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Abstract
The pre-adsorption of Ga on Si(112) leads to a drastic change of the morphology of
subsequently grown Ge islands. In contrast to the case for Ge growth on bare Si(112), even
nanowire growth can be achieved on Ga terminated Si(112). Employing low energy electron
microscopy and low energy electron diffraction, the initial phase of Ge nucleation and Ge island
growth was systematically analysed for growth temperatures between 420 and 610 ◦C, both on
clean and on Ga terminated Si(112). In both cases the island density exhibits an Arrhenius-like
behaviour, from which diffusion barrier heights of about 1.3 and 1.0 eV can be estimated for
growth with and without Ga pre-adsorption, respectively. The Ge island shape on the bare
Si(112) surface is found to be nearly circular over the whole temperature range, whereas the
shapes of the Ge islands on the Ga terminated Si(112) become highly anisotropic for higher
temperatures. Ge nanowires with sizes of up to 2 μm along the [11̄0] direction are observed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The growth of germanium nanostructures on silicon substrates
is a promising approach towards the production of high-speed
devices, since it combines the higher carrier mobility and
the smaller band gap of germanium with the well-established
and cost-efficient silicon technology. Thus, this field is
attracting a lot of interest in current research [1–4]. To change
and influence the characteristic Stranski–Krastanov growth of
Ge on Si [5] there are different methods, e.g., the use of
graded buffer layers [6] or surfactants [7, 8], which allow
for achieving the desired surface morphology like smooth
two-dimensional layers [9–13] or enhanced three-dimensional
island growth [14–16].

The high step densities of vicinal silicon substrates like the
(112) surface may lead to advanced technological applications
because of enhanced step flow and improved growth [17–19].
Due to the low symmetry of such substrates, the growth
of highly anisotropic structures like Ge nanowires can be
expected.

The clean Si(112) surface is unstable and, as a result,
(111) and (337) facets appear. The self-organized growth
of atom wires along the highly reactive step edges of these
facets was already observed for Ga [20–22] and Al [23].
In this study we analysed the influence of the pre-adsorbed
Ga on the growth of Ge islands by means of low energy
electron microscopy (LEEM), low energy electron diffraction
(LEED), x-ray photoemission microscopy (X-PEEM) and core
level spectroscopy (CLS). In particular, we will focus on the
temperature dependence of the Ge island growth and present a
systematic study comparing the Ge growth on bare Si(112) and
on the Ga terminated Si(112) surface.

2. Experimental details

All experiments of this study were performed under ultra-
high vacuum (UHV) conditions with a base pressure in the
low 10−10 mbar regime. The LEEM, X-PEEM, CLS and
LEED data were taken at the beamline U5UA at the VUV-IR
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storage ring of the National Synchrotron Light Source (NSLS)
at the Brookhaven National Laboratory (BNL) in Upton, NY,
USA [24]. The core level spectra were extracted from X-
PEEM images that were taken at photon energies ranging from
120 to 145 eV.

The microscope employed for this study is a LEEM III by
Elmitec GmbH. All images and spectra were processed with
the programme Gxsm by Zahl et al [25].

After cutting from a silicon wafer and cleaning with
methyl or ethyl alcohol the samples were degassed in UHV for
at least 16 h at a temperature of about 600 ◦C. Subsequently the
samples were flashed several times up to about 1200 ◦C for 30–
60 s until the native oxide layer was completely removed and
the LEED patterns obtained after cool-down clearly showed
the expected reconstructions. The heating was performed with
e-beam bombardment from the back side of the sample. The
temperature was monitored with an infrared pyrometer and a
thermocouple attached below the sample. Small amounts of Ge
(a few monolayers), either with or without prior Ga adsorption,
were deposited onto the Si(112) samples at temperatures in the
range from 420 to 610 ◦C, using an electron beam evaporator
(Omicron triple EFM). For Ge growth on Ga terminated
Si(112), the Ga flux was maintained during Ge deposition.

The Ga and Ge exposures were estimated from the
transition of the (

√
3 × √

3)-R30◦ to the (6.3 × 6.3)
reconstruction and the transition of the (7 × 7) to the (5×5)
structure on the Si(111) surface, respectively. The (

√
3 ×√

3)-R30◦ structure is completely developed at a Ga coverage
of exactly 1

3 ML111 [26, 27], where 1 ML111 corresponds to
7.83 × 1014 atoms cm−2, and the (5×5) structure is completed
at a coverage of 4 ML111 [28]. The Ge flux was in the range
of (0.18 ± 0.02) ML min−1. Here and in the following we
refer to a monolayer (ML) as the atom density of the bulk-
terminated Si(112) surface, i.e. 1 ML = 5.54 × 1014 cm−2.
The preparation was monitored in situ with LEED or LEEM.

3. Results and discussion

3.1. Ge wetting layer formation on Si(112)

LEED patterns (cf figure 1) of the bare Si(112) surface
exhibit spots at n

7 and 1
2 of the surface Brillouin zone

(SBZ) that are elongated along [111̄] direction. Thus, the
corresponding domains in real space are narrow in [111̄] and
large in the perpendicular [11̄0] direction. In agreement with
literature [29–31] we assign these spots to (7×7) reconstructed
(111) facets [32] and (2 × 1) reconstructed (337) facets [33].

In figure 2(a) a LEEM image of such a bare Si(112)
surface is depicted. A faint contrast with stripes along
[11̄0] can be observed. As the expected width of the facets
(�13 nm [29]) is below the resolution limit of the microscope
(≈40 nm), it is not clear whether these stripes correspond
to individual facets or, e.g., to step bunches. In any case,
a contrast with preferential direction from the lower right to
the upper left is obvious. After deposition of around 1 ML
of Ge onto this surface the contrast in the LEEM image (cf
figure 2(b)) vanishes completely. This can be attributed to a
change in the surface structure and/or the roughening of the
step edges due to the formation of a Ge wetting layer.

Figure 1. LEED pattern of the bare Si(112) surface. The image
clearly reveals different n

7 order spots (the 3
7 spots are indicated with

I and the 4
7 spots with III), that belong to the (7 × 7) reconstruction

on the Si(111) facets, and 1
2 order spots (indicated with II) along the

[111̄] direction, that belong to the (2 × 1) reconstruction on the (337)
facets.

3.2. Ge island growth on Si(112)

Figure 2 shows in situ LEEM images during Ge deposition at
a sample temperature of 590 ◦C with different Ge coverages
�. On the bare surface (figure 2(a)) first a Ge wetting layer
is formed (see figure 2(b)). After subsequent Ge deposition
three-dimensional (3D) islands are observed (figure 2(c)). The
island density increases rapidly (cf figures 2(c) and (d)) until it
saturates (see figures 2(e) and (f)).

In figure 3 different bright-field LEEM images after Ge
deposition with saturated Ge island density are displayed.
The deposition temperature was varied between 420 ◦C in
figure 3(a) and 590 ◦C in figures 3(e) and (f). At all
growth temperatures the Ge islands exhibit a nearly circular
shape, only at higher temperatures (see figures 3(e)) a slight
shape anisotropy is visible. Similar to the growth on
Si(111) [34, 35] and in sharp contrast to the Ge island growth
on Si(113) [36, 37], no preferential growth direction can be
seen. Further deposition beyond the stages shown here only
results in larger island sizes, the island density stays unaffected.
This underlines that the nucleation stage has been completed
and subsequently deposited Ge can diffuse on the surface until
it reaches an existing island. In this growth stage the diffusion
length can be estimated from the island density.

Figure 4 shows the evolution of the Ge island density as
a function of the growth temperature. In the range from 420
to 590 ◦C an Arrhenius-like behaviour is found. The slope of
the fit is equal to an activation energy EA = 2.06 eV. With
this value and the following considerations the diffusion barrier
height Ed can be estimated. According to nucleation theory by
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Figure 2. In situ bright-field LEEM images of Ge nanoislands on Si(112) during growth at 590 ◦C. In (a) the bare Si(112) surface with a
preferential direction along [ 11̄0] is shown. At the initial stages of Ge deposition a wetting layer is formed (b). This can be seen by the fading
of the contrast in this image. At higher Ge coverages 3D islands are formed (c)–(f), whose density increases quite rapidly up to a coverage of
around 9 ML. The Ge coverages � and the electron energies are denoted in each frame. Note the larger field of view in (e) and (f).

Venables et al [38, 39] the island density is given by

N ∼ exp

(
Ec(i∗) + i∗Ed

(i∗ + 2)kBT

)
, (1)

where i∗ is the critical nucleus size and Ec(i∗) the binding
energy gained by the formation of a cluster with i∗ atoms. In
a first order approximation Ec(i∗) is the covalent Ge–Ge bond
energy Eb times the number n of additional covalent bonds
within a cluster. For large clusters n is proportional to the
number of atoms in the cluster:

Ec(i
∗) ∼= α112i∗Eb (2)

with α112 being the average number of additional bonds per
atom. From equations (1) and (2) the activation energy is
determined as

EA
∼= i∗

i∗ + 2
(α112 Eb + Ed) . (3)

On Si(111) a critical nucleus size of i∗ ≈ 6 was reported [40]
for Si homoepitaxy. As the Si(112) surface orientation is close
to the Si(111) orientation and even consists partially of (111)
facets the assumption of a large critical nucleus size can be
justified in the present case. Since the Ge bond strength is
much smaller compared to Si, an even larger critical nucleus

size can be expected in our case. Hence, equation (3) can be
approximated by

Ed
∼= EA − α112 Eb. (4)

With the heat of formation for Ge of around 291 kJ mol−1 [41]
a value of Eb = 1.51 eV can be calculated. As the atomic
structure of the Ge covered Si(112) surface is yet unknown we
cannot determine the exact value for α112. But because the
(112) surface lies crystallographically between the (111) and
(113) surface and is furthermore consisting partially of (111)
facets, we assume α112 to be in the range of the values of
α111 and α113 as well. For the (5×5) structure [28] on the Ge
wetting layer on Si(111) the number of dangling bonds of the
25 Ge atoms per (5×5) unit cell reduces from 25 to nine, so
α111 = 0.64. For the eight atoms in the (2 × 2) structure [42]
of the Ge wetting layer on Si(113) only two dangling bonds
are left, resulting in α113 = 0.75 [37]. Hence, α112 ≈ 0.70 is
supposed. With this we obtain Ed ≈ 1.0 eV for the diffusion
barrier height3. This value is nearly twice as high as the value
reported in [37] for the Ge growth on Si(113). This might be
due to hindered diffusion across the facet boundaries.
3 Taking into account the systematic error due to the approximation that leads
from equation (3) to equation (4), i.e., the assumption of a virtually infinite
critical nucleus size, as well as the uncertainty in the determination of α, we
estimate a biased error bar of about +25% and −15% for the diffusion barrier
heights given here.
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Figure 3. Bright-field LEEM images of Ge nanoislands on Si(112) surfaces for different growth temperatures. The island size increases with
the temperature, whereas the island density N decreases. The Ge coverages � and the electron energies are denoted in each image. Note the
larger field of view in (f).

Figure 4. Growth temperature dependence of the Ge island density
N on bare Si(112) in a range of 420–590 ◦C. The slope in the plot is
equivalent to the activation energy EA.

3.3. Ge island growth on Ga terminated Si(112)

Figure 5(a) shows a LEED image of the Ga covered Si(112)
surface. We observe sharp LEED spots, indicating that the
adsorption of Ga leads to a smoothening of the surface.
Nevertheless, a few facet spots are still visible (see circles
in figure 5(a)), showing that the surface is not completely
defaceted. The vast majority of the surface area is terminated

by a complex reconstruction that is connected to intense
superstructure diffraction spots with a spot distance of 18%
surface Brillouin zone (SBZ). This distance corresponds
to an ‘incommensurate (5.55 × 1)’ reconstruction. From
recent scanning tunnelling microscopy measurements (not
shown here), it is revealed that this structure is not truly
incommensurate but consists of a mixture of (5×1) and (6×1)
building blocks. In core level spectroscopy (CLS) experiments
we determined the saturation coverage to be 4.67×1014 atoms·
cm−2, which corresponds to (0.84±0.04) ML and confirms the
proposed model for the (6 × 1) reconstruction as proposed by
Snijders et al [22]. This model is further supported by our latest
x-ray standing waves (XSW) experiments, where we were able
to determine the two Ga adsorption sites to be one terrace and
one step edge site. Both the CLS and the XSW data will be
presented and discussed in a separate publication [43].

Deposition of several ML Ge onto the Ga/Si(112) system
results in a (5 × 1) reconstructed surface with additional facet
spots (see figure 5(b)). In contrast to the facet spots in
figure 5(a) that have been attributed to remaining substrate
facets, the facet spots in figure 5(b) are assigned to side facets
of Ge 3D islands, as proven by the strong contrast in dark-field
LEEM images (similar to the one shown in figure 7(c)). In
additional X-PEEM (see figure 5(c)) images, where we used
the Ge 3d signal for imaging, the Ge islands appear clearly
bright (cf figure 5(c)).

Similar to the study of Ge growth on bare Si(112) we
analysed the Ge deposition on the Ga terminated Si(112)
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Figure 5. LEED patterns of the Ga terminated Si(112) surface (a) before and (b) after Ge island growth at 540 ◦C. The surface reconstruction
in (a) is an ‘incommensurate (5.55 × 1)’ reconstruction, a mixture of (5 × 1) and (6 × 1) building blocks, with additional facet spots (see
circles). In the LEED pattern in (b), a (5 × 1) reconstruction with additional facet spots is visible. These facet spots belong to Ge island facets.
(c): X-PEEM image at a growth temperature of 610 ◦C; (d)–(f): bright-field LEEM images of Ge nanoislands on Ga terminated Si(112) for
different growth temperatures between 505 and 610 ◦C. The island size increases with the temperature, whereas the island density N
decreases. Note the larger field of view in the X-PEEM image in (c).

Figure 6. Comparison between the Arrhenius plots for the Ge island
density N on bare (black) and on Ga terminated (grey) Si(112) in a
range of 500–610 ◦C. The slopes in both plots are equivalent to the
corresponding activation energies EA.

surface at different growth temperatures between 505 and
610 ◦C. The resulting bright-field LEEM images are shown
in figures 5(d)–(f). At the lowest growth temperature in
figure 5(d) we observe slightly anisotropic islands with a
bimodal size distribution, where there are denuded zones

around the larger islands. A similar bifurcation of the size
distribution was found for strained Ge islands on Si(001),
which has been explained in terms of a change of the island
chemical potential as a consequence of a strain induced shape
transition [44]. In the present case, the observed surface
morphology could likewise be explained by coarsening due to a
more effective strain relaxation within larger Ge islands which,
therefore, offer energetically more favourable incorporation
sites as compared to smaller islands.

At higher growth temperatures the Ge islands exhibit a
much more monodisperse size distribution and a pronounced
anisotropy. The resulting Ge nanowires are elongated along the
[11̄0] direction with a length of up to 2 μm and an aspect ratio
of about 7:1 at a growth temperature of 610 ◦C (see figure 5(f)).
This shape indicates a strong diffusion anisotropy and/or an
anisotropic strain relaxation along the direction of the wires as
compared to the perpendicular direction.

The temperature dependence of the Ge island density on
the Ga terminated Si(112) surface is shown in figure 6, in
comparison to the plot for the island density on the bare Si(112)
surface. For all growth temperatures, the island density is
significantly higher in case of Ga pre-adsorption. This can
be attributed to a decreased Ge diffusion length due to the
presence of surface Ga. Again an Arrhenius-like behaviour is
found. Analogously to the procedure in the previous section
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Figure 7. Bright-field LEEM images (a), (b) of Ge islands grown on Ga terminated Si(112) (a) with and (b) without Ga co-deposition during
Ge growth. The dark-field LEEM image (c) shows the same area as the image in (b), but instead of the (00) spot one of the facet spots similar
to the one in the LEED pattern in figure 5(b) was chosen, indicating that the facet spots belong to Ge island side facets. In (d) core level
spectra of the samples in (a) and (b) are shown, indicating that for sample (b) a significant amount of Ga has desorbed from the surface. For
better comparison the spectra of the sample in (b) were normalized so that both Ge spectra showed the same integrated intensity. Note that
different kinetic energy scales apply for both samples, due to different photon energies used.

we determined the Ge diffusion barrier Ed to be about 1.3 eV
(see footnote 1). The reduction of the Ge diffusion length
in the presence of Ga is also supported by the data shown
in figure 7. If Ge is grown at 540 ◦C with prior Ga pre-
adsorption, but without Ga co-deposition during Ge growth,
a significant amount of about 33% of the Ga is found to be
desorbed, as determined from the CLS data in figure 7(d). As a
consequence, the island density is strongly reduced, by a factor
of about 5 as compared to the island density expected for Ge
growth with Ga co-deposition at the same temperature.

4. Summary

In this study we analysed the Ge growth on Si(112) surfaces,
both with and without Ga pre-adsorption. For both cases an
Arrhenius-like behaviour of the Ge island density is found.
Compared to Ge island growth on Si(113) [37] we found a
much larger Ge diffusion barrier with a value of Ed ≈ 1.0 eV,
most likely due to hindered diffusion by the facets of the
underlying substrate. Pre-adsorption of Ga leads to a decreased

Ge diffusion length and thus to an enlarged diffusion barrier of
about Ed ≈ 1.3 eV. The Ge islands on the bare Si(112) exhibit
a nearly circular shape over the whole temperature range and
no preferential growth direction is found. In contrast to this, the
Ge islands on the Ga terminated Si(112) surface show a strong
anisotropy. We observe Ge nanowires with a length of up to
2 μm in [11̄0] direction and an aspect ratio of about 7:1. This
shape suggests a strong diffusion anisotropy or an anisotropic
strain relaxation that is not present for Ge island growth on the
bare Si(112) surface.
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[12] Schmidt Th, Kröger R, Clausen T, Falta J, Janzen A,

Kammler M, Kury P, Zahl P and Horn-von Hoegen M 2005
Appl. Phys. Lett. 86 111910
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