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SiGe heteroepitaxy on vicinal Si (1 1 10) is studied as a model system for one-dimensional (1D) to
three-dimensional growth mode transitions. By in sifu scanning tunneling microscopy it is shown that the
1D-3D transition proceeds smoothly from perfectly facetted 1D nanoripples to coarsened superripples,
tadpoles, asymmetric domes, and barns without involving coalescence or agglomeration. By extension of
the studies to a wide range of SiGe compositions, a 1D-3D growth phase diagram is obtained. Total energy
calculations reveal that the observed critical transition volumes are fully consistent with thermodynamic

driven strain relaxation.
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SiGe heteroepitaxy on Si surfaces has been intensely
studied as a model system for growth instabilities [1-13]
and self-organized surface texturing [13—19] on the nano-
scale that forms the basis for self-assembled nanostruc-
tures. Most of these studies have been devoted to the
singular Si (001) surface, on which a spontaneous two-
dimensional (2D) to 3D growth mode transition sets in at a
certain critical layer thickness [1-12]. On vicinal and high-
index surfaces, however, the broken symmetry often leads
to the formation of one-dimensional nanostructures,
[13-23] by mechanisms such as kinetic step bunching
[16,17], step-step interactions [24-26], or spontaneous
surface facetation [19,23,27], as has been observed for a
wide range of material systems [28-34]. A prominent
example is the SiGe/Si (1 1 10) system, where a perfectly
facetted 1D ripple structure is formed during the initial
stages of growth [20-23]. At higher coverages, however,
the growth evolution becomes dictated by the volumetric
energy of the system [2-4,9-12]. This induces a strong
driving force for coherent 3D island formation and the
fundamental question arises how such a 1D-3D growth
transition occurs and whether it is at variance to the usual
2D/3D Stranski-Krastanow transition, as has been recently
suggested by Persichetti et al. [35,36].

To resolve this issue, we present an extensive study of the
1D-3D transition of SiGe on Si (1 1 10) over a wide range of
compositions and coherent growth conditions. By scanning
tunneling microscopy (STM), we show that the transforma-
tion proceeds smoothly via geometrically distinct phases,
starting from coarsened ripples over frustrated tadpole is-
lands to multifacetted domes and barns, whose structure
is revealed in all details by STM. The onset of the 1D-3D
transition is characterized by a shrinking of the ripple
length and simultaneous vertical and lateral expansion.
Subsequent transformation into domes and barns is dictated
by volumetric strain relaxation as shown by total energy
calculations, but no evidence for clustering or agglomera-
tion is found. We provide a 1D-3D growth phase diagram as
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afunction of SiGe composition, and overall excellent agree-
ment between experiments and theory is found.

The investigations were performed in a multichamber
molecular beam (MBE) and STM system, enabling surface
imaging and growth without breaking ultrahigh vacuum
conditions [20,23]. Complementing experiments in a Riber
SIVA-45 MBE system [12-22] produced the same results
in all cases. Vicinal Si (1 1 10) substrates miscut by 8° with
respect to (001) were prepared by device-grade chemical
cleaning [16] and a 40 nm thick Si buffer was grown after
oxide desorption. As proven by STM, this produces very
clean and smooth starting surfaces, consisting of a highly
regular double monolayer (ML) step structure perpendicular
to the miscut direction [23]. Ge or Si;_, Ge, layers were
deposited at 1-2 A/ min and a substrate temperature of
600 °C which is somewhat higher than the 550 °C used in
our previous experiments [23] in order to promote the 1D-3D
transition. The layer thicknesses and compositions were
varied over a wide range from xg, = 0.2 to 1. After growth,
the samples were rapidly quenched to room temperature and
transferred for STM investigations. Equilibrium surface mor-
phologies were derived from in sifu annealing experiments.

Ge growth on Si (1 1 10) results in perfect 1D faceting of
the surface at a critical coverage of 4.2 ML [23]. As a
result, the surface is completely covered by ~20 nm wide
and ~200 nm long nanoripples running along the [551]
miscut direction as demonstrated by Fig. 1(a). The ripples
show a high degree of uniformity and their prismatic shape
is defined by perfect {105} side facets. This is revealed by
the high-resolution STM image of Fig. 1(c) and leads to a
significant lowering of the surface energy [23,27]. Perfect
faceting is also proven by the surface orientation map
(SOM) [15] depicted as an inset, where only two well-
defined {105} facet spots appear.

As shown by Fig. 1(b), when the Ge coverage increases
above 5 ML, a 1D-3D growth mode transition sets in and
isolated superripples and 3D islands appear on the surface.
The superripples, labeled “1” and “2” in Fig. 1(b), exhibit
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FIG. 1 (color online). STM images of Ge depositedon Si (11 10)
before (a) and after (b) the 1D-3D ripple-to-dome transition at 4.5
and 5.5 ML coverage, respectively. The surface orientation map
(SOM) inset and the high-resolution STM image in (c) reveals
complete {105} facetation. The successive stages of the ripple-
to-dome transition are indicated by the labels from “1” to *“4”
and corresponding high-resolution STM images are shown
in Fig. 2.

a highly asymmetric tadpolelike shape with thickened head
and tapered tail. Their height and width is increased by a
factor of 3 to 2 ~ 3.5 nm and b ~ 50 nm but their aspect
ratio A = h/b = 0.07 remains unchanged due to the per-
sisting {105} sidewall facetation. The larger islands labeled
“3” and ‘4 are more rounded and significantly enlarged
in height to & ~ 6.5 nm, resulting in a concomitant three-
fold increase in aspect ratio. Their shapes resemble those
of domes [3,4] and barns [10,11] seen on Si (001), but
display a significant asymmetry due to the 8° miscut of the
underlying (1 1 10) surface. From Fig. 1(b) it is clear that
the ripple-to-dome transformation proceeds via coherent
coarsening of single ripples and islands and not by
clustering and agglomeration as proposed by Persichetti
et al. [35,36].

The individual stages of the successive ripple-to-dome
transition are presented in Fig. 2 in high resolution.
Already before the onset of island nucleation, ripple bifurca-
tion occurs, as indicated by the circle in Fig. 1(c). Since 1D
ripples with uniform cross section can only elastically relax
strain perpendicular to the ripple axis, the longitudinal strain
component is completely preserved [22,27]. Hence, ripple
disruption by bifurcation and formation of local (001) facets
becomes favorable with increasing Ge deposition. On the
{105} ripple facets, atomic steps [arrows in Fig. 1(c)] provide
a mechanism for lateral ripple expansion via step flow
growth. Figure 2(a) shows the zoomed-in STM image of
the first superripple that represents the precursor state for
island nucleation. It is shortened and 3 times widened com-
pared to the initial ripples. Its tadpole shape is composed of
three parts [see Figs. 2(a) and 2(g)], namely, a {105} bound
prism body, an abrupt (001) terminated head, and a long
“V”-shaped tail that narrows along the [55 1] direction
through dense step bunching along the ripple facets.

Further coarsening leads to an enhanced tadpole growth
in the transversal and vertical direction accompanied by a
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FIG. 2 (color online). High-resolution STM images showing
the evolution of from ripples, to tadpoles, domes, and barns with
increasing island volume: (a) Coarsened superripple with (001)
facet termination, (b) tadpole with V-shaped tail and {105}
faceted head, (c) transitional island between tadpoles and
domes, (d) fully developed dome with {113} and {15 3 23} facts,
(e) transitional barn with densely stepped edges, and (f) fully
developed barn with steep {101}, {20423}, and {111} facets.
Image size: 100 X 100 nm?. Different facets are indicated by
the symbols and colors in the models shown in (g) to (j). The
insets show the surface orientation maps of the STM images.

successive shrinking of the tail in the longitudinal direc-
tion. This is demonstrated by Figs. 2(a) and 2(b), repre-
senting two subsequent coarsening stages of the tadpole
islands. In this process, Ge is sucked from the tail into the
body for more efficient strain relief. At a certain critical
body width of 40 nm, two additional {105} facets appear at
the tadpole head [cf. Figs. 2(b) and 2(h)], replacing the
initial (001) facet. Thus, an asymmetric tilted pyramid is
formed. The stark asymmetry between the upper and lower
tadpole termination arises from the geometrical frustration
due to the 8° substrate miscut, for which reason no low-
energy shallow facet is available for tail termination. Thus,
material transfer from the tail to the body can be accom-
modated only by step bunching in the tail region, as
indicated by the black arrow in Fig. 2(b).

In the next evolution step, the tadpole tail is completely
absorbed into the body. This is shown by Fig. 2(c) [island
“3” in Fig. 1(b)], where the tadpole body is now nearly
fully terminated by four adjacent {105} facets. At this
point, a substantial vertical growth sets in without much
lateral expansion. As revealed by STM, this proceeds via
ML nucleation at the tadpole top and downward step flow
growth, resulting in pronounced step bunching also at the
lateral tadpole edges. At a certain critical tadpole size,
these step bunches transform abruptly into steeper facets
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and thus, a fully facetted dome is formed. This is demon-
strated in Fig. 2(d) by the STM image of the dome island
“4”, which is composed of four {113} and eight {15323}
side facets in addition to {105}, as confirmed by the corre-
sponding SOM inset. The aspect ratio of the dome islands
is increased to A = 0.21. Thus, volumetric strain relaxa-
tion becomes the dominating factor at this growth stage.
Because of the vicinal substrate orientation, the domes are
asymmetric, featuring significantly reduced {113} and
{15323} facets in the miscut direction, as illustrated by
the geometrical model displayed in Fig. 2(i).

Further coarsening leads to a third transition from domes
to barns with even steeper side facets. Figure 2(e) repre-
sents a transitional island with intermediate shape, evi-
dencing that again steeper side facet nucleation proceeds
via step bunching at the perimeter of the domes. The final,
fully developed barn displayed in Fig. 2(f) features addi-
tional {20423}, {101}, and {111} side facets (see SOM
inset) with inclinations up to 60°. Evidently, the trans-
formation into barns is driven by the higher degree of
strain relief provided by the increased A ~ 0.25 aspect
ratio. As indicated by Fig. 2(j), the barns also exhibit
four {101} corner facets not seen for barns on Si (001)
[10,11,37].

Based on the results of Figs. 1 and 2, the evolution from
ripples to tadpoles, domes, and barns neither involves
aggregation, clustering or bunching of islands, contrary
to what has been reported by Persichetti et al. [35,36].
Moreover, while the smooth tadpole formation from 1D
ripples completely differs from the nucleation of isolated
Ge pyramids on planar Si (001) substrates [5—8], the ob-
vious analogy of the later dome to barn transition [10,11] is
clear evidence that volumetric strain relaxation rather than
anisotropic island-island interactions [35,36] governs the
coarsening at this growth stage. This is quite expected
because the up to 60° side wall inclinations of the domes
and barns much exceed the 8° miscut of (1 1 10) with
respect to (001). Although the different results of
Persichetti et al. [35,36] could have been caused by their
1 order of magnitude lower Ge growth rate, our finding that
island agglomeration does not occur even upon postgrowth
annealing suggests that this is rather due to the different
substrate preparation, where in our case all extrinsic island
nucleation sources were effectively eliminated by Si buffer
deposition, as was checked by STM control experiments.

To systematically map out the strain dependence of
the ripple-to-dome transition, a complete series of SiGe
samples with varying xg. from 0.2 to 1 was grown. To push
the morphologies close to thermal equilibrium, the samples
were in situ annealed at 600 °C for 15 min after growth. As
a general trend, at lower xg, the ripple-to-dome transition
is shifted to higher coverages. Therefore, SiGe layers of up
to 100 ML are required to induce the 1D-3D growth
transition. Figures 3(a) and 3(b) present the results for
Xge = 0.25 at 20 and 60 ML, respectively. At 20 ML,

even after annealing, the surface exclusively contains sta-
ble (001)-headed tadpoles with ~600 nm length and
~50 nm width, whereas at 60 ML solely dome islands
appear. Both exhibit the same overall shapes as reported
in Fig. 2, except for the nearly tenfold increase in size.
Moreover, at intermediate coverages (not shown), a similar
coexistence of tadpoles and domes is found.

For the pure Ge case, STM images at 5 and 6.7 ML are
depicted in Figs. 3(c) and 3(d), showing that even after
annealing, at 5 ML the surface exclusively contains ripples
and (001) headed tadpole islands, whereas at higher cover-
age only dome islands remain with no indication of clus-
tering or agglomeration. Even up to coverages of 7.5 ML,
the surface still contains merely dome and barn islands;
i.e., only a negligible number of them (less than 3%) have
evolved into superdomes due to dislocation formation. On
the contrary, Persichetti et al. [35,36] have found dislo-
cated islands already at the early stages of growth, which
is an indication that heterogeneous island nucleation
occurred in their experiments.
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FIG. 3 (color online). SiGe layers on Si (1 1 10) after post-
growth annealing for xg. = 0.25 (a),(b) and xg. = 1 (c),(d) at
coverages below and above the ripple-to-dome transition. Note
the different scale of the images. (e) Equilibrium phase diagram
for the 1D-3D transition derived from the annealing experiments,
representing the stability regions for the different phases.
(f) Comparison of the experimental average base width of
tadpoles (triangles) and domes (black) with the critical base
widths b. (diamonds) derived from total energy calculations.
The dotted lines indicate the theoretical variation of b, obtained
when the less known facet, edge, and step energies are varied.
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The thermodynamic growth phase diagram compiled
from the annealing experiments is presented in Fig. 3(e).
It shows the stability regions for ripples, tadpoles, and
domes as a function of SiGe coverage and Ge concentra-
tion. Below the solid line, solely ripples or tadpoles are
observed, at intermediate coverages (shaded region) there
is a small coexistence region for tadpoles and domes, and
at higher coverages (dash-dotted line) only dome islands
remain. This sequence is identical for all Ge concentra-
tions, but the required critical coverage for the 1D-3D
transitions strongly rises with decreasing Ge content xg.,
similar to usual SK systems [13,38]. As shown in Fig. 3(f),
also the island sizes for the tadpole-to-dome transition
strongly increases with decreasing xg,, scaling in a similar
way as the critical coverage.

To theoretically predict the critical size for the tadpole-
to-dome transition, we have devised a total energy model
[9,12] that allows the comparison of the energy of the
tadpoles (T) to that of domes (D) equal in volume. Since
in the experiments it was found that at the 1D-3D transition
the tadpole width is equal to the width of the domes, a one-
to-one correspondence in volume is obtained by adjusting
the tadpole length. The total energy of the tadpoles E; and
domes Ep with respect to that of a generic wetting layer
(WL) Ewy, was computed for the island geometries derived
by STM using

Er—Ew,=V(pr—pwo) + Srryrr + Sre¥rs + SruYru)
—Bryw. + L7T, (D

Ep — EwL = V(pp — pwr) + Spy¥p — BpywL + Lpl.
()

In both equations, the first term accounts for the volumetric
elastic energy relaxation within the tadpoles or domes that
is proportional to the volume V times the average elastic
energy density p, computed by finite element calculations
using ab initio-derived elastic constants [39,40]. The sec-
ond term describes the increase in surface energy due to the
exposed surfaces of the tadpole tail (TT), body (TB), and
head (TH) or domes (D), where y; and S; represent the
corresponding surface energy densities and surface areas.
The energy of {105} facets was obtained from ab initio data
[27], giving =~ 57 meV/A2, which is kept constant for
any alloying because Ge surface segregation is expected
in all cases. For the surface energy of the domes, we use an
average value of 65 meV/A?2, as derived by our previous
works [12]. For the tadpoles, a < value between
60-63 meV/A? is estimated [41] for the (001) tadpole
head, giving, however, no significant variation of the final
results. Negligible changes were similarly produced when
accounting for the cumulative effect of steps on the tadpole
tails through an extra surface energy term up to 5 meV /A2,
The third term represents the energy of the WL that is
reduced when an area B is covered by the base of the

islands, where we take the faceting condition [27] as the
reference for yw;. The last term, finally, accounts for
the edge energy costs I' at the facet borders, which is
varied between 100-370 meV /A, according to our experi-
mentally confirmed estimations [23].

The evolution of the total energy of the tadpoles and
domes as a function of base width is presented in Fig. 4
for three different Ge concentrations xg, = 0.25, 0.5, and
1.0 as indicated. For all cases, a crossover between tadpole
and dome energy occurs at a certain critical size b, as
indicated by the arrows. Beyond this size the domes are
energetically favored. Comparing the curves for different
Xge, €vidently, the critical size strongly increases with
decreasing Ge content from b, = 30 nm for x5, = 1 to
400 nm for xg. = 0.25, scaling roughly as b, ~ £ 2. The
complete dependence of the critical tadpole size is pre-
sented in Fig. 2(f), demonstrating that the theoretical (dia-
monds) and experimental values (squares and triangles) are
in nice agreement with each other. Thus, volumetric elastic
relaxation is the key driving force for dome formation.
A variation of parameters such as facet and edge energies
as well as extra energy costs for steps on the tadpole
tails does not influence significantly the theoretical results,
as indicated by the dotted lines. Only for low Ge content
Xge = 0.25 a modest theoretical overestimation of b, is
found, which is attributed to the assumption that the surface
energy is fully determined by Ge segregation even at low
XGe», Where also kinetic limitations will delay the transition
process. Kinetics may also account for the finite tadpole-
dome coexistence region in the phase diagram.

In conclusion, a novel 1D-3D growth transition of SiGe
on vicinal Si (1 1 10) was unraveled by high-resolution
scanning tunneling microscopy. The initial 1D ripple trans-
formation proceeds smoothly by transversal expansion and
longitudinal shrinking, which completely differs from the
abrupt island nucleation process on planar 2D surfaces.
Further coarsening occurs via several geometrically distinct
phases, from superripples, to tadpole islands, to finally
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FIG. 4 (color online). Calculated relative total energies
AE = E;; — Ew of the tadpoles and domes as a function of
base width b for xg., = 0.25, 0.5, and 1.0 as indicated. The
corresponding geometries were constructed based on the STM
images of Fig. 2 and a perfectly {105} facetted wetting layer was
assumed. The arrows indicate the critical base widths b, where
the dome energy becomes lower than that of the tadpoles.
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multifacetted asymmetric domes and barns as the aspect
ratio increases. This is governed by elastic strain relaxa-
tion, in perfect agreement with total energy calculations.
Extending our studies to a wide range of SiGe compositions
and postgrowth annealing experiments, a complete thermo-
dynamic growth phase diagram for the ripple-to-dome tran-
sition was derived. Our results not only provide a key
reference for further investigations, but also apply for a
wide range of material systems and vicinal surfaces, where
the formation of 1D nanostructures often occurs.
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