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a b s t r a c t

The pristine Ge(1 1 0) surface is composed of Ge pentagons, which are arranged in relatively large
(16 � 2) and c(8 � 10) unit cells. The deposition of sub-monolayer amounts of Au and mild annealing
results into de-reconstructed Ge(1 1 0) regions completely free of Ge pentagons and regions composed
of nanowires that are aligned along the high symmetry ½1 �1 0� direction of the Ge(1 1 0) surface. The
de-reconstructed Ge(1 1 0) regions consist of atomic rows that are aligned along the ½1 �1 0� direction. A
substantial fraction of these substrate rows are straight and resemble the atom rows of the unrecon-
structed, i.e. bulk terminated, Ge(1 1 0) surface, whereas the other substrate rows have a meandering
appearance. These meandering atom rows are comprised of two types of atoms, one type that appears
dim, whereas the other type appears bright in filled-state scanning tunneling microscopy images.
Using density functional theory calculations, we have tested more than 20 different atomic models for
the meandering atom rows. The density functional theory calculations reveal that it is energetically
favorable for the deposited Au atoms to exchange position with Ge atoms in the first layer. Based on these
findings we conclude that the bright atoms are Ge atoms, whereas the dim atoms are Au atoms.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

The first transistor was made from germanium (Ge) [1]. Unfor-
tunately, GeO2 is not as stable as SiO2 and therefore silicon (Si)
became the material of choice for electronic devices. However, in
the last two decades we have witnessed a revival of Ge. Ge has a
smaller band gap and much higher charge carrier mobilities than
Si, making it an appealing material for electronic and optoelec-
tronic applications.

The low-index (0 0 1) and (1 1 1) surfaces of Si and Ge have
been extensively studied in the past fifty years [2–16]. The
Ge(1 1 0) and Si(1 1 0) surfaces received substantially less atten-
tion. This is surprising because the (1 1 0) surface possesses a
unique feature, unlike the (0 0 1) and (1 1 1) surfaces which are
isotropic; the (1 1 0) surface is intrinsically anisotropic. The bulk-
terminated Ge(1 1 0) surface consists of atom rows that are aligned
along the ½1 �1 0� direction. The bulk-terminated unit cell has a peri-

odicity of
ffiffi
2

p
2 a0 along the ½1 �1 0� direction and a periodicity of a0

along the [0 0 1] direction, where a0 ¼ 5:66 Å is the bulk lattice
constant of germanium. This unit cell is not found in scanning
tunneling microscopy or diffraction experiments because the pris-
tine Ge(1 1 0) reconstructs. The elementary building block of the
reconstructed Ge(1 1 0) surface is a five-membered ring of Ge
atoms, hereafter referred to as pentagon. These pentagons are
arranged in large unit cells that exhibit a (16 � 2) or c(8 � 10) peri-
odicity [9,10]. These ordered domains often coexist with disor-
dered domains that are also comprised of pentagons [16].

The deposition of 5d transition metal atoms, such as Au, Pt and Ir,
on Ge(0 0 1) results into the formation of perfectly straight and ultra-
thin nanowires [17–20]. These ultrathin nanowires are either aligned
along the substrate dimer rows [17–19] or perpendicular to the sub-
strate dimer rows of the Ge(0 0 1) surface [20]. In practice a Ge(0 0 1)
surface is virtually always double domain because at each mona-
tomic step edge the direction of the substrate dimer rows rotates
by 90� owing to the diamond crystal structure of Ge. Due to this dou-
ble domain structure the nanowires on Ge(0 0 1) are also found in
two orthogonal directions. Surface science techniques that sample
macroscopic regions of the surface always contain information on
both orthogonally oriented nanowires and therefore it is sometimes
difficult to interpret the experimental data.

The Ge(1 1 0) surface is anisotropic and therefore does not suf-
fer from this double domain nature. This makes it an appealing
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template for the growth of metal induced nanowires. The align-
ment of all nanowires in the same direction (on a macroscopic
scale) allows an easy and straightforward interpretation of, for
instance, angle-resolved photoemission spectroscopy and spectro-
scopic optical measurements.

Recently, Watanabe et al. [21] and Zhang et al. [22] have shown
that the deposition of Pt and Au on Ge(1 1 0) indeed result into the
formation of single domain, ultrathin and well-defined nanowires.
As pointed out by Watanabe et al. [21] the Pt and Au modified Ge
(1 1 0) surfaces are distinctly different. In the case of Pt, Ge pen-
tagons remain present on the Ge(1 1 0) surface [21,22], but for
Au the Ge pentagons completely vanish even at coverages as low
as 0.2–0.3 monolayers of Au.

This paper deals with the Au modified Ge(1 1 0) surface. Here
we will not focus on the Au induced nanowires, but rather on
the Au induced de-reconstruction of the Ge(1 1 0) surface. The
de-reconstructed regions are comprised of two different types of
substrate rows that are aligned along the ½1 �1 0� direction. One type
of substrate rows perfectly resembles the unreconstructed, i.e.
bulk-terminated, Ge(1 1 0) substrate rows, whereas the other atom
rows have a meandering appearance and are comprised of atoms
that appear either bright or dim in filled-state scanning tunneling
microscopy images. Density functional theory calculations reveal
that these meandering rows consist of Au atoms embedded in
the first substrate layer and Ge ad-atoms. The meandering sub-
strate rows have the exact same periodicity as the Au-induced
nanowires and therefore it is very likely that they form the tem-
plate, i.e. fundament, of the Au-induced nanowires.
2. Experimental

The experiments are performed in an ultra-high vacuum (UHV)
system that has a base pressure of 5 � 10�11 mbar and is equipped
with a room temperature scanning tunneling microscope (Omicron
STM1). The Ge(1 1 0) samples, which have dimensions of 4 mm by
10 mm, are cut from a nominally flat, single-side-polished lightly
doped n-type wafer. In order to avoid contamination, the Ge(1 1
0) samples were mounted on a molybdenum sample holder. Prior
to inserting the Ge(1 1 0) samples in the UHV system they were
ultrasonically rinsed in isopropanol alcohol. After introducing the
Ge(1 1 0) samples in the UHV system they were first degassed at
a temperature of 700 K for about a day. Subsequently, the samples
were cleaned by cycles of Ar ion bombardment and annealing at
1100 K [23]. Au was deposited on Ge(1 1 0) at room temperature.
Sub-monolayer amounts (0.5 ± 0.2 monolayers) of Au were evapo-
rated in UHV by resistively heating a tungsten filament wrapped
with high purity (99.995%) Au. After deposition the Ge(1 1 0) sam-
ples were annealed at 1100 K for 5 min and subsequently slowly
cooled down to room temperature. After cooling down the samples
were inserted into the scanning tunneling microscope (STM) for
further inspection. The STM observations were performed in the
constant-current mode with electrochemical etched tungsten tips.
Scanning tunneling spectroscopy I(V) spectra were recorded by
opening the feedback loop and subsequently ramping the voltage,
while the tunnel current is monitored.
3. Computational details

Ab initio density functional calculations of the Au/Ge(1 1 0) sys-
tem were performed using the projector augmented-wave (PAW)
technique [24,25], as implemented in the Vienna ab initio simula-
tion package (VASP) [26,27]. Our calculations are based on the den-
sity functional theory within the framework of the generalized
gradient approximation (GGA) [28,29]. We have used a plane-
wave basis set with a kinetic energy cutoff of 400 eV. Our system
is modeled by an asymmetric slab consisting of six atomic layers
with the bottom surface of the slab terminated by hydrogen atoms.
In all our calculations we have used a (6 � 4) Monkhorst-Pack k-
point grid [30] to sample the Brillouin zone of the surface unit cell.
The choice of this grid provides a good balance between accuracy
and computational effort. In order to optimize the geometry we
have applied the conjugate gradient algorithm, while keeping the
positions of the germanium atoms in the bottom layers fixed at
their bulk positions. We have used the same methodology as in
previous studies of the Pt/Ge(0 0 1) and Ir/Ge(0 0 1) systems
[31,32]. Pseudo–STM images are calculated using the Tersoff–
Hamann formalism [33], which states that the tunneling current
in an STM experiment is proportional to the local density of states
(LDOS) integrated from the Fermi level to the sample bias. In the
visualization software HIVE [34] the STM tip is considered to be
an infinitely small point source. The integrated LDOS is calculated
as �qðr; eÞ / R eF

e qðr; e0Þde0; with eF the Fermi energy. A surface of
constant density is then constructed according to �qðx; y; z; eÞ ¼ C,
with C a real constant. This construction gives the height z, as a
function of the lateral position (x, y), which is mapped linearly onto
a gray scale. This mimics the presentation of STM images in the
conventional constant-current mode. We choose C such that the
isosurface has a height z of 4 Å above the highest atom of the sur-
face [34,35]. We have used a bias of �2 eV in our simulations.
4. Results and discussion

In Fig. 1(a) a large scale STM image of the pristine Ge(1 1 0) sur-
face is shown. The Ge(1 1 0) surface is reconstructed and the ele-
mentary building block of the reconstructed Ge(1 1 0) surface is a
small ring of five Ge atoms, i.e. a pentagon. These pentagons show
up as small bright dots in Fig. 1. In a small scale STM image these
pentagons are clearly visible, see Fig. 1(b). The pentagons are
arranged in (16 � 2) and c(8 � 10) domains. Besides these ordered
domains also disordered regions are found. For the structural mod-
els of the ordered (16 � 2) and c(8 � 10) domains we refer to the
work of Ichikawa [9,10]. We emphasize here that the elementary
building block of the disordered regions is also the pentagon. In
Fig. 1(c) the averaged normalized differential conductivity, i.e.
(dI/dV)/(I/V), of the pristine Ge(1 1 0) surface is shown. The spec-
trum reveals three well-defined peaks: two filled-states at �1.1 V
and �0.3 V, respectively and an empty-state at 0.4 V. For a detailed
discussion of this spectrum we refer to Ref. [16].

Before discussing our results regarding the Au/Ge(1 1 0) system
we first briefly elaborate on the closely related Pt/Ge(1 1 0) system.
Recently, Watanabe et al. [21] and Zhang et al. [22] have indepen-
dently shown that the deposition of a sub-monolayer amount of Pt
on Ge(1 1 0) followed by annealing results into the formation of Pt-
induced nanowires that are aligned along the ½1 �1 0� direction. Both
groups have also shown that in the troughs between the nanowires
pentagons, reminiscent of pristine Ge(1 1 0), are found.

In Fig. 2 an STM image of a Ge(1 1 0) surface after the deposition
of a sub-monolayer amount of Au and annealing at 1100 K is
shown. Also in this case the nanowires are aligned along the
½1 �1 0� direction of the Ge(1 1 0) surface. The Au-induced nano-
wires (see for instance the very bright features in the center of
Fig. 2) are composed of small elongated building blocks that are
alternatingly shifted by ½a0 to the left or to the right with respect
to the center of the nanowire. The center of the nanowire is located
in between to substrate rows, whereas the elongated building
blocks are located on top of the substrate rows. Our observations
regarding the structure of the Au-induced nanowires are in good
agreement with the observations of Watanabe et al. [21]. Following
Watanabe et al. [21], we refer to these Au-induced nanowires as
the a phase. In this article we will not elaborate on the a phase,



Fig. 1. (a) Scanning tunneling microscopy image of the pristine Ge(1 1 0) surface taken at a sample bias of �1.0 V and a tunnel current of 1.0 nA. (b) Small scale scanning
tunneling microscopy image of the reconstructed Ge(1 1 0) surface. (c) Normalized differential conductivity of pristine Ge(1 1 0). Set points V = �1.5 V and I = 500 pA.

Fig. 2. Scanning tunneling microscopy image of the Au modified Ge(1 1 0) surface
with a- and b phases. Sample bias �1.85 V and tunnel current 500 pA. Inset: zoom-
in of the white box outlined b phase in the lower left of the image. The white arrow
indicates a meandering atom row.

Table 1
Total energies per unit cell relative to the structure with the lowest energy.

Position of the Au atom Model Total energy per unit
cell relative to model 2, eV

On top of the surface 1 1.2544
1_1 1.6552
1_2 1.9082
1_3 2.1778
1_4 1.8906

Embedded in the first layer 2 0.0000
2_1 1.0624
2_2 0.7402
2_3 0.7766
2_4 1.6244
2_5 1.9422
2_6 1.5285
2_7 1.5540
2_8 1.5510
2_9 1.4654

Embedded in the second layer 3 1.1892
3_1 1.1633
3_2 2.0522
3_4 2.4960
3_5 2.9908
3_6 2.0799
3_7 2.7194
3_8 1.6798
3_9 3.0703

The energies of the most stable configurations are in bold.
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but rather focus on the nanowire free regions of the Au modified
Ge(1 1 0) surface.

The first important point we want to highlight here is that even
after the deposition of about 0.2 monolayers of Au the characteris-
tic Ge pentagons completely disappear. The latter is in marked con-
trast to the Pt/Ge(1 1 0) system, where Ge pentagons remain
visible in between the nanowires at coverages as high as one
monolayer [22]. A detailed inspection of the nanowire free regions
reveals the presence of two types of atomic rows, both aligned
along the ½1 �1 0� direction (see the inset of Fig. 2). The first type
of atomic rows is perfectly straight and the rows are 5.6 Å spaced
apart. The periodicity within these straight atom chains is 4 Å.
These dimensions perfectly agree with the periodicity of the

bulk-terminated unreconstructed Ge(1 1 0) surface (a0 by
ffiffi
2

p
2 a0).

Clearly the Ge(1 1 0) surface completely de-reconstructs upon the
deposition of sub-monolayer amounts of Au atoms. The second
type of atom rows is not straight, but has a meandering appear-
ance, albeit with some disorder, and is composed of bright and
dim dots (see the arrow in the inset of Fig. 2). Our observations
are in perfect agreement with the observations by Watanabe
et al. [21]. Since these atom rows do not exhibit a perfect zigzag
arrangement, we will refer to them as meandering substrate rows
(referred to as b phase in Ref. [21]). The center of these meandering
substrate rows lies in the troughs between the regular bulk-
terminated Ge rows. The distance to the adjacent bulk-
terminated Ge atomic rows is 3=2a0. The periodicity along the sub-
strate row direction of the meandering rows as well as the Au-
induced nanowires is both 20 Å, i.e. 5 times the surface lattice con-
stant in the ½1 �1 0�direction. In addition, since the meandering
appearance of both structures as well as the location of the center
of the structures are identical it is very likely that the meandering
substrate rows form the fundament of the Au induced nanowires.

Using density functional theory calculations, we investigated
the exact structure of the meandering substrate rows in detail.
We have analyzed more than twenty different models, divided by
three groups in which gold atoms were placed in different posi-
tions: on top, in the first or the second layer of the Ge(1 1 0) surface
(see supplementary material for an overview of all the models that
we considered). In each of these three cases we considered the
energetically most favorable model. Hereafter we will only discuss
these low-energy models. The relative energies of all calculated
models are presented in Table 1. In the first model (model 1), a sin-
gle Au atom is adsorbed at an on-top position, see Fig. 3(a) for a side
view. The Au atom is located at the center of the surface unit cell. In
model 2, the Au atom exchanges position with a regular Ge atom in
the first layer. The ejected Ge atom is positioned in the adjacent unit



Fig. 3. Side views of the Au/Ge(1 1 0) models with Au atoms (a) on the surface (model 1), (b) in the first layer (model 2) and (c) in a near-surface layer (model 3).
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Fig. 4. Top panel: Normalized differential conductivity of the b phase of the Au/Ge
(1 1 0) surface. Inset: current-voltage curve. Bottom panel: calculated local density
of states averaged over all surface atoms of the b phase (dashed line).

Fig. 5. Simulated filled-state scanning tunneling microscopy images of a straight
substrate row (a) and a meandering substrate row (b). Top and side views of models
are shown in and below the simulated scanning tunneling microscopy images,
respectively. Grey circles: Ge atoms, burgundy circles: Au atoms.
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cell, see Fig. 3(b). In model 3 the Au is located in the second layer,
see Fig. 3(c). From an energetic point of view model 2 is the most
favorable one (the energy differences between model 2 and models
1 and 3 are 1.25 and 1.19 eV, respectively). Based on these results
we conclude that the Au atoms reside in the first layer. Although
it is very likely to associate the bright and dim dots with Ge and
Au atoms respectively, more work has to be done in order to figure
out which atom exactly appears bright or dim in the STM images. In
order to check the validity of our proposed model we measured the
normalized differential conductivity, which is proportional to the
density of states, of the meandering atom rows which are embed-
ded in the Ge substrate, and compared it to the calculated local den-
sity of states (see Fig. 4). The agreement between the scanning
tunneling spectroscopy data (normalized differential conductivity)
and the calculated density of states is rather good, apart from an
overall shift of about 0.1–0.15 eV, which provides support for our
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proposed model. The energy shift might be caused by doping or
band bending effects.

In Fig. 5(a) and (b) simulated STM images of the straight and
meandering atom rows are shown. These simulated STM images
agree quite well with the experimental observations of the b phase
(Fig. 5(b)) and the atom rows of the bulk-terminated Ge(1 1 0) sur-
face (Fig. 5(a)). Owing to the large supercell of the Au-induced
nanowires, i.e. the a phase, density functional theory calculations
are unfortunately not within range. However, it is worthwhile to
mention here that the periodicity of the a- and b phase is the same
and therefore it is very likely that the b phase forms the fundament
of the a phase.
5. Conclusions

We have shown that the deposition of a sub-monolayer amount
of Au on Ge(1 1 0) and mild annealing results into the formation of
bulk-terminated Ge(1 1 0) regions. Besides the bulk-terminated
regions atomically thin nanowires are also found that are aligned
along the ½1 �1 0� direction. The bulk-terminated Ge(1 1 0) regions
consist of straight and meandering atom rows. The meandering
atom chains have the same periodicity as the Au-induced nano-
wires and therefore we propose that the meandering atom rows
form the fundament of the Au-induced nanowires. Based on den-
sity functional theory calculations we find that it is energetically
favorable for the deposited Au atoms to exchange position with
the first layer Ge atoms. We put forward a structural model for
the meandering atom rows that is in qualitatively agreement with
the STM images. Aside from a small shift in energy the calculated
density of states agrees reasonable well with scanning tunneling
spectroscopy data.
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