Fig. 1(d)] shows pronounced features which are
related to the lateral ordering of the QDs. Beside the strong
specularly reflected beam at ¢g=0 very sharp satellite peaks
(P) are observed in the [011] direction. These are related to
the strong chain-chain positional correlation, and from the
peak positions we can evaluate a mean chain-chain distance
of d=130 nm which is in good agreement with the corre-
sponding AFM image shown in Fig. 1(b). From the peak
width 8gy;;=0.013 nm™! of P, we can evaluate a lateral cor-
relation length of about Ly;;=2m/6qy;;=480 nm; i.e., the or-
dering extends over more than four chains. The positional
correlation of the QDs within the chains—i.e., along

[011]—is weaker, resulting in weak and broad satellite peaks
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W [Fig. 1(d)] with a corresponding lateral correlation length
of about Ly;;=80 nm, which is fairly small.

The in-plane GISXAS intensity pattern of the single
layer of QDs [Fig. 1(c)] looks quite different as compared to
that of the multilayered sample. We again observe two
prominent peaks (P) in the direction along [011] separated
by Agy;;=0.19 nm™' which correspond to a spacing of d
=65 nm in real space. A comparison with the AFM image in
Fig. 1(a) suggests that the peaks P are created by positional
correlation between neighboring chains. Evaluation of the
GISAXS peak width 8gg;;=0.1 nm™" of P in the direction
along [011] leads to a lateral correlation length of L,
=21/ 6go;1=70 nm, indicating short range ordering between
two neighboring QD chains. On the other hand, the x-ray
diffuse scattering does not show corresponding peaks in the

direction along [011]. This proves that the chains are aligned

along [011] but the QDs are not remarkably ordered within
these chains. Thus, although less pronounced, the ordering of
the QD chains within a single layer is qualitatively similar to
that of a multiple layer of QDs.

Four additional weak peaks (S) are observed for the dif-
fuse scattering from the single layer [Fig. 1(c)]. Their posi-
tions suggest additional QD alignment along the two planar
(001) directions which are the elastically soft directions of a
group III-V semiconductor crystal with zinc-blende struc-
ture. In these directions, short fragmented QD chains are
observed [Fig. 1(a)].

Superimposed on the peaks S and P we find in Fig. 1(c)
a weak elliptically shaped intensity distribution with the long
axis directed along [011]. This pattern is a direct fingerprint

of the elongated shape of the individual QDs along [011].
From the lateral aspect ratio of the intensity distribution in

the two planar directions [011] and [011], the aspect ratio «
of the lateral QD extensions can be estimated as «
=woi1/wp11 = 1.5. This can be also inspected in the corre-
sponding fast Fourier transform of the AFM picture [inset of
Fig. 1(a)], which shows a similar pattern, however, with re-
duced statistics.

It is possible to investigate the mean lateral aspect ratio
of the elongated QDs and its impact on the strain field in a
more accurate way. In a previous investigation on elongated
InP/InGaP quantum dots, scaling laws between the QD geo-
metrical aspect ratios and the mean lateral strain relaxation
have been deduced.” These scaling laws are valid as long as
the height of the QD is much smaller than the lateral QD
base widths. In particular, the mean lateral strain inside the
islands & scales inversely with the base width w. In order to
probe the lateral strain field inside and close to the QDs,
grazing incidence x-ray diffraction was performed in the

proximity of the in-plane 022 and 022 reciprocal lattice
points [Figs. 2(a) and 2(b), respectively]. The peak positions
F, and F are used to calculate the mean lateral total strain in
the QDs as gy7;=4.1 X 1073 and g(;;=5.9 X 1073. These val-
ues are then used to evaluate the lateral geometrical aspect
ratio of the dots as a=wg|;/wq;=1.44, which turns out to be
in good agreement with GISAXS and AFM.

While the elongation of the dots (a=1.44) is not very
pronounced, it leads to an anisotropic strain relief in the
neighboring GaAs substrate. This anisotropy is proved by
numerical calculations based on linear elasticity theory (Fig.
3). These calculations show distinct differences in the lateral
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FIG. 2. (Color online) GIXD patterns of a single layer of Ing 4Ga, ¢oAs QDs

grown on GaAs(100) (sample 1) in the vicinity of the (a) (022) and (b) 022
reciprocal lattice point.

(total) strain components &,, and &,,, where the x and y axes

yy?
are collinear with the planar [011] and [011] directions, re-
spectively. In the neighborhood of the island, the strain ten-
sor components &,, and &, exhibit different signs depending
on the position around the elongated island, indicating tensile
and compressive strain with respect to the GaAs substrate.
More interesting is the spatial dependence of the strain fields
as a function of the lateral distance to the island. For the
tensile strained areas, we can state that s;'y is always smaller
than &}, and the same statement holds for compressively
strained areas (|e; | <[ey[). In other words, &, decays on a
shorter length scale as compared to &,,, indicating a pro-
nounced anisotropic strain relaxation, which is induced by
the asymmetric island shape.

So far we have discussed the growth scenario in terms of
strain alone. However, we would like to stress that the evo-
lution of QD chains is a result of nucleation and growth for
the individual islands. Therefore, strain mediated adatom dif-
fusion has to be taken into account. There is, up to now, only
little knowledge about the impact of epitaxial strain onto the
adatom diffusion tensor, i.e., onto the anisotropy of diffusion.
Penev et al.'® found for the example of In/GaAs(001)-c(4
X 4) that the diffusion barriers are lowered by tensile stress.
Anisotropic strain thus induces anisotropy in surface diffu-
sion. When applying the results obtained by Penev et al. to
our case of elongated (In,Ga)As islands, we can conclude
that the anisotropic strain field in the vicinity of the islands
(as presented in Fig. 3) further enhances the anisotropy in

diffusion lengths along [011] and [011].

Based on the finite element calculations, we can there-
fore state that the elastic strain field in the vicinity of an
elongated single island plays a key role in the formation of
perfect QD chains in the multilayered sample. At growth
conditions close to thermodynamical equilibrium, the aniso-
tropy in the strain field leads to an anisotropic adatom nucle-
ation and, eventually, to an asymmetric separation between
neighboring dots in these two directions. Obviously, the

elongated QD shape along [011] leads to preferential align-
ment of neighboring dots in these directions as indeed ob-
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FIG. 3. (Color online) Numerical finite element calculations of the total
strain tensor components &, and &,, in the vicinity of an elongated
Ing 49Gag goAs island grown on GaAs(100). The Ing 4Gag o As wetting layer
thickness has been assumed as 2 nm.

served for sample 1 [Fig. 1(a)]. When growth of the first QD
layer is completed and the QD layer is covered by a thin
GaAs spacer layer, the strain field of the buried QDs is left as
a fingerprint on the GaAs surface. When growth of the next
Ing 40Gay gpAs layer starts, this strain field amplifies the “in-
trinsic” weak alignment caused by the elongated QD shape
and serves as a template for the formation of QD chains.
Therefore, the ordering of the dots is improved from layer to
layer and after growth of many layers perfectly aligned QD
chains may evolve. This mechanism of strain inheritance
thus favors the evolution of monodisperse islands with very
high lateral ordering as predicted by Tersoff er al.”
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