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Dipartimento di Fisica, Università di Roma Tor Vergata, Via della Ricerca Scientifica,1-00133 Roma, Italy
(Received 4 November 2010; published 2 February 2011)

We present a novel approach to engineer the growth of strained epitaxial films based on tailoring the

elastic-interaction potential between nanostructures with substrate vicinality. Bymodeling the island-island

interaction energy surface within continuum elasticity theory, we find that its fourfold symmetry is broken

at high miscuts, producing directions of reduced elastic-interaction energy. As a consequence, it

is possible to direct theGe island growth on highlymisoriented Si(001) substrates towards desired pathways.
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Engineering the growth of strained epitaxial films is a
fascinating perspective in modern nanoscale science. To
this purpose, the challenge is to control the strain-relief
mechanisms which play a key role in the growth of nano-
structures. This can be done ‘‘artificially, ’’ e.g., exploiting
patterning surface features [1–3] or multilayered structures
[4,5]. A conceptually different approach is themanipulation
of heteroepitaxy through intrinsic properties of the sub-
strate. To make this prospect feasible, one has to identify
(1) distinct properties, which have impact on the growth
process, and (2) a simple and reliable way of tuning them.

In strained-layer epitaxy, the nature of the elastic field is
a crucial parameter by definition. Thus, tuning the elastic
interactions between nanostructures could be appropriate
to tailor the growth mode. Recently, we have shown that a
fine shaping of Ge islands is possible on Si(001) by chang-
ing the miscut angle [6]. This offers a direct way to easily
alter the elastic-interaction potential among islands, which
strongly depends on the detailed island’s shape.

In this Letter, we show that, breaking the isotropy of
elastic interactions with miscut, it is possible to force the
growth of Ge on Si(001) towards completely different path-
ways than on the flat substrate. Specifically, bymodeling the
island-island interaction energy surface for realistic 3D
shapes, we find that themorphological anisotropy of islands
at highmiscuts [7,8] breaks the fourfold symmetry of elastic
potential, producing directions of reduced elastic-
interaction energy. This turns into a strong modification in
the growth evolution, which is captured by the experiment.

Continuum elasticity theory implemented within a
finite-element model is a powerful tool for simulating
strain-related effects [9,10]. In the present work, this ap-
proach is used to compute the elastic-interaction energy
between Ge islands both on the flat Si(001) surface and on
a highly misoriented substrate. We focus on the large mul-
tifaceted Ge islands (the so-called ‘‘domes’’) [11–13],
because their elastic field is particularly intense [14].

The strain components, �ij, in the system (interacting Ge

domesþ Si substrate) were determined using the finite-
element simulation to solve the set of 3D equations of the
linear elasticity for an elastic body at equilibrium which

experiences a misfit strain in absence of volumetric and
surface forces

�ij;j ¼ 0; �ij ¼ ðui;j þ uj;iÞ=2;
�ij ¼ Cijklð�kl � �0�klÞ;

(1)

where �ij are the stress components, Cijkl is the stiffness

tensor, and �0 is 4% in the islands and zero in the substrate
[15]. The values of the anisotropic stiffness tensor of Ge and
Si were taken from literature [16]. The volume was parti-
tioned into tetrahedral meshes (� 104 nodes), which were
finer in the regions where the elastic energy was higher.
Misfit islands interact repulsively through their mutual

strain fields in the substrate [17]. Their mutual interaction
energy U is the extra energy density needed to create an
island in a certain location when another island already
exists nearby and it is given by

U ðrÞ ¼ UðrÞ �Uð1Þ; (2)

where UðrÞ is the total strain energy (per unit volume)
stored in the substrate and in the islands for the relative
position of the island pair defined by r ¼ ðr½010�; r½100�Þ [18]
andUð1Þ is the same quantity when jrj approaches infinity
and no interactions exist between islands. The value of U
is obtained by integrating the strain energy density
� ¼ 1

2Cijklð"ij � "0�ijÞð"kl � "0�klÞ over the island pair

and the substrate and normalizing the result to the total
island volume.
Figure 1(a) shows the interaction energy calculated for a

pair of Ge domes grown on the flat Si(001) surface [the
island shape is sketched in the inset of Fig. 2(a)];
the corresponding contour plot is reported in Fig. 1(b).
The interaction potential reflects the fourfold symmetry
of the island and results in an energetic barrier to island
coalescence with local minima around the h001i directions.
The shape of the interaction energy surface is strongly
modified on the vicinal substrate [Figs. 1(c) and 1(d)].
The breaking of the island’s symmetry induced by
substrate vicinality produces directions along which
islands can get into contact with low-elastic repulsion.
Specifically, elastically soft configurations are achieved
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for islands interacting within an angular window of
approximately �60� about the [110] miscut direction
[Fig. 1(d)]. We now show that the observed change in the
shape of elastic-interaction potential provides a chance for
orienting the growth of Ge domes.

Ge films were grown by physical-vapor deposition on
the singular Si(001) surface and on vicinal substrates
misoriented by 8� and 10� towards the [110] direction at
T ¼ 600 �C and at constant flux of 1:8� 10�3 ML=s.
Measurements were carried out in situ with a variable
temperature scanning tunneling microscope (STM) under
ultrahigh-vacuum conditions (p < 3� 10�11 torr) [19].

Previous studies on the flat Si(001) surface have shown
that Ge domes evolve into larger dislocated islands named
‘‘superdomes’’ [20,21]. The transition to superdomes is
ruled either by anomalous coarsening or by coalescence
[22,23]. A snapshot of the dome’s coalescence can be seen
in Fig. 2(b). As reported by Richard et al. [24], the two
processes lead to different final morphologies, which can
be easily distinguished in STM images. Superdomes
formed by coalescence [Fig. 2(e)] have a plateaulike top
and, thus, a significantly smaller aspect ratio than those
resulting from coarsening [Fig. 2(d)]. This can be easily
seen comparing the corresponding line scans through the
middle of the islands [Figs. 2(g) and 2(f)]. Besides, in the

case of coalescence, flat-top superdomes present a wedge-
defect at the boundary among the impinged islands [25]
[See Figs. 2(c), 2(e), and 2(g)]. By exploiting the morpho-
logical difference, it is possible to quantify the relative
abundance of each type of superdome by means of a
statistical analysis of island height-to-width ratio. In
Fig. 2(a), the island height h is plotted as a function of
the square root of the base area, i.e., the base width b. On
the flat substrate, most of the Ge domes, which have an
aspect ratio r ¼ h=b of 0.22 [26], evolve into steeper
islands with r scattered around 0.25, a value consistent

FIG. 2 (color online). (a) Shape evolution of Ge islands on flat
(d), 8�-miscut (w), 10�-miscut (j) Si(001) surface. The dashed
lines show the h=b linear dependence for different aspect ratios.
In the inset, the morphology of the domes on flat and misoriented
substrates is sketched. STM images at 7.5 ML of Ge coverage:
(b) Ge superdomes on the flat Si(001) surface. A coalescence
event is highlighted by a white circle. (c) Later stage of coales-
cence. Typical morphology of a superdome formed by
(d) coarsening and (e) coalescence on the flat surface. Line
scans along the [110] direction of superdomes formed (f) by
coarsening and (g) by coalescence.

FIG. 1 (color online). (a) Interaction energy surface of Ge
domes on the flat Si(001) surface and (b) corresponding contour
plot. (c) Interaction energy surface of Ge domes on 10�-miscut
Si(001) surface and (d) corresponding contour plot. Angular
distribution of impingement directions measured (e) on 8�-mis-
cut Si(001) substrates and (f) on 10�-miscut Si(001) substrates at
7.5 ML of Ge coverage.
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with those of dislocated islands formed by coarsening [24].
Thus, in our experimental conditions, coarsening is the
dominant pathway for superdome formation on the flat
Si(001) surface.

We find that substrate misorientation is able to switch
the growth evolution of Ge domes to the other possible
path, promoting the dome’s coalescence and, hence, the
formation of flat-top superdomes. Concerning Fig. 2(a),
the majority of islands grown on vicinal substrates evolve
from domes (r � 0:22) toward shallow superdomes with
aspect ratios around 0.17. Moreover, STM images clearly
show that extensive coalescence occurs on 8� and 10�-
miscut Si(001) surfaces [Figs. 3(a), 3(b), 4(a), and 4(b),
respectively]. As aforementioned, a ‘‘grain boundary’’ is
seen at the sites where coalescence has occurred [Figs. 3(c)
and 3(d)]. We suggest that these grown-in defects directly
mediate the formation of flat-top superdomes by promoting
additional strain relief through the injection of stacking
faults and threading dislocations during subsequent
Ge overgrowth [27]. In fact, a high density of defects
is observed when a further 0.5 ML of Ge is evaporated
[Fig. 4(c)]. The flat-top morphology is finally achieved
after 30 min annealing at T ¼ 720 �C [Fig. 4(d)].

Figures 1(e) and 1(f) show angle histogram plots of the
distribution of impingement directions of islands grown on
highly misoriented substrates. Along the elastically soft
directions around [110], the number of impingements
is impressively higher, indicating that the elastic-
interaction anisotropy is the main driving force for the
observed changes in Ge growth evolution. Thus, the modi-
fied elastic interaction determines the transition between a

coarsening-dominated growth to an extended coalescence
regime in which the impingement directions are dictated
by the shape of the elastic potential.
Finally, we emphasize that our analysis is readily appli-

cable to other heteroepitaxial systems, such as InAs=GaAs,
GaP=GaAs, etc., which have perspective applications in
photonics [28] and quantum computation [29]. For all
these systems, the elastic field is a common key parameter
and, hence, its knowledge is of paramount importance for
future technological advances.
In summary, we have used substrate vicinality to modu-

late the shape of the elastic-interaction potential between
Ge nanostructures. The fourfold symmetry of elastic field
is thereby reduced to twofold, producing directions of low
elastic interaction. The modified elastic pattern orients
Ge=Si heteroepitaxy towards an unusual pathway which
is dominated by coalescence. A simple model based on
continuum elasticity captures the essential of the experi-
mental behavior.
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FIG. 3 (color online). STM images at 7.5 ML of Ge coverage:
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after 30min annealing at 720 �C: flat-top superdomes are formed.
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