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The deposition of several monolayers of cobalt on germanium (001) substrates results in the formation of two
types of clusters: flat-topped and peaked nanocrystals. Scanning tunneling spectroscopy and helium ionmicros-
copy measurements reveal that these nanocrystals contain cobalt. The shape evolution of the flat-topped and
peaked nanocrystals as a function of their size is investigated with scanning tunneling microscopy. For small
sizes the nanocrystals are compact. Beyond a critical size, however, the peaked nanocrystals exhibit an elongated
shape, whilst the flat-topped nanocrystals remain compact. The shape transition of the peaked nanocrystals is
driven by a competition between boundary and strain energies. For small sizes the boundary energy is the dom-
inant term leading to a minimization of the peaked nanocrystal's perimeter, whereas at larger sizes the strain
energy wins resulting in a maximization of the perimeter. On the top facet of the flat-topped nanocrystals
one-dimensional structures are observed that are comprised of small square shaped units of about 1 nm2.
Time-resolved scanning tunnelingmicroscopymeasurements reveal that these square shaped units are dynamic
at room temperature.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The creation of low-dimensional and nanometer sized artificial
structures on surfaces has been an important research topic for many
decades. The interest in these nanostructures is huge because they
exhibit attractive, and evenmore important, tunable electronic proper-
ties which pave the way to technologically relevant applications. The
most straightforward way to tune the electronic properties of these
nanostructures is by tailoring their size, shape and dimension. A way
to accomplish control over these key parameters is to use the lattice
misfit between substrate and nanostructure. Recent studies have
revealed that the deposition of metals such as Pt [1], Au [2–4], and Co
on semiconductor group IV (001) surfaces [5–14] leads to a plethora
of novel nanostructures.

Several groups have studied the growth of Co on Si surfaces [15–20],
while the growth of Co on Ge surfaces attracted much less attention.
The growth of thicker Co layers on Ge(001) has, however, been
addressed in quite some detail by Choi et al. [21] and De Keyser et al.
[22]. In these studies several cobalt germanides, namely CoGe, CoGe2
and Co5Ge7, were found. Ge and Si both have a diamond lattice with
lattice constants of 0.566 nm and 0.543 nm, respectively. It is notewor-
thy to point out that the (001) projected lattice constant of Ge
(0.40 nm) is very comparable to the c-lattice constant (0.407 nm) of
the hcp Co lattice.
andvliet).
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The latticemisfit in heteroepitaxial systems often leads to the forma-
tion of strain stabilized nanoclusters. In the early nineties of the twenti-
eth century Tersoff and Tromp [23] put forward a generic model to
explain the shape evolution of nanoclusters. They showed that strained
islands are compact at small sizes, but become elongated beyond a
certain critical size. An experimental study of the Co/Si(001) system
by Brongersma et al. [20] revealed that this system almost perfectly
obeys the generic Tersoff and Trompmodel. The question that immedi-
ately pops up is whether the Co/Ge(001) system behaves in a similar
fashion. This is a very relevant question, because both systems, i.e.
Co/Si(001) and Co/Ge(001), behave differently at sub-monolayer Co
coverages [5,15–20].

In this paper we will focus on the growth behavior of Co-induced
nanocrystals on the Ge(001) surface. We have found a coexistence of
peaked nanocrystals (PNCs) and flat-topped nanocrystals (FNCs). Scan-
ning tunneling spectroscopy and helium ionmicroscopymeasurements
reveal that the chemical composition and structure of the PNCs and
FNCs are significantly different from the underlying Ge substrate. Inter-
estingly, only the PNCs exhibit a compact to elongated shape transition.
On top of the FNCs one-dimensional structures are observed which
show dynamic behavior at room temperature.

Experiments were performed with an Omicron ultra-high vacuum
scanning tunneling microscope. The base pressure was 5⋅10−11 mbar.
Ge substrates were cut from nominally flat 3 in. single-side-polished
and lightly Sb doped n-type wafers with a resistivity of less than
0.01Ω⋅cm. The samples were mounted on Mo holders and contact
with any metal was avoided during the preparation. An atomically
clean Ge(001) substrate was obtained by prolonged 800 eV Ar ion sput-
tering followed by annealing the sample through resistive heating at
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1100 (±25)K [24,25]. Several monolayers (3–5 monolayers) of Co
were evaporated by resistively heating a W wire wrapped with a pure
Co (99.995%) wire. The amount of deposited Co was kept constant
throughout all our experiments. During evaporation the sample was
kept at room temperature. After evaporation the sample was annealed
at 600 (±25)K for 8 minutes and for a shorter period of 4 minutes at
700 (±25)K. Before placing it into the STM the sample was cooled
down to room temperature. All STM measurements were performed
at room temperature. Helium Ion Microscopy (HIM) [26] has been
performed ex-situ after the STM investigations were completed. HIM
images were recorded using both the Everhart–Thornley (ET) detector
and the Micro Channel Plate (MCP) detector. While the first one allows
the surface sensitive high resolution imaging of the samplemorphology
utilizing secondary electrons, the latter counts the number of back
scattered helium atoms, thus allowing elemental and structural charac-
terization of the specimen. Sample transfer from the UHV STM to the
UHV HIM has been performed as quickly as possible. However, oxida-
tion of both the Ge substrate and the Co nanocrystals during sample
transfer cannot be excluded. The unique UHV-HIM [27] with a base
pressure of 5⋅10−9 mbar allows the prolonged exposure of the sensi-
tive nanostructures to the helium beam. The primary energy of the He
beam has been varied from 10 kV to 35 kV.

In Fig. 1(A) a room temperature scanning tunneling microscopy
image of a Co/Ge(001) substrate is shown after the deposition of
about 3 monolayers of Co and subsequent annealing at 600 K
for 8 minutes and at 700 K for 4 minutes. The observed three-
dimensional clusters can be divided into two different classes: (1)
FNCs (Fig. 1(B)) and (2) PNCs (Fig. 1(C)). The PNCs can be divided
into compact and elongated crystals. The PNCs have widths of about
10–35 nm and lengths of 10–60 nm. The FNCs have sizes ranging
from about 20×20 nm2 to 50×50 nm2. The height of the nanocrys-
tals varies between 4 nm and 7 nm. There is no firm relation between
Fig. 1. Scanning tunneling microscopy images of Co induced nanocrystals on a Ge(001)
substrate. (A) An overview on the Co-induced nanocrystals on the Ge(001) surface. The
image size is 140×140 nm2. The height of the highest nanocrystal is 6 nm. Two different
types of crystals are observed: (B) flat-topped nanocrystals (FNCs) and (C) peaked nano-
crystals (PNCs). Images (B) and (C) have sizes of 50×50 nm2 and 30×55 nm2, respective-
ly. Sample bias is−1.5 V and tunneling current is 0.5 nA. The heights of the nanocrystals
in (B) and (C) are 6 nm and 5 nm, respectively.
the surface projected size and the height of the PNCs and FNCs. The
PNCs and the FNCs are always aligned along the high symmetry direc-
tions, i.e. the dimer row directions, of the (001) surface. The top of the
FNCs is reconstructed. On top of these nanocrystals well-aligned one-
dimensional structures are observed. The spacing between adjacent
lines is often 2.8±0.2 nm, but occasionally larger spacings of 3.2±
0.2 nm and 3.6±0.2 nm are found as well. The one-dimensional
structures or lines are composed of regularly spaced entities.

Scanning tunneling spectroscopy measurements are performed on
the flat terraces as well as on the two types of nanocrystals. The dif-
ferential conductivity, which is roughly proportional to the density
of states, of the three different structures is shown in Fig. 2. The flat
terraces display a rather large band gap which is comparable with
the band gap of germanium. The differential conductivities of the
two types of nanocrystals are distinctly different, but both exhibit a
clear metallic character. Since the density of states of the nanocrystals
is so different from that of Ge we have to conclude that both types of
nanocrystals contain Co. The crystal structure and exact chemical
composition of both types of nanocrystals are probably different as
well. Possible candidates for the nanocrystals are CoGe2, Co5Ge7 or
CoGe [20,21]. The distinct peak in the density of states observed for
FNCs at −0.5 V bias voltage is a typical fingerprint of Co [28,29].
This indicates that the flat top facet of the FNCs consists of Co atoms.

HIM has been used to check the homogeneity of the sample sur-
face. In the 1 μm² large ET HIM image presented in Fig. 3(A) a total
of roughly 250 nanocrystals can be seen. The average aspect ratio
(AR) is 1.54. However, the presence of the elongated nanocrystals
leads to a second maximum in the distribution at an AR of 1.70 and
a maximum AR of 3.13. The comparable low energy of the secondary
electrons – created by the energy loss of the He due to electronic
stopping in the material – and their origin from a surface near region
make the method very sensitive to changes of the work function. The
contrast between the nanocrystals and the germanium substrate is
based on this effect. The back scattered helium image presented in
Fig. 3(B) has been obtained using the MCP detector. The nanocrystals
are clearly visible and also their different shapes can be identified.
Here contrast is based on the backscatter probability of He. However,
for this particular sample the contrast stems not from the different
backscatter probabilities of cobalt and germanium. Depending on
the thickness of the lighter Co top-layer either no contrast (thin Co
film) or a reverse contrast (thick Co layer) would be expected. The in-
creased backscatter probability is a result of the different crystal
structures of the nanocrystals. The incommensurate nanocrystals
block the open channels in the underlying Ge(001) substrate, thus lo-
cally increasing the backscatter yield. This is confirmed by Fig. 3(C),
which has been recorded under identical conditions but with a 10°
Fig. 2. Differential conductivity (dI/dV) recorded on bare Ge(001) terraces (solid line),
flat-topped nanocrystals (large dash) and peaked nanocrystals (small dash). The
results are averaged over more than 100 traces per curve, with setpoints It=0.45 nA
and Vg=−1.5 V.
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Fig. 3. (A) Everhart–Thornley He ionmicroscope image (FOV: 1 μm²) obtained at 35 kV with a beam current of 0.2 pA and a dwell time of 80 μs. About 250 PNCs and FNCs are visible.
(B) Back scattered He image (1 μm²) of the same sample recorded with 10 kV, a beam current of 0.1 pA and a dwell time of 160 μs. PNCs and FNCs are visible as they locally increase
backscatter probability by lifting the channeling condition for the underlying Ge(001) crystal. (C) Back scattered He image recorded under identical conditions as (B) but with a
sample tilt of 10°. Under this non channeling condition for the Ge(001) wafer the nanostructures cannot be seen.
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sample tilt. The (001) channels are not parallel to the He ion beam
anymore and backscattering has increased on the whole sample
surface rendering the nanocrystals invisible.

The width and length (w and l, respectively) of the PNCs and FNCs
are plotted against the square root of the island size in Fig. 4. Beyond a
critical island size of about 400 nm2 a shape transition from compact
PNC to elongated PNC is observed. Brongersma et al. [20] have found a
similar shape transition of CoSi2 clusters on Si(001). However, in the
Co/Si(001) case the shape transition occurred at a much larger cluster
size [20]. The FNCs, which turn out to be always larger than 400 nm2,
remain compact up to at least 2000 nm2. A possible explanation for
the latter is that the critical crystal size is simply larger than
2000 nm2, but it might also be that these FNCs do not exhibit this
shape transition at all i.e. the FNCs could already be relaxed by misfit
dislocations. This way they do not require sharp apexes and shape tran-
sitions to relax the strain [13,14]. Interestingly, we did not observe even
a single FNC that has a size smaller than the critical PNC size, suggesting
that PNCs with the critical size can evolve in either elongated PNCs or
compact FNCs.

The shape of nanostructures on surfaces is in general governed by
two energetic terms, the boundary energy and strain relaxation energy.
The boundary energy term favors compact nanostructure shapes,
whereas the strain relaxation termprefers tomaximize the total bound-
ary length. As pointed out by Tersoff and Tromp [23] a balance of these
two terms reveals that nanostructures on surfaces, i.e. islands or
nanoclusters, are compact for small sizes and elongated for large sizes.
The latter is of course true for heteroepitaxial systems where a lattice
misfit is virtually always present; however Li et al. [30] and Zandvliet
et al. [31] have shown that it can also hold for homoepitaxial systems.

A topography image of the one-dimensional structures on top of the
FNCs is displayed in Fig. 5(A). In Fig. 5(A) several of these wires are
Fig. 4. Length ‘l’ (circles) and width ‘w’ (squares) of the FNCs and PNCs as a function of
the square root of the projected surface area of the PNCs or FNCs. PNCs with a projected
surface area larger than about 400 nm2 have an elongated shape, whereas smaller
PNCs are compact. FNCs are compact for sizes up to at least 2000 nm2.
shown and a profile scan has been made along the arrow. The profile
scan is depicted in Fig. 5(B). The wires are positioned at least 2.8±
0.2 nm apart, but larger distances, i.e. 3.2±0.2 nm and 3.6±0.2 nm
are sometimes observed as well. The wires are comprised of small
square-shaped features that have a size of about 1 nm2. The height of
these entities is 0.14±0.02 nm. Furthermore, the square-shaped enti-
ties have a preferred nearest neighbor intrarow spacing of 1.6±
0.2 nm; however smaller and larger distances do occasionally occur.
The ordering of the entities in neighboring rows is in virtually all cases
out of phase. Some of the square-shaped entities have a frizzy
Fig. 5. (A) A close-up of the one-dimensional structures observed on top of the FNCs.
(B) A line scan taken along the arrow. Sample bias is +1.5 V and tunneling current is
0.6 nA.
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Fig. 6. (A) A current time trace with the feedback loop disabled taken on one of the
dynamic entities of the one-dimensional structures which are observed on the FNCs.
Two distinct levels are observed indicating that the entity hops back and forth between
two positions. (B) STM image (4 nm2) of a dynamic entity that jumps back and forth
between two positions (the image is scanned from bottom to top and from left to right).
Sample bias is +1.5 V and tunneling current is 0.6 nA.
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appearance in the scanning tunneling microscopy images. For instance,
the entity in themiddle of the topmost row jumps from left to right (the
image is scanned frombottom to top and from left to right). It should be
noted that this entity was not present in the first few scan lines of this
row. The latter implies that the entity has diffused to this row during
imaging.

These dynamic entities are observed quite frequently and a nice ex-
ample is given in Fig. 6. The frizzy appearance of the entity indicates that
it jumps back and forth between two positions. Current–time traces
with the feedback loop disabled are taken on top of the entity shown
in Fig. 6(B). An example of such a current–time trace is depicted in
Fig. 6(A). Two current levels can be distinguished and within 10 sec-
onds the entity jumps back and forth several times. The typical jump
frequency of the square-shaped entity is about 1 Hz. The averaged
jump frequency is independent of the actual sample bias and tunneling
current set points indicating that the observed motion is thermally
induced. The majority of the jumps occur within the chain. Similar
observations have been made for Si on Si(111)-(5x2)-Au [32]. Interest-
ingly, there are a fewmore analogies between these two systems: (1) the
well-defined spacing between adjacent chains, (2) the well-defined
spacing between entities within the chain and (3) the out-of-phase reg-
istry of the entities within adjacent chains.

The size and height of the square shaped units suggest that they are
comprised of twoGe dimers. In addition, imaging at+1.5 V and−1.5 V
sample bias results in very similar appearing images, which is another
hallmark of Ge dimers. However, our measurements are not conclusive
regarding the exact structure and composition of these square shaped
units. In particular, the STS data recorded on top of the FNCs reveal a
clear signature of Co.

In summary, the deposition of Co on Ge(001) and subsequent anneal-
ing leads to the formation of two types of nanoclusters, namely PNCs
and FNCs. Scanning tunneling spectroscopy and He ion microscopy mea-
surements reveal that the nanocrystals contain cobalt. The PNCs are com-
pact below a critical island size of about 400 nm2 and elongated beyond
that size. The FNCs are, however, compact up to at least 2000 nm2. On
the top facet of these FNCs one-dimensional structures are found. These
one-dimensional structures are perfectly straight, have a height of two
atomic layers and the top layer consists of square-shaped entities. Some
of these entities exhibit dynamic motion during imaging.
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