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This study explores the self-organization of Ge nanostructures on SiGe/Si superlattices grown on Si
substrates with the surface normal tilted from (001) towards (111) by up to 25°. Prior studies found
two-dimensional ordering of Ge dots on nominally flat Si(001) surfaces with a very homogeneous
size distribution. Our results show that the Ge islands are less ordered for tilted Si(001) substrates.
For substrates with a miscut of 25°, Ge dots nucleate on top of the ripples that form approximately
perpendicular to the [1-10]g; direction, i.e., perpendicular to the step direction. Additionally, we
observe the formation of Ge dashes, which align preferentially along the [1-10]g; direction. © 2005
American Institute of Physics. [DOI: 10.1063/1.1993751]

I. INTRODUCTION

As the dimensions of micro- and optoelectronic devices
continue to shrink and the density of devices increases, dif-
ferent approaches for device structures and fabrication have
been considered. An alternative approach to conventional li-
thography techniques is the spontaneous self-assembly of
nanoscale structures which occurs during epitaxial growth of
lattice mismatched materials such as Si/Ge and
InGaAs/GaAs.'

The formation of self-organized nanoscale structures in
the Stranski-Krastanov growth mode is driven by the relax-
ation of strain, which is introduced by the lattice mismatch of
substrate and epilatyer.2 For strain energies below a critical
value, the growth progresses in a two-dimensional (2D)
layer-by-layer mode and a wetting layer forms. If the critical
strain energy is exceeded there is an onset of three-
dimensional (3D) growth.

The strain energy of a SiGe layer grown pseudomorphi-
cally on Si depends on its thickness as well as on its com-
position. For a pure Ge the critical thickness of dot formation
is reported to be between 3 and 6 monolayers (ML).** De-
creasing the Ge concentration reduces the strain energy that
is due to the lattice mismatch between SiGe epilayer and the
Si substrate. Hence, the thickness of the wetting layer in-
creases with decreasing Ge concentration.”” After the onset
of 3D growth, SiGe islands form. The shapes of these SiGe
islands grown on Si(001) are prismatic or pyramidal with
{105} facets. The bases of these so-called “hut” clusters are
rectangles with edges normal to the (100) direction.* Prior
studies have investigated the self-assembly of Ge dots on
Si(001) substrates™ as well as on Si(001) substrates with
surface normals rotated from the (001) axis towards the (111)
axis by up to 4°° It was shown that these self-assembled Ge
islands are weakly ordered when directly grown on vicinal
Si(001) substrates. However, two-dimensional ordering of
Ge islands is realized when Ge is deposited on a SiGe/Si
multilayer.5

The driving force for the self-organization process is the
interaction of strain fields induced by the buried islands. Ter-
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soff et al.® and Xie et al.” proposed models for the vertical
and lateral ordering of islands in the growth of superlattices.
Tersoff e al.® focused on the effects of strain on the nucle-
ation of islands. The multilayers consist of successive layers
of islands (i.e., buried islands) separated by Si spacer layers.
A buried island leads to strain at the surface of the spacer
layer, which reduces the lattice mismatch between this sur-
face and the deposited material directly above the position of
the buried island. Assuming that the formation of an island is
most favorable in regions where the strain gives a minimum
in the lattice mismatch, the favored nucleation position for
an island is directly above a single-buried island. The regions
of nucleation, i.e., the local minima in lattice mismatch, can
be obtained by superposing the strain fields of all the buried
islands. Tersoff et al.® showed that for successive layers the
island positions correlate in the vertical direction and the
island size and spacing becomes progressively more uni-
form.

Qualitatively, Xie et al.” obtained similar results for the
vertical ordering by considering the effects of strain on dif-
fusion, rather than focusing on the nucleation of the islands.
The driving force for self-ordering in island systems is
shown to be the island-induced strain fields which give rise
to a preferred direction of adatom migration. The deposited
adatoms are driven by the strain field to accumulate on top of
the buried islands.” This is also energetically favorable due to
the reduced lattice mismatch of Ge and Si at positions above
a buried island. The buried SiGe islands lead to strain at the
surface of the Si spacer layer which reduces the mismatch
between Si and the deposited Ge. The next layer islands
nucleate at positions of minimum lattice mismatch, i.e., di-
rectly above a buried island.

Following the simplified model of island self-ordering in
multilayer growth of Tersoff et al..® the island distribution at
any stage depends mainly on the initial arrangement and the
spacer layer thickness L. However, after many layers of
growth the resultant island distribution is dependent only on
the layer thickness and tends towards an interisland spacing
of ~3.5L. For large initial island spacing, i.e., much greater
than 3.5L, the next layer islands form not only above the
existing islands but also in the space between the islands.’

© 2005 American Institute of Physics
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FIG. 1. 1 X 1-um? AFM images of a single 25-A-thick layer of SiyssGeg4s grown at 550 °C on Si(001) substrates tilted by (a) 0°, (b) 2°, (c) 4°, and (d) 13°.

The horizontal direction is approximately [1-10]g;.

For islands that are closely spaced, two or more islands will
be replaced by one single island in the next layer.6 Hence,
after sufficiently many layers, a uniform, characteristic island
spacing determined by the spacer layer thickness will be
achieved.

In this study we investigate the growth of the self-
assembled Ge islands on Si(001) substrates with the surface
normal inclined towards (111) by up to 25°. In particular, we
confirm prior studies, which show a two-dimensional order-
ing of the Ge islands when a SiGe/Si multilayer is predepos-
ited on Si(001) surfaces. For substrates with a miscut of 25°
we observe the formation of elongated Ge islands that grow
preferentially perpendicular to the [1-10]g; direction and Ge
dots that nucleate on top of ripples that form parallel to the
[1-10]g; direction.

Il. EXPERIMENTAL PROCEDURE

The samples were grown by molecular-beam epitaxy in
ultrahigh vacuum (UHV). Commercially available Si sub-
strates were used with surface orientation off axis from (001)
towards (111) by 0°, 2°, 4°, 10°, and 22°. After TEM exami-
nation of epitaxial SiGe layers grown on the 10° and 22°
off-axis substrates, we concluded that the angles specified by
the manufacturer were not accurate.® TEM analysis indicated
that the specified 10° surface was actually ~13° off-axis, and
the specified 22° surface was actually ~25° off axis.
Throughout this study, we will refer to these surfaces as 13°
and 25° off axis in accordance with the TEM measurements.
We note that the 13° surface is close to the (116) plane, and
the 25° surface is close to the (113) plane.

The Si wafers were cleaned by UV-ozone exposure and a
wet chemical clean using a 10:1 hydrofluoric acid solution
diluted in de-ionized water. Following the ex situ clean, the
wafers were introduced into the UHV transfer line through a
load lock. The UHV transfer line connects multiple chambers
for surface processing, film growth, and analysis. The films
were prepared in a solid source molecular-beam epitaxy
(MBE) system which consist of two electron-beam deposi-
tion sources (one with Si and one with Ge). The sources were
separated by about 12 cm, and the source to the sample dis-
tance was about 25 cm resulting in near normal deposition.

After loading the wafers were transferred into the solid
source MBE and submitted to a thermal treatment at 900 °C
for 10 min. After cooling to 550 °C, and immediately prior to
deposition of the SiGe/Si multilayers, a 20-nm Si buffer

layer was grown. Auger electron spectroscopy (AES) and
low-energy electron diffraction (LEED) were used to confirm
that the preparation technique was sufficient. The LEED
showed a sharp (2 X 1) reconstruction of the Si(001) surface,
and AES showed less than 1% carbon and 2% oxygen on the
cleaned surface.

Ge islands were grown at 500 °C, either directly on the
substrates or after predeposition of a SiGe/Si multilayer on
Si(001) surfaces with a miscut of 0°, 2°, 4°, 13°, or 25° at
550 °C. If not otherwise specified, the multilayer consisted of
20 periods of 2.5-nm Sijs55Geg45/10-nm Si bilayers. The
growth parameters have been adopted from Ref. 3. The
Sig 55Geg 45 layers were formed by codeposition of Si and Ge
in a UHV solid source MBE at a combined rate of 0.04 nm/s
and at a surface temperature of 550 °C.

Raman scattering was conducted using the 514 and
458-nm lines of an Ar*-ion laser. The Si-Si Raman peak
position from the layer was used to determine the strain in
the SiGe layers. Ware’ demonstrated the use of Raman spec-
troscopy to determine the strain in a layer for off-axis sub-
strates. Using the deformation potential calculations, Ware’
predicted the value of the Raman peaks for the Si—Si mode in
strained films. The amount of relaxation in the layers can
then be determine by taking a linear extrapolation between
the bulk relaxed Raman peak position and the calculated
pseudomorphically strained values. Raman spectra from sev-
eral samples indicated the Si-Si mode at 505 cm™'. The
value for bulk-relaxed SiyssGeg4s is 490 cm™'. Employing
this technique we determined the SiGe layers to be 95%+3%
strained.

Atomic force microscopy (AFM) was employed to de-
termine the surface morphology. All measurements were per-
formed in ambient using a Thermo Microscope CP system
and silicon nitride tips.

lll. RESULTS
A. Growth on Si(001) with 0°-13° miscut

Figure 1 shows AFM images of a 2.5-nm-thick
Sij ssGeg 45 layer grown on Si(001) substrates with surface
normals rotated towards (111) by 0°, 2°, 4°, and 13°, respec-
tively. We observe the formation of SiGe islands in all cases.
However, the AFM images reveal a change in island density,
island structure, and surface morphology for the different
stepped surfaces.
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FIG. 2. 2X2-um? AFM images of Ge islands (8.5-A Ge coverage) on a sample with a SiGe/Si multilayer and Si(001) substrates tilted by (a) 0°, (b) 2°, (c)
4°, and (d) 13°. The gray scale range is 100 A in (a) and (c), 130 A in (b), and 120 A in (d) with light meaning high. The framed area in (a) indicates the
hexagonal ordering of Ge islands. The horizontal direction is approximately [1-10]g;.

For nominally on-axis Si(001) surfaces the SiGe dots are
relatively large, while for 2° off-axis substrates they are
smaller and more dense. In the cases of 4° and 13° off-axis
substrates we observe the formation of even smaller dots,
with a decreased areal density, and the dots are formed in
valleys of the underlying layer. At least between the dots, the
SiGe wetting layer apparently grows thicker for the 4° and
13° miscut substrates. These undulations indicate another in-
stability of the strained wetting layer.

The structure of the SiGe dots on the nominally flat
Si(001) surface appears pyramidal to within the resolution of
the AFM used in this study. Higher-resolution AFM images
of individual islands indicate that the bases of the pyramidal
SiGe islands are squares with edges normal to the (100) di-
rections. A line scan along the (100) directions reveals that
the sides of the islands are tilted with respect to the (001)
plane by 11°£2°. Hence, these islands are bound by {105}
facets and resemble the so-called hut clusters referred to
previously.4

The structure of the SiGe islands that form on vicinal
Si(001) substrates with surface normals rotated from (001)
towards (111) by 2°, 4°, and 13°, respectively, differs from
the hut structure typically found for SiGe islands on nomi-
nally flat Si(001). Higher-resolution images of individual is-
lands did not display island edges oriented along the (100)
direction. Moreover, the slope of the island sides appears to
be steeper than the slope of the hut clusters suggesting a
different facet structure. Hence, the morphology of the is-
lands on the first SiGe layer varies for the different stepped
surfaces and will influence the growth processes of the addi-
tional layers.

To explore the self-ordering process on the off-axis sub-
strates, Ge islands were grown after predeposition of a
SiGe/Si multilayer. Figure 2 shows the AFM images of Ge
islands grown on a Sij 55Ge 45/Si 20 period superlattice for
Si(001) substrates with surface normals rotated towards
(111) by 0°, 2°, 4° and 13°, respectively. For nominally on-
axis Si(001) surfaces, visual inspection of the images indi-
cates a lateral self-ordering of the Ge islands when grown on
a SiGe/Si superlattice, which has been reported previously.z’5
The Ge islands trend towards a 2D hexagonal pattern, as
indicated by the white frame in Fig. 2(a). The AFM image
also reveals a rather uniform island size distribution. Com-
paring this with the results of a single SijssGegs layer,
shown in Fig. 1(a), we find the island size and the island

spacing to be much more uniform for the multilayer sample.
The island size distribution appears to be bimodal for the
first SiGe layer. However, the size distribution of the Ge
islands that are grown on top of the SiGe/Si multilayer is
monomodal and narrower. This indicates improved ordering
of Ge islands grown on stacks of islands separated by a Si
spacer layer, as predicted and shown by Tersoff et al.® and
Teichert et al.'

Figures 2(b)-2(d) show AFM images of the samples
with a SiGe/Si multilayer and a Ge coverage of 8.5 A grown
on 2°, 4°, and 13° tilted Si(001) substrates, respectively. For
these tilted substrates the degree of ordering of the islands
also increases when grown on multilayers, similar to the on-
axis Si(001) samples. The islands have a similar lateral di-
mension in all cases, but the density appears to decrease
somewhat with increased tilt, and enhanced undulations be-
come apparent. Moreover, the Ge islands are found to be less
ordered and their size to be less homogeneous for higher
miscut angles. For 13° tilted Si(001) substrates, shown in
Fig. 2(d), the ordering of Ge islands is weak.

The morphology differences of the topmost Ge layer
grown on the superlattice samples with different tilt angles
indicate that the ordering process is dependent on the initial
arrangement of the islands, i.e., the morphology of the first
SiGe layer, and hence, on the surface orientation of the sub-
strate.

B. Growth on Si(001) with 25° miscut

Using Si(001) substrates with surface normals inclined
towards (111) by 25°, we find a transition from a dot struc-
ture to a ripple structure for the first 2.5-nm SiGe layer. Fig-
ure 3(a) shows an AFM image of one SiGe layer deposited
on a Si(001) substrate with 25° miscut. The ripples align
approximately perpendicular to the [1-10]g; direction, i.e.,
perpendicular to the step direction.

To explore the growth of Ge islands on a superlattice for
these 25° miscut Si(001) substrates, we deposited three peri-
ods of SigssGegs/Si at 550 °C and a final layer (8.5 A) of
Ge at 500 °C. The AFM image of the topmost layer of this
sample [Fig. 3(b)] also shows a ripple structure and Ge dots
that form preferentially on top of these ripples.

A similar experiment was performed with a 20-period
Sig 55Ge45/Si multilayer. The AFM images of this sample
are shown in Figs. 4(b)-4(d). We find ripples perpendicular
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to the [1-10]g; direction. However, the ripple structure of the
topmost layer is strongly correlated to the undulations of the
last Si spacer layer shown in Fig. 4(a). This shows that for
these larger scale structures the Si does not planarize over
each layer. In addition, we find the formation of Ge dots and
Ge dashes, i.e., elongated islands. The Ge dots nucleate pref-
erentially on top of the ripples and form stripes perpendicular
to the [1-10]g; direction. The average density of these dots
decreases around most of the relatively large Ge dashes.

The Ge dashes align preferentially along the [1-10]g; di-
rection, i.e., perpendicular to the direction of the ripples. For
a Ge coverage of 8.5 A the dashes were ~270 nm wide and
up to I pm long. A 3D AFM image of one of these dashes is
shown in Fig. 5. As is evident, the facet structure is complex,
and could not be reliably determined from our images. We
find that one end of the dash is often relatively enhanced in
comparison to the elongated part. It is suggestive that the
enhanced height end could represent a dome structure which
was elongated during the coarsening and growth processes.
This type of height difference across the Ge dash was found
for most of the elongated islands. From our limited observa-
tions we have not determined if there is a preferential orien-
tation for the enhanced height end.

To investigate the influence of the growth temperature
we prepared two 20 period SijssGeg4s/Si superlattice
samples with a topmost Ge layer of 6 and 10 A, respectively,
and increased the Ge deposition temperature to 525 °C. Fig-
ure 6 shows the AFM images of these samples. We observe
the formation of Ge dots and dashes. However, the density of
the Ge dashes depends on the deposition temperature as well
as on the Ge coverage. An increase of the deposition tem-

J. Appl. Phys. 98, 024317 (2005)

FIG. 3. 1X 1-um? AFM images of (a)
a single 25-A Si55Gey 45 layer and (b)
8.5-A Ge deposited onto a superlattice
of three periods of Sijs5Ge45/Si. All
samples are grown on Si(001) sub-
strates tilted by 25° towards (111). The
horizontal direction is approximately
[1-10]s;.

perature from 500 to 525 °C results in a reduction of the
density of dashes. We also find that the number of dashes per
unit area decreases if the Ge coverage increases from 6 to 10
A. For both samples Ge dots and dashes form on a ripple
structure as observed for the samples grown at 500 °C.

However, the ripples are less regular and broader in the
case of higher deposition temperature. The size of the Ge
dots depends on the Ge coverage. Comparing the two
samples of 6 and 10 A Ge, we find that the size of the dots
increases by more than a factor of 2.

IV. DISCUSSION
A. Si(001) with 0° to 13° miscut

For Si(001) substrates with surface normals rotated from
(001) toward (111) by 0°, 2°, 4°, and 13° we find the self-
ordering of Ge dots when grown on a SiGe/Si multilayer.
However, the degree of ordering of Ge dots on a 20 period
SiGe/Si superlattice decreases with increasing miscut angle.
We anticipate that this is due to the degree of ordering in the
initial SiGe layer, which decreases with increasing miscut
angle. For nominally flat Si(001) substrates SiGe dots form
on top of a thin flat wetting layer. When rotating the substrate
surface from (001) towards (111) by 13°, the wetting layer is
found to be thicker and undulated. Here, the Ge dots appear
to form preferentially in valleys of the wetting layer.

The miscut of the substrate plays a crucial role in the
ordering process: We find that the degree of ordering de-
creases with increasing miscut angle. Based on the results of
Brunner et al.,"" we anticipate that material deposited onto
the stepped substrate collects at the surface steps, which

FIG. 4. AFM images of (a) the last 25-A Sij 5sGey 45 layer of the 20 period SiGe/Si superlattices and (b)—(d) 8.5-A Ge deposited on the superlattice with the
Si(001) substrates tilted by 25° towards (111). Size: (a)—(c) 1 X1 wm and 5 X5 wm. The framed areas are shown in (b) and (c), respectively. The horizontal

direction is approximately [1-10]g;.
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FIG. 5. 1 X 1-um? AFM images of an elongated Ge island grown at 525 °C
on a 20 period SiyssGe 45 superlattice with the Si(001) substrates tilted by
25° towards (111). The island is elongated in the [1-10]g; direction.

would result in strain relaxation around the steps. Hence, the
early stage of stress relief of the strained material is due to
the Ge at the surface steps.12 The formation of Ge islands
represents a later stage of strain relief. The strain relaxation
due to the Ge at the steps results in a reduction of the stress
pattern in the Si epitaxial layer. Hence, the Ge islands that
assemble on top are less ordered when grown on stepped
substrates.

We note that we did not observe the lateral ordering of
the Ge islands on the 2° miscut surface as has been observed
by Zhu et al.” In that report the superlattice structures were
grown on a surface miscut by 1.5° where the substrate sur-
face had been prepared to exhibit a single domain surface
reconstruction with biatomic steps. We expect that the lateral
ordering observed in that study was related to the highly
ordered step and terrace structure.

It has been shown that the degree of ordering increases
with the number of layers in the superlattice:.6 Tersoff et al.®
found that after the deposition of a sufficient number of lay-
ers, the ordering becomes less sensitive to the initial arrange-
ment. Hence, we anticipate that the ordering of Ge dots
grown on miscut Si(001) samples can be further improved if
the number of successive SiGe/Si layers is increased.

B. Si(001) with 25° miscut

For Si(001) substrates with surface normals rotated from
(001) toward (111) by 25° we find the formation of a ripple
structure in the initial SiGe layer. The ripples align perpen-
dicular to the [1-10]g; direction, i.e., perpendicular to the step
direction. We anticipate that the morphological change from
island to ripple structure in the first SiGe layer is due to the
change of the structure of the initial Si surface. Si surfaces
from (001) to (114), (i.e., 0°-19.5°), reconstruct into (2

J. Appl. Phys. 98, 024317 (2005)

X 1) (001) terraces, which are separated by single or double
steps. For surfaces with higher miscut angle this morphology
breaks down and the surface reconstructs into mesoscale fac-
ets composed of (113) and (114) surfaces.'” Based on the
prior TEM measurements,’ it would appear that the surface is
composed largely of (113) facets. For the growth of SiGe
layers on these highly vicinal substrates, prior studies from at
least two groups have displayed the formation of surface
undulations that are perpendicular to the step direction.”'*!3
In the step flow growth mode, the formation of the ripples is
related to strain relaxation. For a surface with predominantly
[1-10] steps, kinetic effects can lead to coherent waviness in
the step edges which would result in a ripple pattern nearly
perpendicular to the step direction.

After the deposition of three periods of Sij 55Ge 45/Si the
final Ge layer also shows a ripple structure and Ge dots that
form preferentially on top of these ripples. We can conclude
that the modulated strain field induced by the underlying
structures propagates through the Si spacer layer. Hence, the
Si spacer layer acts to create a strain distribution that is fa-
vorable for the formation of regularly spaced ripples. The
strain field drives the directed diffusion of the deposited Ge
adatoms to positions above the buried ripples, and these
peaked regions are also more favored for nucleation of the
Ge island structures.

For the 25° off-axis substrates we find the formation of
Ge dashes and dots on top of the 20 period multilayers. The
dots appear to be similar to those observed on the three pe-
riod multilayers. The decrease of the average density of these
dots around most of the Ge dashes indicates that coarsening
processes play an important role in the formation of the Ge
dashes.

The height profile of the dashes seems to give insight
into their formation. The height profile shows a relatively tall
islandlike end for most of the Ge dashes, and we anticipate
that the large Ge islands form first and then elongate into the
dash structures. This further growth and elongation is appar-
ently governed by Ostwald ripening, where these islands
elongate into the [1-10]g; direction and other nearby islands
disappear or are consumed. It is not completely understood
why elongated islands form on this surface. In the case of
commensurate growth the lattice mismatch strain of an is-
land increases with the size of the island. It is possible that
strain relaxation drives the elongation of large islands as pro-
posed by Tersoff and Tromp.l6 In the case of strained island
growth the lattice mismatch strain of an island increases with

FIG. 6. 4X4-um> AFM images of
10-A Ge deposited at 525 °C on a 20
period Sijs5Geg4s superlattices with
the Si(001) substrates tilted by 25° to-
wards (111). The horizontal direction
is approximately [1-10]g;.



024317-6 Fitting et al.

the size of the island, and at one point it becomes more
favorable to increase the surface energy through elongation
of the island. We might also suggest that the large island is
dislocated along the [1-10] direction, and therefore elonga-
tion of the island in this direction would lower the energy.
Specific facet structures may also play a role, but the com-
plicated facet structure of the initial dome may not favor a
single direction. It is evident that further research is neces-
sary to understand the energetics and kinetics of these struc-
tures.

V. CONCLUSIONS

We studied the ordering of self-assembled Ge islands on
SiGe/Si superlattices grown on miscut Si(001) substrates.
For nominally flat Si(001) surfaces we find a 2D hexagonal
ordering consistent with prior studies. The ordering process
is strongly influenced by the orientation of the substrate. The
self-assembled Ge dots on miscut Si(001) are less ordered
and their size distribution is less homogeneous. Deposition
of Ge on top of superlattices for substrates with a miscut up
to 13° results in an increase in the island ordering, but the
final structures are still less ordered than those grown on
(001) substrates. In contrast, for deposition on substrates
with a miscut of 25°, Ge dots are observed to form on top of
the ripples, which are oriented perpendicular to the step di-
rection. In addition, elongated Ge islands are found which
are aligned along the [1-10]g; direction. The growth of the
elongated islands is apparently mitigated by ripening pro-

J. Appl. Phys. 98, 024317 (2005)

cesses. It is anticipated that strain relaxation contributes to
the formation of the elongated islands, but the detailed
mechanism has not been determined.
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