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Si and Ge growth on the stripe patterned Si �001� substrates is studied using scanning tunneling microscopy.
During Si buffer growth, the stripe morphology rapidly evolves from multifaceted “U” to “V”-shaped forms.
This involves successive transitions between different low energy �11n� side facets, where n continuously
decreases from n=3 to 20. Ge growth on such stripes induces the formation of a pronounced side wall ripple
structure when the Ge thickness exceeds three monolayers. This ripple structure consists of alternating �105�
microfacets oriented perpendicularly to the stripes. Depending of the side wall geometry, Ge nanoislands
subsequently nucleate either on the side walls or at the bottom of grooves. The latter only occurs for
“V”-shaped stripes, where the side wall ripples extend all the way from the top to the bottom of the grooves,
allowing efficient downward mass transport. For multifaceted “U” stripes, the side wall ripples are interrupted
by steeper side wall segments such that mounds and subsequently, pyramids and domes grow on the side walls
instead of at the bottom of the grooves. The island shapes strongly depend on their position on the pattern
topography, which also affects the critical coverage for island nucleation as well as for the transition from
pyramids to domes. The mechanisms for nucleation at different positions are clarified by detailed analysis and
the role of kinetic as well as energetic factors identified.
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I. INTRODUCTION

Self-organized Stranski-Krastanow island growth on pre-
patterned substrates has attracted tremendous interest1–19 be-
cause it provides an effective pathway for controlled posi-
tioning of quantum dots in nanoelectronic devices and allows
the fabrication of perfectly ordered quantum dot arrays that
can even be stacked in three dimensions.4,7–9 Site-controlled
growth on predefined substrate locations requires a tight con-
trol over the pattern morphology and growth conditions.6–18

In addition, sufficiently thick buffer layers have to be depos-
ited in order to remove the defects induced by the patterning
process to yield quantum dots with excellent structural and
electronic properties.6–13 During buffer growth, however, the
pattern morphology rapidly changes. As a result, a complex
surface topography is formed9–15 that strongly affects the is-
land nucleation process. In fact, depending on the pattern
morphology, self-assembled quantum dots have been found
to nucleate at different locations of the pattern structure such
as at the bottom of pits, at the side walls or even at the top of
ridges or mesa patterns �see Refs. 9–14�. Therefore, a de-
tailed understanding of the surface evolution during buffer
layer growth as well as its effect on island nucleation is
required for control of the self-organization process.

In the present work, in situ scanning tunneling micros-
copy is employed to unravel the complex morphology evo-
lution of Si/Ge growth on stripe patterned Si �001� substrate
templates. Because of their simple geometry, one-
dimensional stripes represent a model system for the growth
on nonplanar surfaces with complex pattern geometries. In
the first part of the work, we show that already during Si
buffer layer growth, a rapid characteristic transformation
from multifaceted “U”- to “V”-shaped grooves occurs due to
successive transitions from steep �113� to shallower �114�,

�115�, and �119� side wall facets as growth proceeds. The
speed of this transition strongly depends on the growth con-
ditions and filling factor of the stripes. Therefore, both pa-
rameters have to be adjusted in order to obtain a well-defined
stripe geometry. In the second part of the paper, Ge growth
on stripes with different geometries is studied. It is shown
that at a critical coverage of three monolayers, a pronounced
side wall ripple structure appears perpendicular to the stripes
due to microfaceting of the Ge surface. For “V”-shaped
stripes, these ripples extend from the top to the bottom of the
grooves, where subsequently, Ge islands are formed due to
efficient downward mass transport. On the contrary, for mul-
tifaceted “U” stripes, the side wall ripples are interrupted by
steeper side wall segments such that mounds, pyramids and
domes form along the side walls of the stripes. Moreover, the
island shapes depend on their position on the pattern topog-
raphy and range from square pyramids, to asymmetric pyra-
mids or even elongated �105� prisms for steeper grooves, but
all eventually transform into domes at higher Ge coverages.
The groove geometry also affects the critical coverages for
island nucleation as well as the critical island sizes for shape
transitions. By analysis of the details of the surface evolu-
tion, the mechanism for island growth at different positions
is clarified, demonstrating that kinetic as well as energetic
factors are important in this self-organization process.

II. EXPERIMENTAL

The investigations were carried out in a multichamber
Si/Ge molecular beam epitaxy and scanning tunneling mi-
croscopy �STM� system20 equipped with a solid source Si
e-beam evaporator, a Ge effusion cell and Omicron VT-STM.
Stripe patterned Si �001� substrates were prepared by elec-
tron beam or holographic lithography and CF4 reactive ion
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etching. All stripes were aligned along the in-plane �110�
direction and have a lateral period p of 350 nm. The grooves
between the stripes were etched down to a depth d of 35 nm.
By varying the exposure dose, different groove widths w
ranging from 70 to 280 nm were obtained, which is charac-
terized by a filling factor � defined as ratio of the groove
width to the lateral period, i.e., �=w / p. After patterning, the
samples were characterized by atomic force microscopy
�AFM� as is exemplified by Figs. 1�a� and 1�b� for patterns
with filling factor �=0.28 and 0.5, respectively. After reac-
tive ion etching, the samples were cleaned with oxygen
plasma, Piranha etch, and the RCA procedure.21 Since the
usual oxide desorption at temperatures above 900 °C leads
to very rapid changes in the pattern morphology,22 the native
silicon dioxide was removed by a 5% HF dip. The resulting
hydrogen passivated samples were immediately loaded into
the multichamber vacuum system where, after outgassing at
350 °C, the samples were annealed at 600 °C for 30 min
and finally at 750 °C for hydrogen desorption. Subsequent
epitaxial growth was performed at substrate temperatures be-
tween 450 to 600 °C and growth rates of around 3 and
1 Å /min for Si and Ge, respectively, which were determined
by a quartz thickness monitor as well as by in situ reflection

high-energy electron diffraction �RHEED� intensity oscilla-
tions. The background pressure during growth was below 1
�10−9 mbar and the substrate temperature was measured
with an optical pyrometer. For imaging of the epitaxial sur-
face structure, the samples were rapidly quenched to room
temperature after different stages of growth and then trans-
ferred under UHV to the attached STM chamber. STM im-
ages were recorded with tunneling currents around 0.1 nA
and a sample bias of 2–4 V. With a base pressure in the
10−11 mbar regime, sample growth could be continued after-
wards, in which case the samples were shortly annealed for a
few minutes at moderate temperatures around 500 °C.

III. SURFACE EVOLUTION DURING SI BUFFER LAYER
GROWTH

Reactive ion etching of the substrates results in surfaces
with a substantial amount of processing defects and surface
roughness as is illustrated by the AFM images depicted in
Figs. 1�a� and 1�b�. After RCA cleaning, HF dipping, and
UHV high-temperature annealing at 750 °C, carbon-induced
clusters23,24 remain on the surface as is demonstrated by the
STM image of Fig. 1�c� recorded directly after the annealing
step. These surface clusters could not be eliminated by re-
peated chemical cleaning of the Si wafers, and annealing at
higher temperatures was found to result in a degradation of
the pattern structure. Thus, Si buffer layer growth is essential
prior to Ge deposition. This buffer growth has to be carried
out at rather low temperatures because growth above 550 °C
leads to a complete pattern erasure within few nm Si depo-
sition. In the present work, a two-step buffer growth proce-
dure was employed. The first step consisted of 35 nm Si
deposited at a temperature of 450 °C. As proven by the STM
image of Fig. 1�d�, this effectively buries the carbon impuri-
ties on the surface and the Si surface on the ridges becomes
atomically flat, exhibiting only monolayer steps and the
usual �2�1� Si surface reconstruction �see insert�. In spite of
the low growth temperature, already some rounding of the
bottom of the grooves occurs but the initial depth of the
grooves is essentially preserved. This is indicated by the
comparison of the cross-sectional profiles across the stripes
before and after buffer layer growth depicted in Fig. 1�e�.

To improve the surface quality and smoothen the still
rather rough sidewalls of the grooves, the low temperature
buffer growth step was followed by a second Si buffer
growth at a higher temperature of 520 °C. During the second
Si buffer growth, the surface morphology rapidly evolves
due to enhanced surface diffusion. This is illustrated by the
sequence of STM images displayed in Fig. 2 obtained after
different stages of growth. Already after 7 nm Si at 520 °C,
the grooves assume a well-defined multifaceted “U” shape,
as is demonstrated by the STM image of Fig. 2�a� for stripes
with filling factor �=0.5. As shown by the cross-sectional
profile depicted on the right hand side of Fig. 2�a�, the side
walls are composed of two short segments with �9° inclina-
tion at the top and bottom of the grooves, and a steeper
middle segment with �25° inclination. The orientation of
the side wall faces can be directly deduced from the surface
orientation map �SOM� of the STM image, in which the

FIG. 1. �Color online� Top row: AFM images of stripe-patterned
Si substrates after reactive ion etching showing stripes with two
different filling factors �=w / p=0.28 and 0.5 for �a� and �b�, respec-
tively, but constant period p=350 nm. Middle row: STM images of
stripes after annealing at 750 °C �c� and after subsequent 35 nm
low temperature Si buffer growth at 450 °C �d�. The insert in �d�
shows the �2�1� reconstructed Si surface on the ridges on a mag-
nified scale. Bottom: comparison of the cross-sectional stripe pro-
files after etching �bottom�, after 5 min annealing at 750 °C
�middle� and after 35 nm low temperature Si buffer growth �top�.
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FIG. 2. �Color online� Evolution of the stripe morphology during second 520 °C Si buffer growth as revealed by STM images �left-hand
side�, surface orientation maps �SOM, center� and surface profiles �right hand side�. �a� “U”-shaped stripes with �113� facets formed after
7 nm Si deposition, �b� shallower “U” stripes with flatter �114� facets after 20 nm Si deposition, �c� “V”-shaped stripes with shallow �11 10�
facets formed after 20 nm Si on stripes with smaller filling factor �=0.2, �d� shallow “V” grooves with �11 20� facets formed after 2 nm Si
growth at a higher temperature of 530 °C. The side wall angles of the grooves and the original stripe widths w are indicated on the
cross-sectional profiles on the right hand side. The facet spots in the SOMs are labeled by the symbols as depicted below. The change in
stripe geometry is visualized by the 3D STM images depicted on the right hand side on equal scale.
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intensity of each spot represents the relative amount of sur-
face area within the STM image with orientation defined by
the position �distance and azimuth angle� of the spot relative
to the central �001� spot. The resulting surface orientation
map is shown in the middle panel of Fig. 2�a� and exhibits
four distinct satellite spots corresponding to �113� and �114�
facets and two broader inner maxima around the �119� sur-
face orientation as marked by the different symbols of �, �,
and ˝, respectively. The corresponding inclination angles of
25°, 19°, and 9° agree well with those obtained from the
surface profiles. Therefore, the side wall faces are composed
of �113� and �114� middle facets, which pass over to shal-
lower �119� segments toward the top and the bottom of the
grooves.

The step structure of the side wall facets is clearly re-
solved by the high-resolution STM image depicted in Fig.
3�a�. It reveals that the �119� areas are actually composed of
regularly spaced DB type double monolayer steps with an
average spacing of 17 Å. In agreement with the work of
Baski et al.,25 the �119� surface areas are therefore composed
of three dimer rows alternating with a rebonded double step
�see schematic illustration of Fig. 3�c��, where the rebonded

double step lowers the free energy of the surface.26 Whereas
the �119� areas have the character of a vicinal surface, the
steeper side wall facets appear completely flat and step-free
in the STM image and display the same atomic arrangement
observed on singular �113� and �114� Si surfaces.25,27,28 The
�114� surface unit cell thus, consists of one dimer and a re-
bonded double monolayer step.25 The �113� surface exhibits
a �3�2� reconstruction composed of alternating dimers and
tetramers, as has been discussed in detail in Refs. 29–31. The
vicinal character of the �119� side wall faces compared to the
singular �113� and �114� faces is corroborated by the strong
elongation and broadening of the �119� spots in the surface
orientation map of Fig. 2�a� whereas the spots arising from
the �113� and �114� facets are sharp and well-defined.

Continuing Si buffer growth leads to a rapid shrinking of
the middle side wall segment and a concomitant expansion
of the shallower upper and lower �119� segments. This is
demonstrated by the STM image of Fig. 2�b� recorded after
20 nm Si deposition. The line profile depicted on the right
hand side identifies inclinations of �9° at the upper and
lower edge of the grooves and of �19° for the middle seg-
ment. Thus, the �113� facet has been completely replaced by
a �114� facet and accordingly, only the �114� and �119� spots
appear in the surface orientation map. In addition, the groove
depth is reduced to 25 nm, as shown by the line profile in
Fig. 2�b�. With further increasing buffer thickness, the �114�
segment also shrinks and is replaced by a short �115� seg-
ment, which also disappears during further deposition such
that only one extended �9° side wall surface remains. The
surface profile then assumes a “V”-like shape as demon-
strated by the STM image of Fig. 2�c�. The characteristic
sequence of surface transformations from steeper to shal-
lower �11n� sidewall facets is illustrated schematically in
Fig. 3�d� and results in a continuous decrease in the groove
depth as the buffer thickness increases.

The speed of the transformation process strongly depends
on the initial width and depth of the grooves and is found to
be much faster for narrow grooves with small filling factors
�. This is exemplified by Fig. 2�c� for a pattern with �=0.2
where already after 20 nm Si deposition the stripes are com-
pletely transformed from “U” to “V” shaped and the depth
reduced to only 12 nm. Correspondingly, the surface orien-
tation map of Fig. 2�c� exhibits only two elongated maxima
around the �11 10� orientation and all other facet spots have
completely disappeared. The corresponding cross-sectional
profile depicted in Fig. 2�c� exhibits a maximum inclination
angle of 8° in the sidewall middle, which continuously de-
creases toward the top and bottom of the grooves. Therefore,
the sidewall is no longer composed of a well-defined stable
facet, in agreement with STM studies of vicinal Si
surfaces.25,32 This conclusion is also supported by observa-
tion of a large elongation of the �11 10� SOM maxima, which
span over surface inclinations ranging from 3° to 8°.

Further Si deposition leads to the formation of even shal-
lower “V” grooves and a completely planar surface is rapidly
reformed. The STM image of such a transient shallow “V”
groove with only 4° sidewall inclination is shown in Fig.
2�d�, where the buffer growth was carried out at a slightly
higher temperature of 530 °C, which speeds up the pla-
narization process. As shown by Fig. 2�d�, the surface orien-

FIG. 3. �Color online� Top: high-resolution STM images of the
side wall structure of the stripes with �a� multifaceted “U” geometry
�cf. Fig. 2�a�� and �b� with a shallow �11 20� “V” geometry with 4°
side wall inclination �cf. Fig. 2�d��. Middle: �c� side view of the
silicon crystal lattice perpendicular to the stripe direction. The dash-
dotted lines indicate the high-indexed �11n� facet surfaces observed
on the side wall of the stripes. Bottom: �d� schematic illustration of
the successive shape transformation of the stripes occurring with
increasing Si buffer thickness.
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tation map in this case only shows two elongated maxima at
around �11 20� and the groove depth is reduced to 7 nm. Like
for the �11 10� surfaces, the sidewalls are again formed by a
regular step train perpendicular to the stripes, indicating a
vicinal side wall surface. The higher-resolution STM image
displayed in Fig. 3�b� shows that the DB-stepped terrace
structure is formed by merging of SA and SB single steps in
the transitional region at the top of the grooves, where the
width of the �2�1� reconstructed �001� terraces increases
continuously toward the ridge of the stripes. This agrees with
previous STM studies on vicinal Si �001� surfaces where for
miscut angles less than 2° a stepped �2�1� surface with
single monolayer steps was found33,34 that evolves toward a
double monolayer stepped surface at higher miscut angles.35

Obviously, the shallow “V”-groove structure is highly un-
stable during Si deposition because downward diffusion of Si
adatoms and incorporation at step edges leads to a very rapid
filling and planarization of the grooves. Thus, it is essential
to keep the second Si buffer thickness at 20 nm or below in
order to preserve the structure of the patterned substrate tem-
plates.

IV. GE GROWTH ON “V”-SHAPED STRIPES

To study the influence of the stripe geometry on subse-
quent Ge growth, we first focus on stripes with “V” geom-
etry obtained by 20–25 nm 520 °C Si buffer growth. These
“V” stripes exhibit predominant �119� side wall facets with
9° inclination and a depth of about 15 nm. In the first growth
step, 1.8 ML Ge was deposited at 520 °C directly after Si

buffer growth without growth interruption. As evidenced by
the STM image depicted in Fig. 4�a�, this does not change
the “V” geometry of the stripes, i.e., the �119� side walls and
flat surface ridges are completely preserved. This is also
proven by the corresponding surface orientation map de-
picted as insert, which only shows two spots at the �119�
positions. Thus, up to this coverage a conformal two-
dimensional �2D� Ge wetting layer growth occurs. The
zoomed-in STM image of the top of the ridges displayed in
Fig. 4�b� reveals that a strain-induced �2�8� surface recon-
struction is formed on the �001� Ge wetting layer
surface.36–39 It consists of a periodic array of dimer vacancy
lines, which appear as dark depressions in the STM images
and allow a partial strain relaxation of the wetting layer.38–42

The spacing of the dimer vacancy lines is �3 nm, which
according to Voigtländer et al.38,39 indicates a �20% Si/Ge
intermixing within the wetting layer. On the side walls of the
grooves �see Fig. 4�c��, a regular double DB step structure
with average 2 nm spacing is formed and the sharp intersec-
tion of the “V”-groove bottom is preserved at this growth
temperature.

Increasing the Ge coverage by 0.9 ML at 600 °C to a total
thickness of 2.7 ML significantly changes the surface struc-
ture. This is demonstrated by the STM images displayed in
the lower panel of Fig. 4. Although the overall stripe mor-
phology is still preserved �see large-scale STM image of Fig.
4�d��, a significant roughening occurs on the side walls as
well as the ridges of the stripes. This is revealed by the
higher-resolution STM images displayed in Figs. 4�e� and
4�f� and is also evidenced by the significant broadening of
the facet spots in the surface orientation map shown in Fig.

FIG. 4. �Color online� STM images of “V”-shaped stripes during initial Ge deposition recorded after 1.8 ML Ge at 520 °C �top row
�a�–�c�� and additional 0.9 ML Ge to 2.7 ML at 600 °C �bottom row �d�–�f��. The initial stripe geometry contained mainly �119� side wall
faces as shown in Fig. 2�c�. The facet spots are indicated in the surface orientation maps shown as insets. Details of the surface reconstruction
and step structures on the ridges as well as the side walls of the grooves are shown by the higher-resolution STM images depicted on the
right hand side.
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4�d� as insert. In addition, a slight decrease in the side wall
inclination to 8° occurs such that the surface orientation map
peaks are shifted to the �11 10� position. On the �001� ridges,
apart from the dimer vacancy lines, additional monolayer
islands are formed on the wetting layer surface �see Fig.
4�e��. This is attributed to an increased ad-atom density on
the terraces due to the reduced sticking probability at surface
steps induced by increasing strain,39 which enhances 2D is-
lands nucleation and roughening of the terraces. At the same
time, the parallel and nearly straight DB double steps on the
side walls of the grooves break up such that a rather rough
vicinal surface is formed with a substantial corrugation of the
step edges. This is shown in detail by the STM image of Fig.
4�f� and is similar to what has been observed for Ge growth
on vicinal Si surfaces.43 At this growth temperature of
600 °C also a slight flattening of the bottom of the “V”
grooves occurs.

Further increasing the Ge coverage to 3.6 ML leads to a
pronounced surface roughening on the ridges as well as the
side walls of the grooves as shown by the STM images dis-
played in Fig. 5. On the ridges, the 2D island density
strongly increases and additional lines of missing dimer rows
are formed perpendicular to the dimer vacancy lines. This is
shown in detail in Fig. 5�b�, where the missing dimer rows
are marked by dotted lines in the high-resolution STM insert.
The formation of missing dimer rows is caused by the repul-
sion between vacancy lines and surface steps.44 As a result,
the �001� terraces completely break up and the �2�8� recon-
struction is replaced by a disordered �m�n� reconstruction,
where m and n is at around 10 and 8, respectively.45,46 More
importantly, on the side walls of the grooves a distinct ripple
structure appears that is oriented perpendicularly to the stripe

direction. This is shown in detail by the STM image of Fig.
5�c� and is also manifested by the appearance of weak �105�
spots in the surface orientation map displayed in Fig. 5�a�.
This transformation becomes even more pronounced when
the Ge coverage further increases to 4.3 ML, as demon-
strated by the STM images depicted in the lower panel of
Fig. 5. At this coverage, the amplitude of the faceted ripple
structure has strongly increased and according to the higher-
resolution STM images of Figs. 5�e� and 5�f�, the ripples
consist of alternating �105� microfacets perpendicular to the
stripes. Remarkably, these ripples are almost periodic and
extend all the way from the top to the bottom of the grooves
�cf. Fig. 5�f��. As shown by the surface profiles across the
side wall ripples displayed in Fig. 6�a�, the ripples have an
average amplitude of �1 nm and a periodicity of 12–18 nm.
This corresponds to an inclination angle of �8° for the �105�
microfacets with respect to the original �11 10� side wall
surface, which fits exactly to the surface geometry of the
ripples that is illustrated schematically in Fig. 6�b�. Since the
ripple amplitude is about two times the deposited Ge thick-
ness, a large amount of the Ge deposited into the grooves is
contained within the ripple structure, i.e., the ripple intersec-
tion must reach down almost to the Si interface.

Ripple formation is driven by two factors: first, for com-
pressively strained Ge, the �105� facets allow a significant
lowering of the free surface energy as shown by ab initio
calculations.47–49 Second, the three-dimensional �3D� corru-
gation of the layer also allows a substantial elastic strain
relaxation due to expansion of the lattice normal to the ripple
facets. According to finite element calculations, for a one-
dimensional �105� faceted ripple structure about 10% of the
strain energy is elastically relaxed.50 Another important fac-

FIG. 5. �Color online� STM images of “V”-shaped stripes after 3.6 ML Ge �top �a� to �c�� and 4.3 ML Ge deposition �bottom �d�–�e�� at
600 °C, showing the onset of �105� side wall ripple formation. This is also evidenced by the corresponding surface orientation maps shown
as inserts. The zoomed-in STM images of the grooves and ridges are depicted on the right hand side, where the latter reveal the formation
of dimer vacancy lines on the Ge wetting layer surface, as indicated by the dotted lines in the high-resolution STM inserts of �b� and �e�.
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tor for ripple formation is that for the �11 10� “V” grooves,
the 8.05° side wall inclination angle equals exactly the incli-

nation angle of the �5̄5̄1� intersection lines of adjacent �105�
facets with respect to the �001� surface, as is indicated by the
arrow in Fig. 6�b�. Under this condition, the �105� ripples can
extend without interruption from the bottom to the top of the
grooves as observed in Fig. 5�f�, facilitating Ge surface dif-
fusion perpendicular to the stripe direction. For grooves with
other side wall inclinations or multifaceted “U” geometry,
this condition is not fulfilled and therefore such ripples can
be formed only in certain parts of the side wall surfaces. This
will be shown in detail in Sec. V.

Increasing the Ge coverage further to 4.6 ML, the �105�
side wall ripples somewhat coarsen and 3D Ge island nucle-
ation sets in. This is shown by the STM images depicted in
Figs. 7�a� and 7�b�, where one can see a thickening of the
ripples at the “V”-groove bottom. Due to the coarsening pro-
cess, the intensity of the �105� facet spots in the surface
orientation map �insert in Fig. 7�a�� also increases. The few
Ge islands nucleate exclusively at the bottom of the grooves
and display the typical �105� faceted pyramid structure that is
clearly resolved by the high-resolution STM image of Fig.
7�b�. As indicated by the insert, nucleation of Ge pyramids
proceeds via the formation of shallow mounds as

precursors,51–54 which transform into pyramids once a certain
size is exceeded. The �105� pyramids observed at this stage
have a very small size of around 1.5 to 3 nm in height and
200 to 900 nm3 in volume, and the very small density of
only a few island per �m2 indicates that the Ge coverage at
the bottom of the groove is just at the onset of the Stranski-
Krastanow islanding transition. Further increasing the Ge
coverage by 0.3 ML results in a strong increase in the island
density and size, as illustrated by the STM images of Figs.
7�c� and 7�d� recorded at 4.9 ML. Evidently, all islands
nucleate exclusively at the bottom of the grooves, indicating
an efficient downward mass transport along the �105� ripple
facets of the side wall surfaces. At this stage the island den-
sity increases by a factor of six to �36 �m−2 �cf. Fig. 7�d��
and the island height to up to 5 nm, corresponding to a vol-
ume increase by more than a factor of 4, but the �105� fac-
eted pyramidal structure is retained. Further increasing the
Ge coverage to 5.2 ML as shown in Figs. 7�e� and 7�d� leads
to transformation of part of the Ge pyramids to multifaceted
domes with additional steeper �113� and �15 3 23� facets55–57

as indicated in Fig. 7�f�. This gives rise to the appearance of
the corresponding facet spots in the surface orientation map
depicted in Fig. 7�e� as insert. At this stage, also several
transitional intermediate island shapes are observed �see Fig.
7�d��. The island density saturates at around 40 �m−2 but the
volume of the dome islands is strongly increased to more
than 10.000 nm3 due to the twofold increase in the aspect
ratio as well as the increase in the island height to 12–16 nm.
At this coverage, the number of still coexisting pyramidal
islands is roughly equal to that of the dome islands but at
higher coverages �not shown� all pyramids eventually are
converted to domes. This is due to the much more efficient
elastic energy relaxation of the domes compared to the pyra-
mids �see, e.g., Ref. 56�, thus lowering the total energy of the
system.

Nucleation of Ge dots at particular surface sites is gener-
ally driven by variations in the chemical potential due to
variations in either strain or local surface curvature across
the substrate surface.58 The latter is always present on a pat-
terned substrate due to the strong corrugation of the surface
topography. The resulting capillary forces generate an en-
hanced downward adatom flux toward areas with concave
surface curvature1,59 to reduce the overall free surface energy
of the sample. This generally leads to a planarization of pat-
terned surfaces during epitaxial growth as already observed
during Si buffer growth. For the case of “V”-shaped stripes,
the only concave area is at the bottom of the grooves. There-
fore, during Ge deposition, material is accumulated at the
bottom of the grooves where preferential Ge island nucle-
ation sets in once the local critical wetting layer thickness for
the 2D/3D growth transition is exceeded. This is promoted
by the much faster surface diffusion of Ge as compared to Si
adatoms60 and as a result, the onset of 3D islanding within
the “V” grooves is shifted by 0.5 ML to a smaller critical
wetting layer thickness as compared to the growth on planar
Si �001�. In addition, recent theoretical calculations61–64 have
shown that nucleation of Ge islands in pits or grooves of
patterned Si surfaces is also driven by enhanced elastic strain
relaxation of islands positioned at concave surface locations,
where a significant part of the mismatch strain is accommo-

FIG. 6. �Color online� �a� Surface profiles of across the side wall
ripples of the “V”-shaped stripe with �11 10� side walls of Fig. 5�f�
after 4.3 ML Ge deposition. As indicated by the arrows, the ripple
amplitude is around 1 nm and the period in the range of 12–18 nm.
�b� Schematic illustration of the �105� microfaceted geometry of

side wall ripples. As indicated, the �5̄5̄1� intersection lines between
adjacent �105� microfacets are inclined by the 8.05° with respect to
the �001� surface. This is exactly equal the inclination angle of the
original �11 10� side walls surfaces formed after Si buffer growth.
Under this condition, the microfacets can extend without interrup-
tion from the top to the bottom of the grooves.

SHAPE TRANSITIONS AND ISLAND NUCLEATION FOR… PHYSICAL REVIEW B 80, 125329 �2009�

125329-7



dated by the substrate lattice,62,63 which was recently verified
by x-ray scattering experiments.64 Thus, Ge island nucleation
at the bottom of the grooves is favored not only by kinetics
but also by energetics. That we do not observe Ge island
nucleation at other surface sites implies an effective down-
ward mass transport into the grooves. This seems to be pro-
vided by the formation of the smooth �105� facets of the side
wall ripples because up to the point when ripples are formed
no marked difference in the surface structure on the ridges
and at the bottom of the grooves is observed, which implies
that up to this point there is not much variation in the wetting
layer thickness.

V. GE GROWTH ON “U”-SHAPED STRIPES

As shown in Sec. III, at the beginning of the second Si
buffer growth, the stripes assume a multifaceted “U” shape
with side walls composed of different �11n� facets, starting
with shallow �119� areas at the top and bottom of the grooves
and steeper �115�, �114�, or �113� facets in the side wall
middle. To clarify the role of the Si stripe geometry on Ge
growth, in the following, the results for two cases are pre-
sented, namely, �a� Ge growth on shallow “U” stripes with
only a narrow �115� middle segment, which is obtained just
before completion of the transition from “U” to “V”-shaped
stripes, and �b� for the case of “U” stripes with steeper and
wider �114� side wall segment. As shown below, this small
difference in stripe morphology results in a completely dif-
ferent Ge growth and islanding process that changes not only
the island sites but also their size and shape as a function of
Ge thickness.

A. Growth on shallow “U” stripes with {115} facets

For Ge growth on shallow “U” stripes, STM images re-
corded after different Ge thicknesses are shown Fig. 8. In
this case, the “U” stripes obtained after 10 nm of second Si
buffer growth consist of wide, 9° inclined �119� faces at the
top and bottom of the groove and a narrow �115� facet near
the middle of the side walls. Accordingly, the groove depth is
reduced to 30 nm from the initial 40 nm value. During the
first Ge deposition step at 520 °C, the stripe morphology is
essentially unchanged, i.e., a conformal 2D Ge growth oc-
curs. This is corroborated by the STM images of Fig. 8�a�
obtained after 2 ML Ge deposition, where the individual
�119� and �115� side wall segments are clearly resolved and
exclusively the corresponding facet spots appear in the sur-
face orientation map depicted as insert. As indicated by the
high-resolution STM image of Fig. 8�b�, at this coverage on
top of the ridges the characteristic dimer vacancy lines of the
Ge �2�8� surface reconstruction appear, whereas on the
�119� side wall areas a DB double-stepped vicinal surface
with �2 nm terrace width is formed. This is corresponds
exactly to the structure observed at 2 ML coverage on
“V”-shaped stripes shown in Fig. 4�c�. On the contrary, the
steeper �115� side wall areas are rather flat, indicating that a
stable Ge facet is formed, which agrees with the results of
Van Nostrad et al.65 for Ge growth on highly miscut Ge
substrates. As shown by Fig. 8�b�, on these facet areas, a 2D
layer-by-layer Ge growth occurs, which results in the forma-
tion of elongated 2D monolayer islands on this side wall
region as indicated by the arrow.

When the Ge coverage is increased above 4 ML at
600 °C, �105� ripples appear on the �119� side wall faces
near the top and bottom of the grooves, as shown by the

FIG. 7. �Color online� STM images of Ge island nucleation on “V” stripes with �11 10� side walls after 4.6 ML �a,b�, 4.9 ML �c,d�, and
5.2 ML �e,f� Ge deposition at 600 °C. Overview images �0.5�0.5 �m2� of the stripes are displayed in the upper panel, details of Ge island
structure and their transformation from mounds to pyramids and domes are shown in the lower panel on a magnified scale. The transfor-
mation of the island shapes is also manifested by the appearance of additional facet spots in the surface orientation maps shown as inserts.
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STM image displayed in Fig. 8�c� for 4.3 ML coverage. Ac-
cordingly, also �105� facet spots appear in the surface orien-
tation map �see insert�. The ripples are obviously disrupted
by the �115� areal segment along the side wall middle. On
these areas, shallow Ge mounds appear that are well visible
in the STM image of Fig. 8�c�. These mounds have a height
of less than 1 nm and represent precursors for subsequent 3D
island nucleation. In contrast to the case of “V”-shaped
stripes, all mounds are located on the �115� side wall middle
and not at the bottom of the grooves. At this coverage, on the
top of the flat surface ridges the �2�8� Ge reconstruction is
replaced by a �m�n� reconstruction due to formation of
regularly spaced missing dimer rows.

Increasing the coverage to above 5 ML results in transfor-
mation of the mounds into asymmetric pyramids as shown in
Figs. 8�d� and 8�e� for 5.1 ML coverage. As a result, practi-
cally all pyramids are now positioned in the side wall middle
of the grooves. The structure of these pyramids significantly
differs from the fourfold symmetric �105� pyramids with
equal sides formed at the bottom of the “V” grooves or on
planar �001� surfaces. As shown by Fig. 8�d�, the asymmetric
pyramids are terminated at the upper side by two adjacent
�105� facets, whereas on the lower edge, the side faces are
rather rough and exhibit surface inclinations near �113� and
�216�. Although the latter have been reported to be stable Ge
facets,66 according to our STM images they are not well
developed on the Ge island side faces. Moreover, since the
asymmetric pyramids are sitting on a �115� side wall facet
inclined by 16° with respect to the original �001� surface,

these pyramids are actually downward looking as is illus-
trated schematically by the insert of Fig. 8�e�. Thus, they
have a completely different geometry as compared to usual
Ge pyramids. Their growth is mainly fed by step-flow
growth from the upper �119� side wall areas, which is evi-
denced by the downward steps on the upper �105� pyramid
facets visible in the STM image displayed in Fig. 8�d�. The
volume of the pyramids at this coverage ranges from 200 to
2000 nm3, their height from 1.5 to 3 nm, and their density is
about 60 �m−2. With further increasing coverage, the pyra-
mids rapidly grow in size up to �6000 nm3 and by 5.5 ML
coverage half of them have transformed into large multifac-
eted dome islands with additionally steeper �113� and �15 3
23� facets. This is illustrated by the STM image displayed in
Fig. 8�f�, as well as by the corresponding surface orientation
map depicted as insert. The domes have a height above 12
nm and volumes exceeding 20.000 nm3. Because now two
rows of dots are formed for each stripe, the island density is
a factor of two larger as compared to those on “V” stripes. In
contrast to the domes on planar �001� surfaces, the domes
also have an asymmetric shape because they are located on
the inclined �115� side walls of the grooves. As a result, the
upper �113� dome facet is much smaller than the correspond-
ing �1̄1̄3� facet on the lower side of the domes, and the same
applies also for the other island facets. Never the less, all
facets of the domes are from the same class of facets as for
those on planar substrates, i.e., no additional new facet ori-
entations appear.

As shown by Fig. 8�f�, for the shallow “U” stripes, nearly
all pyramids and dome islands are positioned on the inclined
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FIG. 8. �Color online� Surface evolution and Ge island growth for shallow “U” stripes with �119� and �115� side wall segments. The Ge
thicknesses increases from 2ML at 520 °C to 4.3, 5.1, and 5.5 ML at 600 °C from �a� to �f�, respectively. Surface orientation maps are
presented as inserts. At 2 ML coverage ��a� and �b�� the sidewall surfaces are still smooth, but 2D islands are formed on the �115� side wall
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the �115� faces mounds are formed as precursors for 3D islands. Increasing the coverage to 5.1 ML ��d� and �e��, the mounds are transformed
to small asymmetric pyramids, which subsequently transform into domes at higher coverage �f�, while the side wall ripples remain nearly
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�115� side walls of the grooves. According to theoretical
calculations,61–63 from an energetic point of view the most
favorable island nucleation sites are surface areas with the
largest concave surface curvature at the bottom of the
grooves where the largest amount of elastic strain relaxation
occurs,62,63 and this is also what we observe for the case of
“V”-groove stripes �see Fig. 7�e��. However, nucleation of at
the bottom of the grooves also requires efficient downward
mass transport, which in the case of “U”-shaped stripes is
obviously hindered by the steeper �115� segment in the side
wall middle of the stripes where consequently, 2D island
nucleation and mound formation as precursors for 3D island-
ing takes place. This indicates that the complex surface ki-
netics on the nonplanar substrates play an important role for
the islanding process. In addition, one has to note that at the
intersection of the �115� and lower �119� side wall segments
also a concave side wall area is formed, which also promotes
local island formation according to the island energetics.62,63

While the corresponding local curvature is smaller than that
at the bottom of the grooves, both kinetic and energetic fac-
tors together obviously contribute to the observed Ge island-
ing at the side wall middle. It is noted, however, that in
large-scale STM images of the “U” stripes occasionally also
3D islands are found at the bottom of the grooves, indicating
that a competition between side wall nucleation and nucle-
ation at the bottom of the grooves exists.

B. Growth on steeper “U” stripes with {114} facets

For stripes with deeper “U” grooves and steeper �114�
side wall segments, the results for Ge growth is displayed in
Fig. 9 for coverages from 2.7 to 6.9 ML from �a� to �f�,
respectively. During the first stage of Ge growth, the stripe
geometry is essentially preserved by formation of a confor-
mal wetting layer. As shown by the STM image of Fig. 9�a�,
at 2.7 ML Ge coverage the side wall geometry is defined by
a wider and steeper �114� segment in the side wall middle,
followed by shorter �119� segments toward the top and bot-
tom of the grooves. Thus, the overall groove depth is still
close to the original 35 nm value and the morphology similar
to that observed in Fig. 2�b� after buffer growth. The �119�
side wall areas exhibit the usual DB double-stepped terrace
structure as already observed for the other stripe geometries.
In contrast to the flat, singular �115� side wall facets of the
shallow “U” stripes, however, the �114� side facets consist of
a regular downward step train of single monolayer steps and
narrow �115� terraces, as is revealed by the high-resolution
STM insert of Fig. 9�a�. Therefore, on these areas step-flow
instead of layer-by-layer growth occurs, i.e., no mounds are
formed as precursor islands, in contrast to the case of shal-
low “U” stripes �Fig. 8�. �115� microfacets on miscut Ge
substrates have been observed by Van Nostrad et al.,65

whereas according to Gai et al.,66 neither �114� nor �115� are
stable Ge surfaces because they decompose into �113� and

FIG. 9. �Color online� Surface evolution and Ge island growth on steeper “U” stripes defined by �114� and �119� side wall segments. The
Ge coverage increases from 2.7, to 4.3, 5.1, 5.9 to 6.9 ML from �a� to �f�, respectively, at 600 °C. At 2.7 ML coverage, the side wall surfaces
are still smooth, whereas beyond 4 ML coverage ripples are formed on the �119� side wall faces. At 4.4 ML �b�, these ripples drastically
coarsen such that large �105� faceted prisms are formed on the lower part of the side walls as shown in �c� and �d� for 5.1 ML coverage. At
5.9 ML coverage �e�, predome islands start to nucleate on top of the prisms, which transform to the usual Ge domes at coverages beyond 6.5
ML �f�. This transition is shown in more detail in Fig. 11. Note that the small spots seen in the STM images are due to growth defects due
to long sample storage in UHV. Surface orientation maps are shown as insert and the STM image size is 0.4�0.4 �m2, except for �d� with
0.2�0.2 �m2.

SANDUIJAV et al. PHYSICAL REVIEW B 80, 125329 �2009�

125329-10



�117� microfacets during high-temperature annealing.
Increasing the Ge coverage to 4.4 ML results in ripple

formation on the �119� side wall segments as shown in Fig.
9�b�. On the lower �119� side wall faces near the bottom of
the grooves, these ripples drastically coarsened to form
large-scale undulations along the stripe direction. Remark-
ably, at even higher Ge coverage of 5.1 ML �see Fig. 9�c��,
nearly all ripples on the lower �119� side faces have trans-
formed into huge �105� faceted prisms perpendicular to the
stripes. The height of these prisms is as large as 9 nm and
their width of up to 120 nm in the stripe direction as dem-
onstrated by the surface profiles displayed in Fig. 10. As
shown by the higher-resolution STM image of Fig. 9�d�,
prism growth is fed by downward step flow from the upper
�114� side wall facets onto the prism roofs, whereas the step
structure of the adjacent �114� side wall faces remains nearly
unchanged. Even at this coverage of 5.1 ML, no Ge pyra-
mids are formed anywhere on the surface �see Fig. 9�c��.
Moreover, the prism volumes exceed those of the usual sym-
metric �105� pyramids on the “V” stripes by as much as one
order of magnitude. This indicates that prism formation rep-
resents an effective alternative pathway for strain relaxation
and lowering the total energy of the system. This is corrobo-
rated by the fact that the prisms display a very rapid growth
once the Ge coverage exceeds 4 ML, beyond which their
height increases by a factor of ten as compared to amplitude
of the initial side wall ripples. Remarkably, these remains
unchanged on the upper �119� faces near the edges of the
grooves �see Figs. 9�a� and 9�b��. The growth instability of
prism formation is proven by comparison of the surface pro-
files along side wall surfaces displayed in Fig. 10 as a func-
tion of Ge coverage. Whereas the initial side wall ripples
observed on the “V” and shallow “U” stripes cease to grow

beyond 4 ML Ge coverage and saturate at a ripple amplitude
less or equal than 1 nm and periods of 10 to 18 nm �cf. Figs.
5–8�, for the “U” stripes with �114� facets at 5.1 ML Ge the
prism height and width is as large as 10 and 100 nm, respec-
tively. This difference is illustrated by the profiles of the
ripple structure observed for the “V”-shaped stripes of Fig.
6�a� that is depicted in Fig. 10 on the same scale.

When the Ge coverage further increases to 5.9 ML �see
Fig. 9�e��, Ge dome island nucleation sets in on top of the
prism roofs, which is illustrated in more detail by the STM
images presented in Fig. 11. The domes start by building
additional �105� and �15 3 23� facets �see Fig. 11�e��, but
initially show a considerable variance in size and shapes,
indicating that the transformation process from prisms to
domes is not completed. At higher Ge coverage of 6.9 ML,
most of these transitional domes have assumed an equilib-
rium shape that closely resembles that of Ge domes islands
formed on the other stripe patterns with all characteristic
�105�, �113�, and �15 3 23� side facets. This is proven by the
STM images of Figs. 9�f� and 11�f� as well as the corre-
sponding surface orientation map depicted as inserts. How-
ever, the onset of dome island formation is significantly de-
layed by as much as 1 ML compared to the case of “V” and
shallow “U” stripes, indicating that the large Ge prisms rep-
resent an energetically favorable intermediate state that poses
a high-activation energy barrier for transformation into the
final dome state. This is corroborated by the fact that all
domes observed for the steep “U” stripes have rather large
sizes with typical �25 nm height �see Fig. 10� and volumes
exceeding 90.000 nm3, which is a factor of four larger as
compared to the domes on the “V” and shallow “U”-shaped
stripes.

The overall sequence of transitions of the Ge surface dur-
ing growth on the steep “U” stripes from smooth side wall
facets, to ripples, preprisms, prisms, and prisms with mounds
nucleated on the top, to predomes and finally to fully devel-
oped domes with increasing Ge coverage is illustrated in
detail by the STM images depicted in Fig. 11. Evidently,
coarsening and prism growth is fed by downward Ge adatom
mass transport from the upper �119� and �114� side wall
faces, as is indicated by the dashed arrow in Fig. 11�c�. At a
critical prism size, 2D islands and mounds nucleate on top of
the roof as indicated by the arrow in Fig. 11�d�. The mea-
surements yield a critical prism volume of �50.000 nm3 or
critical height of 11 nm at the onset of this shape transition.
With further Ge deposition, the mounds on top of the roofs
emerge first into pyramids with four �105� main top facets
�see Fig. 11�e��, until stable domes islands are reached �see
Fig. 11�f��. As the domes are located on the inclined side
wall part of the grooves, they exhibit a similar asymmetry as
the dome islands formed on the side walls of the shallower
“U” stripes with �115� facets described in the previous sec-
tion. In any case, it clearly follows that the islanding process
on the steep “U” stripes drastically differs compared to that
of the other stripe geometries, demonstrating that the surface
topography strongly alters the energetics and kinetics of the
process.

The marked difference in island formation as a function of
surface geometry is further corroborated by comparing the
existence range of the different island shapes as a function of

FIG. 10. �Color online� STM profiles along “U”-shaped stripes
with �114� side wall faces at Ge different coverages of 4.4, 5.1, 5.9,
and 6.9 ML from bottom to top, respectively. The surface profiles
were measured along the lower �119� side walls of the stripes as
indicated by the dashed line in Fig. 9�b�. The surface profile over
the side wall ripples of the “V” shaped stripes of Fig. 5�d� at
4.6 ML Ge coverage is shown for comparison as lowest curve on
equal scale.
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size for different stripe geometries as well as for Ge growth
on unpatterned Si �001� performed under the same condi-
tions. The results are summarized in Fig. 12 in the form of
bar graphs for all four cases of Ge growth on �i� a flat 2D Si
�001� surface, as well as on stripe-patterned substrate tem-
plates with �ii� “V,” �iii� shallow “U115,” and �iv� steeper
“U114” side walls from top to bottom, respectively. For the
planar 2D surface and “V”-shaped stripes, nearly the same
transitions from mounds to symmetric �105� pyramids and
finally multifaceted domes occurs, where the latter is sepa-
rated by a transitional region marked by TD in Fig. 12, in
which the islands exhibit various intermediate shapes be-
tween ideal pyramids and domes. The critical island size at
which these transitions occur are quite similar for the two
cases, i.e., pyramids are formed at a critical island size of
about 200 nm3 and the transformation of pyramids into
domes starts at a critical pyramid size of �4.000 nm3 or
critical height of 5 nm. This similarity is due to the fact that
in both cases 3D island formation essentially takes place on
a planar �001� surface region �bottom of the grooves for the
“V” stripes�. Thus, also the identical island shapes are pro-
duced. Due to downward mass transport, however, the onsets
of pyramid, respectively, dome formation occurs about 0.5
ML earlier for the “V”-shape stripes compared to the planar
surface, which is the mechanism for positioning of the Ge
islands along the bottom of the grooves.

For the shallow “U” stripes with �115� facets, asymmetric
pyramids are formed on the side walls instead of square

�105� pyramids �see Fig. 8�d�� at a critical size of about
400 nm3 and these “V” pyramids obviously persist to a
larger critical size of up to 8.000 nm3 before they start to
transform into dome islands. For the steeper “U” stripes with
�114� facets, elongated prisms are formed instead of pyrami-
dal islands. This proceeds by a rather continuous coarsening
of the initial side wall ripple structure at Ge thicknesses ex-

FIG. 11. Details of the Ge island formation process on “U” stripes with �114� side facets for Ge coverages increasing from 2.7, to 4.4,
5.1, 5.9, and 6.9 ML from �a� to �f�, respectively �image size 0.2�0.2 �m2�. At 3 ML coverage �a�, the side wall surfaces are still very
smooth, whereas beyond 4 ML coverage, ripples are formed on the upper and lower �119� side wall faces. With increasing Ge coverage, the
ripples drastically coarsen �b� until large �105� faceted prisms �c� are formed on the lower side wall areas, which are fed by step-flow Ge
growth from the upper �119� side faces at the top of the grooves as indicated by the dashed arrow. Beyond 5.7 ML, nucleation of additional
Ge 2D islands at the roof of the prisms sets in �d�, which leads to the nucleation of predomes and domes on top of the prisms as shown in
�e� and �f�, respectively. While the topography on the �119� are drastically changes with increasing Ge coverage, the �114� steeper sidewall
segments remain nearly unchanged.

FIG. 12. Schematic illustration of the size ranges for mounds
�m�, pyramids, transitional domes �TD� and domes for Ge growth
on either a 2D �001� Si surface, “V”-shaped stripes with �11 10�
sides faces, shallow “U” stripes with �115� facets and steeper “U”
stripes with �114� facets from top to bottom, respectively. For the
latter, the surface evolves from ripples, preprisms, prisms, and tran-
sitional domes to completed domes with increasing size and in-
creasing Ge coverage. Ge growth was performed under the same
conditions for all cases at a substrate temperature of 600 °C.
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ceeding 4 ML. As a result, a very wide transitional region of
preprisms with various sizes and intermediate shapes �see
Fig. 9�b�� exists such that there is no obvious critical thick-
ness or critical size for prism formation. On the other hand,
the onset of precursor domes on top of the prisms does not
begin before the prisms have reached a critical size of
40.000 nm3, which much exceeds the size of the domes on
the planer surface or “V” stripes. Correspondingly, the small-
est dome size observed on steep “U” stripes is a factor of
four larger as in the other three cases. Remarkably, the onset
of dome formation on top of the prisms sets in at a Ge thick-
ness about one monolayer larger as compared to the flat 2D
Si surface, whereas for the other stripe geometries the island-
ing onset is at smaller critical coverages. These findings
demonstrate that islanding process is drastically altered by
the surface topography.

Finally, it is also instructive to compare the mean island-
island distances for the four different growth cases. Along
the stripe direction, the mean island distance is calculated
from the average dot density along the stripe direction. For
the three types of stripe geometries, more or less the same
average dot distance of about 120 nm is obtained. For the
unpatterned 2D reference sample, the average dot distance is
taken as the inverse square root of the areal 2D dot density,
which yields a value of 240 nm at the same growth condi-
tions. This factor of two difference indicates that Ge mass
transport parallel to the stripes is strongly reduced on the
patterned surfaces. This is caused by the side wall ripple
formation, which allows an effective mass transport perpen-
dicular to the stripes along the ripple facets but not across the
ripples along the stripe direction. The latter reduces the ada-
tom capture zones of the islands in the stripe direction, re-
sulting in nucleation of islands much closer to each other as
compared to a planar surface. This factor should be taken
into account for optimization of the growth process.

VI. CONCLUSIONS

In conclusion, the systematic investigation of Si and Ge
growth onto stripe-patterned Si substrates has unraveled a
characteristic and well-defined surface evolution that sensi-

tively depends on stripe geometry as well as deposited layer
thicknesses. The differences in stripe geometry strongly af-
fect the self-assembly process of Ge nanoislands and, as a
result, Ge islands may nucleate either in the middle or on the
side walls of the grooves. The stripe geometry can be con-
trolled by Si buffer growth, during which the initial surface
topography evolves from multifaceted “U” shapes to a final
“V” shape by successive transformations from steeper �113�
side wall facets over �114� and �115�, and finally to �11 10�
facets. Ge growth on these stripes first induces a substantial
surface roughening before the actual onset of island forma-
tion, which is characterized by the appearance of �105� side
wall ripples oriented perpendicular to the stripe direction.
For “V”-shaped stripes, these ripples extend all the way from
the top to the bottom of the grooves where Ge island nucle-
ation occurs due to efficient downward mass transport. On
the contrary, for multifaceted “U” stripes, the side wall
ripples are interrupted in the middle by steeper side wall
segments. This strongly modifies the nucleation process such
that mounds and subsequently, pyramids and domes align on
the side walls rather than the bottom of the grooves. The
island shapes also depend on their position on the stripe to-
pography and ranges from square pyramids, to asymmetric
pyramids or elongated prisms, but all eventually converge
into dome islands at higher Ge coverages. The island posi-
tion also affects the critical coverages for island nucleation
that is reduced for “V” stripes but increased for “U” stripes.
A similar effect is also found for the critical island sizes for
the shape transitions. The striking differences reveal that ki-
netics as well as energetics play important roles for the self-
assembly process on prepatterned substrate templates. Thus,
precise control of the pattern morphology is essential for
site-control and practical device applications.
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