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We investigate and elucidate the surprising observation of atomically ordered domains in dome-shaped

SiGe nanoislands. We show, through atomistic Monte Carlo simulations, that this ordering is a surface-

related phenomenon, and that is driven by surface equilibrium rather than by surface kinetics. The

ordering depends on facet orientation. The main source of ordering is the f 15 3 23 g facet, while the

f105g and f113g facets contribute less. Subsurface ordered configurations self-organize under this facet

and are frozen-in and buried during island growth, giving rise to the ordered domains. Ordering

mechanisms based on constrained surface kinetics, requiring step-mediated segregation at the island

facets, are shown to be much less likely.
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During Ge on Si(100) heteroepitaxy, nanoislands of
various shapes develop and self-organize [1]. Much work
until today has been devoted to the elucidation of the
composition profile in the islands due to intermixing and
alloying [2–7]. The atomic distribution was thought to be
random, much as like in bulk SiGe alloys [8,9], the proto-
typical semiconductor random alloy system.

Recently, however, a surprising observation was made.
State-of-the-art x-ray diffraction studies clearly revealed,
through analysis of basis-forbidden Bragg reflections,
atomically ordered SiGe domains in dome-shaped islands
[10]. The ordering is weak to moderate, it persists up to a
growth temperature of 840 �C, having a maximum at
700 �C, and survives also under annealing conditions.

Ordering in SiGe systems has been earlier observed in
Si0:6Ge0:4 superlattices [11] and thick relaxed Si0:5Ge0:5
films [12,13]. Although early kinetic considerations have
linked ordering in such films to the formation of coherent
islands during growth [13], the report of Malachias et al.
[10] offers the first unambiguous sign of ordering at the
nanoscale. The reduced size of three-dimensional islands,
as compared to the practically infinite planar thin films,
makes the appearance of ordering in nanometer-sized do-
mains even more interesting, and opens up a number of
questions regarding the underlying mechanisms, which
remain elusive.

Here, we investigate in detail and explain this ordering
effect. We show that the observed ordering in SiGe nano-
islands is a surface-related phenomenon, and that is driven
by surface equilibrium rather than surface kinetics.
Moreover, we show that the ordering depends on facet
orientation, which explains the observed spatial organiza-
tion of the ordered domains in the islands. The ordering is
of the mixed rhombohedral type.

The central idea is that ordering in nanoislands cannot be
explained on the basis of bulk equilibrium, because this

would lead to a random distribution of species. Similarly,
random kinetic processes would also lead to a random
alloy, if not accompanied by some surface site-specific
selectivity. Thus, most likely ordering is due to surface-
related processes, which are either driven by surface equi-
librium [9,12] or by constrained surface kinetics [13].
In order to check the first possibility, we carry out

Monte Carlo (MC) simulations of the equilibrium distri-
butions of Si and Ge atoms in various facet configurations,
and we calculate the degree of order at short and medium
range. We check the second possibility by considering
step-mediated segregation kinetic mechanisms at these
island facets.
We begin with surface equilibrium. We study separately

the f105g, f113g and f 15 3 23 g high-index surfaces, as
these are the three most important facet orientations in
SiGe dome islands grown on Si(100) [14]. A schematic
of a dome island depicting the three facets is shown in
Fig. 1(a). (i) The f105g surface has the rebonded SB step
(1� 2) reconstruction [15]. It is vicinal to f100g, so dimers
dominate the reconstruction. Two steps exist in the unit
cell, one of which has the rebonded geometry with two
adatoms. It is shown in Fig. 1(b). (ii) The f113g surface
exhibits a (3� 2) reconstruction, that involves an intersti-
tial atom and an adatom [16]. The structure contains two
nearly flat pentagons on the surface. It is shown in
Fig. 1(c). (iii) The f 15 3 23 g surface is vicinal to
f101g. It has an (1� 1) reconstruction that involves three
adatoms [17]. The relaxed structure is shown in Fig. 1(d).
We use simulational cells in a slab geometry with two

surfaces (vacuum on top and bottom) and periodic bound-
ary conditions. The slab cells are (6� 6) repetitions of the
unit cells. They contain 22, 19, and 21 monolayers (ML)
and the total number of atoms is 10 100, 7632, and 9000 for
the f 15 3 23 g, f105g, and f113g facets, respectively.
The composition is kept at 50%–50% to be consistent
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with the experimentally measured [10] composition at the
central region of the islands where ordered domains are
seen. Epitaxial constrain of the lateral cell dimensions to
Si(001) is imposed. Allowing them to vary changes the
results insignificantly.

The systems are allowed to equilibrate, both geometri-
cally and compositionally, using a continuous-space MC
method that has been extensively tested in similar environ-
ments [3,9,18]. Three types of random moves are involved
in the MC algorithm: atomic displacements and volume
changes, which lead to geometrical relaxation, and mutual
identity exchanges between atoms of different kinds,
which mimic atomic diffusion and lead to compositional
equilibration throughout the system. The energy is calcu-
lated using well-established interatomic potentials for
Si=Ge [19].

We first present MC results for equilibrium at a low T,
100 K. This is artificial, since there is experimentally no
diffusion to equilibrate at this T, but it unravels the maxi-
mum of the effect and provides a useful reference case
before addressing the dependence on T up to high Ts.

Figure 2 shows pictorially local composition of the
f 15 3 23 g facet system averaged over time (MC
runs). We find that the surface is fully covered with Ge
atoms due to the lower surface energy of Ge [9]. The same
general effect is seen in the other two facets. Most notably,
we observe that the distribution of Si and Ge atoms in the
subsurface region strongly deviates from randomness. A
clear tendency for clustering of atoms of the same kind in
the subsurface layers is observed. A weaker clustering
effect is seen in the other two facets (not shown).

The effect can be understood by noting that stress fields
can trigger site-specific composition selectivity in alloyed
systems, both at the surface and deeper in subsurface layers
[9,12,20]. The inset in Fig. 2 shows atom-projected local
stresses [9] in the f 15 3 23 g surface layers of pure Si.
Several sites are under large stress exceeding 3–4 GPa,
corresponding to a compression (tension) of more than
0:5 eV=atom, thus accessible to selective occupation, i.e.,
larger (smaller) atoms preferably occupy sites under ten-
sion (compression). A tendency for clustering of sites with
similar stress state is observed, leading to favored occupa-
tion of these sites by the same kind of atoms.
Figure 3 shows stress variations as a function of depth in

the three slab cells. In all three cases, there exists a thin
subsurface layer (TSL) with large stresses, while deeper
layers toward the middle of the slab are bulklike with
minimal stress. The f 15 3 23 g system exhibits strong
stress oscillations and thus selective site occupation at
neighboring layers, while the f105g and f113g systems at
more distant layers, which are separated by layers of low
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FIG. 2 (color online). Ball-and-stick model of local composi-
tion (based on Ge site occupancies) at the f 15 3 23 g facet.
Red (dark grey) spheres are Si atoms (cGe � 0:25), green (light
grey) spheres are Ge atoms (cGe � 0:75), while grey spheres are
randomly occupied sites (0:25< cGe < 0:75). The inset shows
the local stress distribution. Sites under compression (tension)
are colored in red (green), while neutral sites (under less than
�1 GPa) in grey.
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FIG. 1 (color online). (a) A multifaceted dome structure
depicting the three facet orientations. (b) to (d) show the recon-
structed f105g, f113g, and f 15 3 23 g facets, respectively.
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FIG. 3. Variations of atomic stresses versus depth in the three
facet slab cells. The topmost surface layers are excluded.
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stress and random occupation, thus the weaker clustering
effect under these facets. The f 15 3 23 g TSL has a

width of �8 �A containing about four ML.
Analysis of local bonding in this TSL region shows that

there is an abundance of local geometries in which three
out of four bonds are either heteropolar or homopolar.
These geometries are the basic building units of the RS1
and RS2 rhombohedral structures, respectively [8,12,21],
characterized by ordered bilayers along a particular h111i
direction. RS1 and RS2 have been extensively studied as
candidate structures for long-range ordering in SiGe alloys
[11,12,21]. Although both types of local ordered structures
are found in the present case, the RS2 units are more
numerous, indicating predominance of homopolar bonds,
in accordance with the clustering picture in Fig. 2.

In order to quantify this first sign of ordering, we utilize
the concept of the nearest-neighbor correlation parameter
in a binary alloy, defined as �AB ¼ cAPAB � cAcB [22],
which relates the probability PAB of a given bond being of
type A-B, to the random case where each site are indepen-
dently occupied with probability cA or cB (the composi-
tions in the system.) Normalization of �AB to maximum
order results in the Bethe short-range order (SRO) parame-
ter �SRO

Bethe ¼ �AB=ðcAPM
AB � cAcBÞ, where PM

AB is the maxi-

mized probability. In the present case, PGe-Si ¼ ZGe-Si=4,
where ZGe-Si is the average number of heteropolar bonds in
the structure, and PM

AB ¼ 1. For the zinc-blende, random,

RS1 and RS2 structures, �SRO
Bethe equals to 1, 0, 0.5, and

�0:5, respectively.
Analyzing in this way the SRO of the f 15 3 23 g

facet, within the TSL with strong site preference, having
an overall composition cGe ¼ 0:4, and excluding the fully
covered with Ge atoms surface layer, we find a �SRO

Bethe value

of�0:4, close to the value of the RS2 structure. This shows
a high degree of SRO and confirms that the majority of
local units are indeed of the RS2 type. The other two facets,
f105g and f113g, exhibit a considerably lower degree of
SRO, also characterized by a predominance of homopolar
bonds, as is indicated by values of �0:2 and �0:14,
respectively.

To examine whether order persists beyond the first
nearest-neighbors and to trace its spatial extent in the
TSLs, albeit laterally confined, we generalize the above
formalism by defining a medium-range order (MRO) pa-
rameter �MRO

Bethe. This is done by substituting for the bond

probability PAB the respective MRO probability PMRO
AB ,

which correlates between sites in increasingly distant
neighbor shells [23]. The results of this analysis for the
three facets are summarized in Fig. 4(a). As a measure of
the strength of MRO, we consider the deviations from the
random level of zero. The strong oscillations of �MRO

Bethe of

the f 15 3 23 g facet about the random level, though
progressively declining, confirm that some type of order
persists up to distant neighbor shells from the reference
site. Weaker MRO is computed for the other two facets.

Both the SRO and the MRO analyses indicate that the
f 15 3 23 g facet is the main source of possible ordering
in SiGe nanoislands.
Having demonstrated the effect at a low T, we now turn

to higher Ts that are relevant to experimental growth
conditions. For this, a series of MC simulations is carried
out, extracting each time the MRO. Figure 4(b) shows
MRO oscillations in the TSL of the f 15 3 23 g facet
at higher Ts. MRO order persists even up to high Ts, where
near surface diffusion is rapid.
To associate these results to the observed partial order in

nanoislands [10], and to specify the type of ordering, we
consider a periodic bulk model of the f 15 3 23 g struc-
ture, consisting of several repetitions of the TSL of 4 ML
analyzed above, with sites ‘‘colored’’ as Si or Ge according
to their average site occupancy. This model mimics an
extended bulk domain under the facet, generated by assum-
ing that surface configurations are frozen in and buried
upon further material deposition during island growth
[12,24].
Applying the Bethe analysis to this bulk f 15 3 23 g

cell yields significant MRO, as shown in Fig. 4(c), extend-
ing up to the 5th neighbor shell. Beyond this distance,
MRO falls off rapidly, characteristic of a cooperative as-
sembly generating partial order. Because of the simplicity
of the construction, this bulk MROmay only be considered
as indicative of the strength and extent of order.
The RS1 and RS2 structures are not compatible to the

computed MRO, either surface or bulk, RS2 being close
only at short range [25]. This is in accord with the experi-
ment [10], where no half-integer reflections (associated
with RS1 and RS2) were observed. We conclude that the
only possible structure to be associated with this ordering
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FIG. 4. (a) Variations of the medium-range order parameter
�MRO
Bethe versus neighbor shells along the TSL of the three facets.

Horizontal dotted line shows the random level. (b) MRO depen-
dence on temperature for the f 15 3 23 g facet. (c) MRO in the
periodic bulk model of the f 15 3 23 g structure.

PRL 108, 176102 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

27 APRIL 2012

176102-3



is the mixed rhombohedral-type ordered structure RS3
[13,21], whose limiting cases are RS1 and RS2.

RS3 structures compatible with the computed MRO can
be identified by fitting the Ge content in the alternating
ordered h111i bilayers of the RS3 bulk model [21], so as to
reproduce the calculated bulk �MRO

Bethe. For this, we carry out

Monte Carlo scans of the monolayer Ge content, allowing
only identity exchanges within each layer. A fit to the
partial order of the bulk cell, with a scan step of 0.2, yields
a four-bilayer RS3 model with Ge contents (0.4, 0.6, 0.6,
0.8, 0.0, 0.2, 0.0, 0.2), composed of Si-rich, Ge-rich, and
intermediate content layers. Similar configurational motifs
emerge when considering other bulk models composed of
TSLs of different thickness (2 or 6 ML).

Our theory explains many features of the observed weak
ordering [10] and how this builds up in dome islands. First,
it explains why ordered domains are seen in the central
region of the islands, not at the bottom nor at the top.
Bottom regions are Si rich due to macrostrain-driven in-
termixing, with composition cGe ’ 0:2, and thus RS3 can-
not be formed as it requires near stoichiometry. In the
center, cGe ’ 0:5, on average, and order is pronounced
[10], but the lateral position of ordered domains is un-
known. Also, simulational studies [24] of nonequilibrium
faceted growth showed that there are in general strong
lateral composition variations. These may affect ordering.
Thus, we expect that partial RS3 order will rise up by the
driving force of the f 15 3 23 g facet as the island grows,
in the central areas where the concentration is about 50%.
The upper regions, on the other hand, remain Ge rich
during growth and are bounded by f105g facets; see
Fig. 1(a), which produce minimal order. This may also
explain why ordering has not been reported for pyramidal
islands; they are bounded by f105g facets.

Instead of a single area across the island, ordered do-
mains separated by antiphase boundaries are seen. This can
be explained by the argument that the f113g facets, which
produce less order, intrude in between the f 15 3 23 g
facets, see Fig. 1(a), interrupting in this way the homoge-
neous formation of a single ordered domain.

In the observed ordering, a maximum appears as a
function of T. This can be explained as follows: at low
growth Ts diffusion in the subsurface region is slow and the
system is not at equilibrium, with a low degree of order.
With increasing Ts the facet system organizes into the
equilibrium ordered structures. Higher Ts, however, tend
to randomize the structure, reducing ordering and thus a
maximum appears. Still a certain degree of order persists
due to the high bulk diffusion barriers, when the ordered
regions are buried, preventing its annihilation.

Finally, we consider an alternative ordering mechanism
based on constrained surface kinetics [13]. This requires
step-mediated segregation at the island facets. In this
model, segregation during growth on double steps is vital,
with kinks playing a key role in the process. It is well

known that vicinal Si (100) surfaces usually include ter-
races separated by alternating SA and SB single steps when
the miscut angle is low. Above 8�, however, double steps
are favorable [26]. Yet, the Gef105g=Sið001Þ facet [which
forms an angle of about 11� with (001)] is well known to
be stable due to a rebonded single-height step configura-
tion [15,27]. Most importantly, the f 15 3 23 g facet
includes (110)-like features and resembles little similarity
to (001) or its steps. Similar arguments apply to the f113g
facet.
We conclude that the absence of double steps on the

sides of Si1�xGex dome islands makes the kinetic mecha-
nism proposed by Jesson et al. [13] less likely. The effect of
kinetics cannot be ruled out for small islands where edges
between facets are close and might play the role of step
kinks in the model of Jesson et al. [13]. Also, the f105g
facet includes in every unit cell a feature resembling a SB
step that is only two atoms long. Yet, no ordering has been
reported for pyramidal islands. Instead, our results give
clear evidence that ordering is mainly due to thermody-
namics of the growing facets rather than kinetics of the
growth process.
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