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Defect-Mediated Island Formation in Stranski-Krastanov Growth of Ge on Si(001)
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We have observed macroscopic island (macroisland) formation in Stranski-Krastanov growth of Ge on
Si(001) surfaces under various growth conditions using transmission electron microscopy. The interplay
between surface morphological evolution and defect formation during growth was revealed. We show
that the nucleation of macroislands is predominantly heterogeneous. Furthermore, evidence is presented
that macroisland formation is mediated by a particular defect which results from the coalescence of
small faceted islands.

PACS numbers: 68.35.Bs, 68.55.Ln

Investigation of Ge growth on Si is fundamental both
for understanding essential mechanisms in strain-related
heteroepitaxial growth and for fabricating high quality
SiGe/Si and Ge/Si heterostructures for optoelectronic de-
vices. It is well-known that Stranski-Krastanov growth
occurs in the growth of Ge on Si substrates. Extensive
studies have been done revealing the early stages of Ge
growth on Si(001) surfaces [1-8]. It was recently report-
ed that before the onset of macroscopic island (macro-
island) formation, small islands, so-called hut clusters,
were formed on the surface [1,2]. These hut clusters had
four [501] facet planes and were strictly aligned along the
two orthogonal (100) directions of the substrate. On the
other hand, it has also been reported that nonfaceted,
dislocation-free islands can be formed at almost the same
stage of growth [4]. Strain relaxation would then have to
be accomplished by local elastic deformation of near-
surface layers in the substrate. This implies that the pri-
mary driving force for island formation is not the ability
to introduce dislocations but rather strain energy reduc-
tion by forming island morphology itself on the surface
[4-6]. Further Ge deposition leads to formation of ma-
croislands with mostly [311] facet planes [8].

In this study, we concentrate on the growth stage of the
macroisland of Ge on the Si(001) surface. A mechanism
for its formation has been proposed [1],but clear experi-
mental evidence was lacking until now. Although a sys-
tematic study addressing the initial stage of islanding has
been recently reported [5], open questions have included
the nature of the nucleation stage of macroisland forma-
tion, i.e., whether it is homogeneous or heterogeneous,
and how this relates to defect formation. In particular, as
mentioned above, Ge growth on Si proceeds in a compli-
cated manner in which morphological variations of the
surface are closely related to strain relief of the evolving
film. Thus experimental tools are required which can
simultaneously detect both surface morphological evolu-
tion and defect structures inside the film and/or at the
Ge/Si interface. In this paper we have carried out plan-
view transmission electron microscopy (TEM) and cross-
sectional high-resolution (HR) TEM for Ge/Si structures
prepared under various growth conditions in order to in-
vestigate the formation mechanism of the macroislands.

We found for the first time that the nucleation of ma-
croislands on a surface having initially small faceted is-
lands is heterogeneous. We also present evidence that
macroisland formation is mediated by a particular defect
which lies along a specific direction with respect to the
faceted island.

Ge growth on Si(001) substrates was performed using
ultrahigh vacuum solid-source molecular beam epitaxy
(M BE) equipment with a base pressure of 1 && 10
Torr. The Si source was an 8 kV electron beam evapora-
tor and Ge was deposited from a boron nitride Knudsen
cell. After cleaning the substrate surface [9], a 1000 A
thick buA'er layer was grown, which showed a 2x 1 recon-
struction. Ge was then deposited at a rate of 0.02 mono-
layer (ML)/sec at a particular substrate temperature.
The pressure rose to no more than 10 Torr during
deposition. No surface contaminants were detected by in
situ Auger electron spectroscopy. Surface structures
were monitored during Ge deposition by in situ reAection
high energy electron diA'raction. Samples prepared under
various growth conditions were mechanically and chemi-
cally thinned from the substrate side for plan-view TEM
observations and Ar ion milled for (110) cross-sectional
observations. TEM was performed with a TOPCON
EM-002B operating at 200 kV.

Figure 1(a) shows a typical plan-view bright-field im-

age of a sample in which 7 ML Ge was deposited at a
substrate temperature of 300 C. The image was taken
with a defocus value of —9000 A under conventional
nontilted imaging conditions. Small rectangular and
square-shaped structures are clearly observed. By taking
images of the same area with several defocus values, it
was confirmed that this image reflected the morphology
existing on only one side of the TEM specimen, where the
Ge growth was performed. From their size and align-
ment strictly along the two (100) directions of the sub-
strate we identify these as the hut clusters (faceted is-
lands) previously observed by scanning tunneling micros-
copy [1,2]. Figure 1(b) is the corresponding transmission
electron diA'raction (TED) pattern. Note that extra spots
elongated along the (110) directions of the substrate, in-

dicated by arrowheads 2 and 8, can be observed near the
positions corresponding to a [111] lattice spacing. As
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FIG. 1. (a) Plan-view bright-field TEM micrograph of a

sample with 7 ML Ge grown on a Si(001) substrate showing
faceted islands strictly aligned along two orthogonal (100)
directions. (b) Corresponding TED pattern showing two types
of extra spots elongated along (110) directions, indicated by the
arrowheads A and B. (c) Plan-view dark-field TEM micro-
graphs of the same are observed in (a), take with the "A" and
"B"extra spots in (b).

shown in Fig. 1(c), dark-field images made with the
respective extra spots exhibit defects running along the
(110) direction perpendicular to the elongation direction
of the spot in the TED pattern. These results demon-
strate correlation of surface microscopic island morpholo-

gy with the distribution of defects inside the film; careful
comparison between the bright-field and the dark-field
images explicitly shows that the defects are situated
where the faceted islands coalesce. For example, the de-
fect denoted by D in Fig. 1(c) is observed between two
faceted islands indicated by arrowheads in Fig. 1(a). By
both wide-range observations and measurements at vari-
ous specimen tilt angles, we also confirmed that this was
the only type of defect present.

A cross-sectional HRTEM image of the same sample is
shown in Fig. 2(a). A defect is clearly observed between
two faceted islands. The atomic structure of the defect
was examined using a multislice image simulation [10].
Figure 2(b) compares the experimental image with the
simulated image obtained from the most probable atomic
model, shown in Fig. 2(c). The defect has a twin struc-
ture with a (211) surface normal at the center and the
twin region is separated from the matrix by two X9 grain

3.8A

FIG. 2. (a) Cross-sectional HRTEM micrograph of the sam-

ple of Fig. I in the (110) projection. Note the V-shaped defect
between two faceted islands. (b) Comparison between the ex-
perimental image and the simulated image obtained from the
atomic model of (c). (c) Atomic model of the defect projected
in the (110) direction. The shaded region at the cusp of the de-

fect shows a pair of five- and seven-membered atomic rings.

boundaries, forming a V shape. Thus the appearance of
the extra spot near the ll I I] spacing in the TED pattern
can be immediately understood as due to the [111]lattice
planes which the defect contains parallel to [110] lattice
planes of the substrate. Note that the structure of the de-
fect, hereafter called T-Z9D, is quite similar to one previ-
ously observed in Ge films on Si(001) substrates prepared
by surfactant epitaxy [11]. However, to our knowledge,
this is the first observation of T-Z9D's formed during con-
ventional MBE growth of Ge on Si.

A previous report claimed that formation of the T X9D-
was due to a specific growth process, i.e., a forced layer-
by-layer growth inanner mediated by surfactants [11].
However, the fact that we observed this defect in a film

prepared by conventional MBE clearly indicates that its
formation is due to an intrinsic process of Ge growth on
the Si(001) surface. Although the formation energy of
T-Z9D is comparable to that of an edge dislocation [12],
it seems unlikely that it is extrinsically introduced from
the surface like a misfit dislocation since the formation
process requires considerable bond rearrangement in the
film. This idea is also supported by the observation that
layer-by-layer growth induced by low-temperature depo-
sition did not lead to the introduction of T-Z9D but rath-
er to dislocations [13].

We note here some significant features of T-Z9D ob-
served under various growth conditions. First, the T-Z9D
was always formed on faceted islands. As shown later, in

the case of growth at temperatures higher than —600 C
where nonfaceted islands are dominant, no T-Z9D's were
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observed at any stages of growth. These results suggest
that T-X,9D formation is closely related to the manner of
growth of the faceted islands. Second, we confirmed a
dependence of the number density of T-Z9D's on the
number density and average size of the faceted islands. It
was observed that lower temperature growth led to the
formation of faceted islands having a higher number den-
sity but a smaller average size, while higher temperature
growth had the opposite eN'ect, even though the deposited
amounts of Ge were equivalent. This resulted in the for-
mation of a higher number density of T-X9D's for lower
temperature growth. Third, we point out again the
specific formation site of T-X9D's between two faceted is-
lands as confirmed in Figs. 1 and 2(a). AII these features
strongly suggest the nature of T-X9D as a grown-in de-
fect during film evolution.

Following this idea, notice that the pair of five-
membered and seven-membered atomic rings (P5 7AR)-
at the cusp of T-X9D, seen as the shaded zone in Fig.
2(c), must nucleate at the first stage of defect formation.
What causes the nucleation of P5-7AR'? We believe that
the low reactivity with the incoming Ge atoms of the di-
mer bond in the surface dimer structure, which is essen-
tially identical to the five-membered atomic ring, ac-
celerates the nucleation of P5-7AR during growth. It has
been demonstrated that the domain compressed along the
dimer bond was favored under an externally applied
stress [14]. Theoretical studies also reported that dimeri-
zation of the (001) surface atoms caused a tensile stress
parallel to the dimer bond [15]. Thus it is reasonable to
interpret that the compressive stress applied to the Ge
film by the lattice mismatch between Ge and Si stabilizes
the surface dimers on the faceted island compared with
the nonstrained systems. Furthermore, single-stepped
surfaces having zigzag dimer structures have been ob-
served on the faceted islands [1,2]. This result implies
that not only the dimer- but also the single-stepped mor-
phology contributes to stress compensation. Therefore, it
seems likely that more compressive stress, compared with
the other regions, is accumulated at the sites where
coalescence of the faceted islands occurs, since a com-
bination of two orthogonal (100) steps on the two faceted
islands directly means a loss of the step contribution to
stress compensation. In view of this, the dimer bond at
the coalescence site is expected to be less reactive,
preserving five-membered atomic ring structure during
growth; this gives rise to the reduction of the nucleation
barrier for P5-7AR formation. Once P5-7AR nucleates
on the growth surface, diAusing atoms are automatically
incorporated easily forming twin and X9 boundary struc-
tures on it, since the Z9 boundary also consists of chained
P 5-7AR's.

Next we will report on macroisland formation. Further
deposition of Ge led to the onset of macroisland forma-
tion on the faceted islands. In Fig. 3(a), a bright-field
image of a sample with 12 ML of Ge shows macroislands
exhibiting moire fringes as well as smaller faceted islands.

(a)
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FIG. 3. (a) Plan-view bright-field TEM micrograph of a
sample with 12 ML Ge grown on a Si(001) substrate. Macrois-
land images showing moire fringes as well as faceted islands can
be observed. (b) TED pattern corresponding to the image of
(a). Note that the intensity of the extra spots is increased com-
pared with Fig. 1(b). (c) Plan-view dark-field TEM micro-
graphs of the same area observed in (a), taken in the same
manner as Fig. 1(c). Note that all defect images overlap with
the moire fringes of the macroislands.

In the corresponding TED pattern shown in Fig. 3(b), the
intensity of the extra spots caused by T-X9D's are ob-
served to increase compared with that of the sample
shown in Fig. 1(b). Dark-field images of the correspond-
ing region are shown in Fig. 3(c), which were taken in

the same manner as in Fig. 1(c). The number density of
the defects in both images is significantly higher than in

Fig. 1(c). Comparing bright-field and dark-field images,
the most remarkable feature is that there is a one-to-one
correspondence between the macroislands and the de-
fects. Some macroislands contain defects along both or-
thogonal (110) directions while others contain only de-
fects along one direction. Figure 4 is a typical cross-
sectional HRTEM image of the same sample. It is clear-
ly observed that a T-Z9D is buried in the macroisland but
the twin and Z9 boundary structure is still preserved.
These results unambiguously indicate that the macrois-
lands prefer to grow in the vicinity of a T-X9D, meaning
that nucleation for macroisland formation is predom-
inantly heterogeneous. We found that this heterogeneity
is dominant at the substrate temperatures, T, up to
—450 C. However, for T & —550 C, the nucleation
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I'IG. 4. Cross-sectional HRTEM micrograph showing a ma-
croisland in the (110) projection. Note T-X9D with new mi-
crotwins generated in the macroisland.

becomes homogeneous. In this high temperature case, by
depositing increasing amounts of Ge, nonfaceted, initially
dislocation-free islands with a lower number density than
that of the faceted islands were continuously grown
without the T-Z9D formation. After a certain amount of
Ge was deposited, misfit dislocations were introduced into
the island resulting in complete strain relaxation, as has
been previously reported [4].

How can we explain this dependence on the growth
temperature of the manner of nucleation for macroisland
formation? In general, dominance of either a homogene-
ous or a heterogeneous manner in the nucleation stage of
a system is determined by two principal factors: the driv-
ing force for nucleation and the interface energy caused
by formation of a new phase in a matrix phase [16]. In
the case of macroisland formation in the Ge/Si system,
the interace energy, i.e., the surface energy of the ma-
croisland, varies little with the growth temperature since
the morphology of macroislands formed at various growth
temperatures is almost the same. Therefore, dominance
of the nucleation manner should be explained in con-
sideration of the driving force and its kinetic limitation.
At high temperatures, with less kinetic limitation, a sim-
ple growth process occurs in which an initially small
dislocation-free, nonfaceted island develops into a larger
macroisland. Thus the nucleation is homogeneous. On
the other hand, it has been reported that island formation
is greatly suppressed by low-temperature growth [13,17].
This result strongly suggests that lowering the growth
temperature kinetically limits the driving force for ma-
croisland formation. In this situation, the system might
be driven into T-X9D formation on the faceted island, in-
stead of direct formation of the macroisland on the sur-
face. The T-X9D primarily plays two important roles for
further Ge growth. First, it contributes to partial strain
energy release of the evolving film before macroisland
formation. Since a T-X9D has close-packed [111]planes
parallel to the [110] plane of the substrate and a V-

shaped morphology from introducing two X9 boundaries,
the compressive stress due to lattice mismatch is gradual-
ly relaxed as the film grows [11]. Second, it directly
mediates macroisland formation by acting as a preferen-
tial nucleation site. It is well known that the energy bar-
rier for nucleation is reduced by the free energy of a de-
fect [18]. Thus macroisland formation easily proceeds in

a heterogeneous nucleation manner, even with the kineti-
cally limited driving force, so as to decrease the extra free
energy created by the defect.

From a kinetic point of view, preferential growth in the
vicinity of a T-Z9D can be explained on the consideration
that the defect is at a site where two orthogonal steps
combine; this site acts as a stronger sink for surface
diffusive Ge atoms than the other steps of the faceted is-
lands. Furthermore, diffusing atoms may be easily
trapped by extra dangling bonds on the surface of a T-
Z9D. Thus the growth rate around the defect will be in-
creased, forming a macroisland.

The ideas mentioned above basically support the inter-
pretation given by Mo et al. , that faceted island forma-
tion is the kinetic pathway for macroisland formation [I].
However, we emphasize here that macroisland formation
is actually mediated by the formation of T-Z9D which is
due to the coalescence of the faceted islands.
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