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Dendrochronology of Strain-Relaxed Islands
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We report on the observation and study of tree-ring structures below dislocated SiGe islands (super-
domes) grown on Si(001) substrates. Analogous to the study of tree rings (dendrochronology), these
footprints enable us to gain unambiguous information on the growth and evolution of superdomes and
their neighboring islands. The temperature dependence of the critical volume for dislocation introduction
is measured and related to the composition of the islands. We show clearly that island coalescence is the
dominant pathway towards dislocation nucleation at low temperatures, while at higher temperatures
anomalous coarsening is effective and leads to the formation of a depletion region around superdomes.
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The growth of self-assembled quantum dots using
strained-layer epitaxy has attracted great interest in recent
years due mainly to their potential applications in future
nanoscale devices [1,2]. Among the different material
combinations investigated so far, the Ge/Si(001) system
is often used as a model for fundamental studies [3—6]. The
growth follows the Stranski-Krastanow mode; i.e., it starts
in a layer-by-layer mode up to a critical thickness of 3—4
monolayers (ML). At relatively high growth temperatures,
the strain energy stored in the epilayer is partially relaxed
via the formation of coherent islands, which undergo sev-
eral transitions to steeper morphologies as their size in-
creases [3—6]. For high Ge coverages, plastic relaxation of
the growing epilayer occurs and large dislocated islands
(also called “‘superdomes’) are observed [7-10]. Until
now, most efforts have been dedicated to the growth and
the properties of coherent islands, since they are promising
candidates for functionalization in novel device architec-
tures. In contrast, much less work has been done to under-
stand the growth and evolution of dislocated islands [7-
15]. Remarkably, a cyclic growth mode was identified
using in situ transmission electron microscopy (TEM)
[7,8]. By using this technique, different pathways for dis-
location nucleation were identified in the temperature
range 350-650 °C during Ge growth on both Si(001) and
Si(111) substrates [7,8,14].

In this Letter, we use a recently developed and much
easier technique, compared to TEM, to trace the evolution
of the dislocated and coherent islands by the analysis of
their “footprints” left over on the surface. This technique
combines selective wet chemical etching and atomic force
microscopy (AFM) and has been successfully used to
investigate the evolution of coherent islands [16,17].
Using wet chemical etching of the SiGe layer, we reveal
a tree-ring structure below dislocated SiGe islands. This
allows us to distinguish clearly dislocated from coherent
islands and measure, with high statistics, the island vol-
umes. While it is well known that such a volume should
increase with the temperature [18], we are not aware of any
study in which the critical volume for dislocation intro-
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duction was measured and directly related to the compo-
sition. A similar study is available only for the pyramid-to-
dome transition [19]. We show that coalescence plays an
important role at the lowest growth temperature investi-
gated here (620 °C), while at higher temperatures anoma-
lous coarsening is efficient and leads to the formation of a
depletion region around the superdomes [6,9]. Another
proof of the efficient role played by ripening in preventing
island coalescence is the observation of shrinking islands
close to large islands at high temperature (800 °C).

The samples studied in this work were grown by solid-
source molecular beam epitaxy on Si(001) substrates. After
deoxidation at 950°C, the substrate temperature was
ramped down to 460 °C, and a 100 nm thick Si buffer layer
was grown at a rate of 0.1 nm/s. After a 5 s growth
interruption, 15 ML of Ge were deposited at a rate of
0.04 ML/s at a substrate temperature between 620 and
800 °C. The morphology of the same surface area prior
to and after 2 minutes etching in a buffered hydrofluoric
acid, hydrogen peroxide, acetic acid solution [BPA solu-
tion, HF (1), H,O, (2), CH;COOH (3)] was characterized
by ex situ AFM in tapping mode. The BPA solution is
known to etch selectively Si;_,Ge, alloys over pure Si
[20,21].

Figures 1(a) and 1(b) show AFM images obtained upon
deposition of 15 ML of Ge on Si(001) at 620°C and
740 °C, respectively. In both samples, one can recognize
different island morphologies such as coherently strained
multifaceted islands [5,6,10] and some large superdomes.
The main difference between the two samples is the island
size, which increases with temperature mainly as a result of
larger Si-Ge intermixing. AFM images obtained after etch-
ing are shown in Figs. 1(c) and 1(d) for the same surface
areas shown in Figs. 1(a) and 1(b). The small sized islands
leave behind circular Si plateaus surrounded by approxi-
mately square trenches with edges along the [100] and
[010] directions as reported previously [21,22]. Surpris-
ingly, the large islands leave behind a more complex foot-
print on the surface. It consists of several nearly concentric,
irregular rings surrounding a central plateau. The rings are
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FIG. 1. AFM images taken after deposition of 15 ML Ge at
620 °C and at 740 °C before [(a) and (b), respectively] and after
[(c) and (d), respectively] etching in a BPA solution. The color
scales in the left and right panels correspond to slope and height,
respectively.

located below the level of the flat Si surface, while the
inner Si plateau is on average by 1 nm higher than the sub-
strate surface [21]. Interestingly, some islands leave behind
only one plateau, while some others leave behind several
neighboring circular plateaus all surrounded by nearly
concentric rings [Fig. 1(c)]. This result demonstrates that
superdomes, which are comparable in size, can follow
different pathways during their evolution. A comparison
of the AFM images in Figs. 1(c) and 1(d) suggests already
that different mechanisms of dislocation nucleation proba-
bly take place depending on the growth temperature.

In the following, we will focus on the evolution of the
tree-ring structure left behind by the superdomes. A high
resolution AFM scan of such a structure is shown in
Fig. 2(a). Several rings surround the central Si plateau.
Figure 2(b) represents a cross-sectional profile of the same
superdome prior to (upper line scan) and after etching
(middle line scan). The bottommost curve represents the
second derivative of the AFM profile obtained after etch-
ing. The latter allows a clear identification of the rings
position. Seven rings, pointed out by solid triangles, can be
identified. The tree-ring structure, which is revealed by the
etching, can be understood by considering the results of
Refs. [7,8] and with reference to the simple phenomeno-
logical model depicted in Fig. 2(c). The left panel shows
the edge of a coherent island on top of a thin wetting layer.
During growth at sufficiently high temperatures, trenches
surround the base of the islands [21,22]. Once a dislocation
has been introduced, the island becomes a sink for material
because it is more strain-relaxed and thus rapidly expands
in a lateral direction, covering a part of the original trench.
The part of the trench that is covered during the lateral
growth is preserved, while the part that remains on the
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FIG. 2 (color online). (a) AFM scan of the tree-ring structure
left over by a single superdome (grown at 800 °C) after etching.
(b) Cross-sectional profile of the same superdome before and
after etching taken along the dashed line shown in (a). The
bottommost curve represents the numerical second derivative (in
arbitrary units) of the AFM topograph of the profile after etch-
ing. The solid triangles indicate the position of the rings.
(c) Schematic representation of the mechanism leading to the
formation of ring structure. (d) Number of rings vs island volume
for different temperatures. Note that the scatter plots of the
number of rings are vertically shifted by a constant factor
proportional to the estimated average Ge fraction x.

surface is subject to further erosion. Until nucleation of
another dislocation, the island increases in size and creates
thus a stress concentration at the newly formed island base
that leads to the formation of a new, deeper trench. This
process is repeated for each additional dislocation and
results in the tree-ring structure observed in the experiment
[see Figs. 1(c) and 1(d)]. We can thus interpret the number
of rings as the number of dislocations introduced in the
island during its growth, and, hence, we can gain informa-
tion about the morphological age of the island. For ex-
ample, the superdome shown in Fig. 2(a), with a base width
of ~750 nm, contains 7 dislocations. Its average Ge frac-
tion is 0.28 (see below), corresponding to a misfit of
~1.2%. If we assume 60°-type dislocations (commonly
observed for the growth temperatures used here [7,8]), we
find that the residual strain in the superdome is ~0.95%;

e., the dislocations relieve ~20% of the misfit strain.
Additional strain relaxation is provided by the steep mor-
phology [23]. The absence or presence of a ring informs us
whether islands are still coherent or already dislocated.
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Figure 2(d) shows the evolution of the number of rings as a
function of the island volume for different growth tem-
peratures ranging from 620 to 800 °C. For each tempera-
ture considered, the number of rings first equals zero (a
coherent island) and then increases with increasing island
volume. We can thus define a critical volume V. for which
it becomes energetically favorable for the island to incor-
porate a dislocation. The latter depends strongly on tem-
perature; i.e., it increases when the growth temperature
increases. This evolution suggests that Si-Ge intermixing
plays a significant role. Indeed, when the growth tempera-
ture increases, the Si content increases [18,19,24], reduc-
ing the strain and delaying thus the introduction of
dislocations. In order to estimate the average Ge fraction
x in the islands, we measured the total volume of material
per unit area from the AFM images and compared it with
the nominally deposited Ge amount. Assuming that the
critical volumes are proportional to x~¢ [23,25], we can
superimpose the evolution of the average Ge fraction to the
evolution of the number of rings versus island volume [see
Fig. 2(d)]. We can observe clearly that the decreasing Ge
fraction follows almost the same trend as the evolution of
the critical volume, demonstrating thus that a significant
Si-Ge intermixing at high temperatures is indeed able to
delay the introduction of dislocations.

The formation of dislocated islands may also be influ-
enced by other phenomena. In order to get a better insight
into the different processes that govern the nucleation of
dislocations, we have measured the plateau width for both
dislocated and coherent islands. Figure 3(a) displays the
relative ratio of the plateau width of dislocated and coher-
ent islands as a function of growth temperature. At low
temperatures (620—700 °C), the plateau width of the co-
herent islands [P, = 41 £5 nm at 620°C; see, e.g.,
inset in Fig. 3(a)] is comparable to the plateau width of
the dislocated islands [Pgq = 44 = 6 nm at 620 °C]. In
contrast, for higher growth temperatures (740-800 °C),
the plateau width of the dislocated islands appears signifi-
cantly smaller than the plateau width of the coherent ones.
We can suggest the following scenario: At sufficiently high
temperatures, the islands can evolve by following two
pathways. They can either intermix with Si or grow by
the introduction of dislocations. In the former case, a
higher Si intermixing will increase the base area and,
consequently, the width of the buried plateau below the
coherent islands. In the latter case, a tree-ring structure will
form and the original plateau will not increase its width. It
appears, therefore, smaller than the plateau buried below
the coherent islands. A careful analysis of the footprints
left over by the dislocated islands at low temperatures
(620 °C) reveals an additional phenomenon. In some cases,
not only one but several circular plateaus are buried below
a single island [see Fig. 1(c)]. We interpret these features as
being the result of island coalescence. Figure 3(b) shows
the evolution of the ratio between the number of coalesced
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FIG. 3 (color online). (a) Relative ratio Pgiy/Pon VS growth
temperature. Py and Py, defined in the inset, represent the
plateau width of dislocated and coherent islands, respectively.
(b) Effect of the growth temperature on the relative ratio of the
number of coalesced and the number of dislocated islands.
Insets: AFM scans of coherent and dislocated islands before
and after etching, demonstrating the different processes related
to dislocation formation: (I) island coalescence, (II) lateral mo-
tion triggered by island repulsion, and (III) material migration
from smaller islands to larger neighbors.

islands and the total number of dislocated islands as a
function of growth temperature. It is obvious that the
number of coalesced events decreases when the growth
temperature increases. This observation can be understand
in terms of anomalous coarsening. Figure 4 shows two
large area AFM scans of 15 ML Ge grown at 620°C
[Fig. 4(a)] and 740°C [Fig. 4(b)], respectively. At
620 °C, the superdomes are surrounded by coherent islands
[see inset in Fig. 4(a)], while an island depletion region is
evident around the superdomes grown at 740 °C [see circle
pointed at by an arrow in Fig. 4(b)]. To quantify this
observation, we define Voronoi cells around both coherent
and dislocated island centers and measure their corre-
sponding area. The cell area, normalized by the average
value for coherent islands, is plotted vs the island volume
in Figs. 4(c) and 4(d) for the samples grown at 620 and
740 °C, respectively. Locally averaged values are also
indicated with open symbols. We observe a marked in-
crease of the Voronoi cell area for the superdomes con-
tained in the sample grown at a higher temperature. The
presence of a depletion region [9] can be explained as due
to an anomalous coarsening process [17,26], in which the
strain-relaxed superdomes grow at the expense of nearby
smaller islands. At the highest temperature investigated
here, we observe indeed very small shrinking islands which
are being ‘“‘captured’” by larger and steeper islands, as
illustrated in inset III [Fig. 3(b)]. Such a shrinking process
is probably inefficient at relatively low temperatures, due
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FIG. 4 (color online). AFM images of SiGe islands obtained
after deposition of 15 ML Ge on Si(001) at (a) 620°C and
(b) 740 °C. A depletion region is evident around the dislocated
islands in (b), while none is observed in (a); Voronoi cell area,
normalized by the average value for coherent islands, vs island
volume for (c) 620 °C and (d) 740 °C. Average values are plotted
with open symbols. Lines are guides to the eye.

to the presence of a barrier for adatom detachment which is
higher than the barrier for adatom attachment [27]. There-
fore, we argue that, at low temperatures (620-700 °C),
island coalescence and consequent dislocation introduction
is more likely than island capture. Inset I in Fig. 3(b) shows
a superdome which results from the coalescence of two
islands. A tree-ring structure appears around the coalesced
islands. In addition, our footprint analysis reveals that
some coherent islands move away from the nearby super-
domes [16,28]. A similar observation was reported during
the growth of Ge on Si(111) substrates [14]. This phenome-
non is observed throughout the whole temperature range
investigated here and is probably due to strain mediated
repulsion [28]. We expect that the Si incorporation result-
ing from the lateral motion will hinder or at least delay the
coalescence. Such a type of process is illustrated in inset II
[Fig. 3(b)] by the presence of a ‘“‘half-moon”” plateau under
the moving island [16].

In conclusion, we have applied a selective etching
method to reveal the footprints left over by superdomes.
A complex tree-ring structure was identified, each ring
corresponding to a dislocation. The analysis of the foot-
prints enables us to gain a deeper insight into the evolution
and the morphological age of superdomes. In particular, we
identify island coalescence at the lowest temperature in-
vestigated in this study (620 °C) and island growth driven
by anomalous coarsening at higher temperatures as differ-
ent pathways for dislocation nucleation. We expect that our
work provides a better understanding of the fundamental
mechanisms governing the evolution of self-assembled
islands in different strained material systems.
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