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Using in situ scanning tunneling microscopy, we observed that germanium deposited on the Ru(0001)
surface near room temperature forms a two-dimensional wetting layer in the submonolayer regime, followed
with growth of a segregated layer of Ge three-dimensional(3D) clusters of heights within about 1 nm. The
growth of the first flat wetting layer can be understood in terms of optimal surface energy reduction by coating
the Ru surface with a Ge layer which has a lower surface free energy. The nucleation and growth kinetics
agrees with that derived from the conservative Ising model. Domains of asÎ213 Î21dR10.9° superstructure
are observed on the wetting layer. Formation of a layer consisting of 1-nm-high clusters above the wetting
layer indicates that the Ge wetting layer is extremely inert so that Ge adatoms can migrate large distances on
the top of the wetting layer. The 3D Ge clusters seem to have a relatively narrow size distribution.
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I. Introduction

Film growth and interface behavior of metals on semicon-
ductor surfaces have been intensively explored in the past,1–4

whereas there are only a few studies on the reverse systems,
i.e., semiconductors on metal surfaces.5–10 Such systems also
involve fundamental issues, such as growth mechanism,
novel surface electronic structures, and formation of surface
alloy/compound. Understanding of these issues is helpful to
the applications of these systems in catalysis11,12 and possi-
bly electronics in the future. On the(111) surfaces of noble
metals(Cu and Ag),5,7 a submonolayer of Ge deposited at
room temperature forms surface alloy layers through replace-
ment reaction, while Ge stays on(100) surfaces of these
metals as adsorbed atoms or clusters.8 On Pt(111), a s535d
dilute surface alloy is formed after 2 monolayer(ML ) Ge
deposition followed with a 1300 K annealing.9 On Pt(100),
Ge expels Pt adatoms and the expelled atoms form pure Pt
adislands. It is difficult to predict general behavior of semi-
conductor materials deposited on metals based on the very
limited experimental data available now.

In this paper, we report on our scanning tunneling micros-
copy (STM) investigations of germanium growth on the
Ru(0001) surface. Ru is a transition metal with a hexagonal
close packed(HCP) lattice structure. The Ge/Ru system can
be considered as a model system for well understanding
growth behavior of semiconductors on HCP metal surfaces.
RuGe and Ru2Ge3 can be formed in bulk phase.13 Ru2Ge3
is a semiconductor, with a band gap in the range of
0.31–0.85 eV obtained in computation studies.14,15 To the
best of our knowledge, initial reaction and growth of Ge on
Ru(0001) has not been reported. Our results show that
Ge forms a wetting layer first in the monolayer regime
which is inert with respect to Ge atoms deposited later.
A sÎ213 Î21dR10.9° superstructure is observed on this wet-
ting layer. Further Ge deposition leads to the growth of a
cluster layer with a thickness of about 1 nm.

II. Experiment

The experiments were performed in a multifunctional
ultrahigh-vacuum(UHV) VT-SPM system(Omicron) with a

base pressure better than 1310−10 Torr. The system is de-
scribed in detail elsewhere.16,17 In brief, in addition to a
STM, it consists of a fast-entry lock for sample and tip load-
ing, a preparation chamber, an analysis chamber, and an
STM chamber. The system is equipped with resistive-heating
Ta-boat Ge evaporators, an electron-bombardment sample
heater, an argon-ion sputter gun, low-energy electron diffrac-
tion (LEED) optics, and an x-ray photoemission spectrom-
eter (XPS).

The cleaning of the Ru(0001) surface was achieved
by several circles of Ar+ sputtering and annealing, and

FIG. 1. (a) STM images5003500 nm2d of Ge on Ru(0001) at a
coverage of 0.4 ML taken at sample biasVS=−0.41 V and tunnel-
ing currentIT=0.10 nA.(b) The line profile along the line indicated
in the STM image.
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the sample cleanliness was verified by LEED and XPS
measurement. The Ta-boat Ge source was cleaned thor-
oughly with preheating, and the deposition was done at a
source temperature of about 1200 K with a deposition rate of
about 0.4 ML/min. Considering the heating effect of Ge
source, the substrate temperature is estimated in the range of
40–60 °C during the Ge deposition.

III. Results and Discussion

Figs. 1 and 2 show the typical STM images(area 500
3500 nm2) of Ru(0001) taken at the Ge coverage of about
0.4 and 0.8 ML, respectively. The Ge overlayer appears as
the bright areas in the images. Based on the line profile
[Fig. 1(b)] along the white line in Fig. 1(a), the Ge overlayer
in the submonolayer regime is composed of single atomic
layer islands with a thickness of about 1.5 Å. The Ge cover-
age estimated from the bright regions in the STM images
is consistent with the deposited amounts of 0.4 and 0.8
monolayers.

The results clearly showed that, with the flux used in our
experiment, the growth of Ge on Ru(0001) in the submono-
layer regime proceeds strictly in the single layer growth
mode, i.e., no second-layer nucleation and growth are ob-
served. Thermodynamically, this is understandable consider-
ing the surface and interface energies in film growth.18 A
smaller surface free energy of the overlayer and a strong
overlayer-substrate binding lead to the first atomic layer
coating the whole surface(wetting layer) to provide opti-
mum energy reduction. The surface free energy of Ge is
1.1 J m−2, which is significantly smaller than the Ru sub-

strate surface free energy of 3.4 J m−2.18 On the other hand,
diffusion and nucleation kinetics of Ge atoms play an impor-
tant role in determining the morphology and 2D island shape
of the overlayer.19,20 For example, formation of fractal is-
lands is typical for diffusion limited aggregation(DLA )21,22

growth in which diffusion of an individual atom on both
substrate and island terraces is activated whereas atomic mi-
gration along an island edge is prohibited. If edge diffusion
is also highly activated, the island shape should be compact.
In the present case, the islands are neither fractal nor very
compact. This indicates that the diffusivity of Ge atoms on
Ru substrate is fairly high. The critical nucleus size of Ge
islands is significantly larger than one atom so that nucle-
ation density is relatively low(notice that empty areas of
linear size,100 nm are easily found in Fig. 1). As com-
pared with that on a Ge crystal surface at comparable
temperature,23 the diffusion of Ge atoms on the Ru-supported
Ge islands is also highly activated and the Ehrlich-
Schwoebel barrier is little, so that the Ge atoms that landed
on Ge islands can migrate over a long distance and cross the
steps to settle at the lower edge of the Ge islands. But Ge

FIG. 2. (a) STM images5003500 nm2d of Ge on Ru(0001) at a
coverage of 0.8 ML taken atVS=−0.95 V andIT=0.15 nA.(b) The
line profile along the line as indicated in the STM image.

FIG. 3. (a) STM image s49349 nm2d of the sÎ21
3 Î21dR10.9° superstructure on Ge wetting layer, the domain
boundaries are indicated by the arrows.(b) A zoom-in image
s21321 nm2d showing details of the superstructure, the unit cell of
sÎ213 Î21dR10.9° is indicated. Both images were taken with
VS=2.1 V andIT=0.15 nA.
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island morphology is fractal-like on a large scale, similar to
the Si/Sis111d case observed by Olamiet al.24 Such island
morphology can be generated with a conservative Ising
model in which an atom is allowed to migrate to a neighbor-
ing site after arriving at step edge.24

On smaller scales, our STM images reveal an ordered
superstructure on the Ge wetting layer surface. Figure 3(a)
displays an image consisting of domains of periodic struc-
tures. The measured period of the ordered structure is 12.4 Å
or 4.6a0, where a0=2.706 Å is the length of basis on
Ru(0001). The domains are rotated between each other by an
angle,21.8°. Considering measurement error due to drift,
the superstructure is assigned assÎ213 Î21dR10.9°. More
details of thesÎ213 Î21dR10.9° superstructure can be ob-
served in the zoom-in STM scan of Fig. 3(b). The supercell
appears as an equilateral triangle with three bright spots at
the apexes.

Figure 4(a) shows a STM image taken after a 1.6 ML Ge
overlayer deposited near room temperature. The results indi-
cate the growth of a layer of 3D clusters on top of the wet-

ting layer. The line profiles on and across the edge of the
cluster layer are displayed as line A and line B, respectively.
The thickness of the cluster layer is approximately 1 nm. The
corrugation observed on the layer is within about 0.4 nm,
probably limited by tip sharpness, and the lateral dimension
of the clusters is about 1.8 nm.

It should be noted that the local coverage in the 3D clus-
ters is highly segregated, and most of the surface is only
covered by the wetting layer. Actually, we had difficulty in
STM imaging to find the cluster region shown in Fig. 4.
Interestingly, once a cluster layer is found, its area is huge
and can run across several atomic steps of the Ru substrate.
This means that Ge adatoms or/and clusters are very mobile
on the top of the Ge wetting layer. The Ge nucleation on top
of the wetting layer only happens when Ge adatoms meet
defects, for example, the steps. Ge adatoms on the top of the
wetting layer can migrate(diffuse) over a large distance,
once they meet with the 3D segregated clusters, they are
cooperated into the clusters.

Figure 5 shows STM images for the Ge overlayer with a
nominal coverage of about 4 ML. Compared with the results
shown in Fig. 4, the only difference is that the 3D clusters
become larger(the clusters with a layer thickness of about
1.4 nm, and a lateral dimension of about 5.0 nm, see the line
profile across the rift in Fig. 5), and the rift appears by re-
leasing the strain of the overlayer on Ru(0001).

By summarizing the above results for Ge growth on
Ru(0001) from submonolayer to multilayer, we can conclude
that Ge growth on Ru(0001) exhibits a Stranski-Krastanov
(SK) mode, i.e., formation of 3D clusters on the top of a flat
first (wetting) layer. However, the Ge clusters are largely

FIG. 4. (a) STM images100031000 nm2d of Ge on Ru(0001)
at a nominal coverage of 1.6 ML, taken atVS=0.70 V and
IT=0.10 nA. The right region is a 1-nm-high layer composed of Ge
clusters on the top of the wetting layer. The inset image, and the line
profiles (b) along line A in the cluster region and(c) along line B
across the edge of the cluster layer as indicated in the images show
more details of the cluster layer.

FIG. 5. (a) STM image s7803780 nm2d of Ge on Ru(0001)
at a nominal coverage of 4.0 ML, taken atVS=2.57 V and
IT=0.56 nA, shows the cracks formed due to strain release.(b) The
line profile across a crack as indicated in(a).
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segregated due to their high mobility on the wetting layer,
and it seems that the clusters have a uniform distribution.
The Ge/Rus0001d growth shows some unique characteristics
compared to other SK growth systems, such as Ge on silicon.

Growth behavior of Ge/Si systems is well understood.23

Ge grows on Si(001) in layer-by-layer mode up to,3 ML,
and the surface superstructure changes froms231d to
s23Nd. When more Ge is deposited, coherent pyramids and
huts are formed to partially release the mismatch strain.25 On
Si(111), a 3-ML Ge wetting layer is also formed first, fol-
lowed with hexagon-shaped 3D islands.26 The main driving
force of SK growth in Ge/Si systems is to reduce strain
energy due to lattice mismatch, and the 3D islands formed
are epitaxial. In contrast, in the case of Ge growth on
Ru(0001), Ge forms only a single atomic wetting layer, and
grows in the 3D clusters mode on the top of the first wetting
layer. The difference should arise from a different driving
force due to the nature of the Ge wetting layer. Surface free
energy should be the dominant factor for forming a single
atomic wetting layer in Ge growth on Ru(0001). The lattice
mismatch between Ge and Ru is about 10%. But it seems
that the main reason for the 3D Ge cluster formation on the
top of the wetting layer is not mismatch. Rather, the wetting
layer seems to passivate the Ru surface very effectively, so
the deposited Ge later experiences an inert surface. In other
words, the surface of the Ge wetting layer on Ru(0001) is
totally different in terms of bonding with the Ge deposited
later, whereas the Ge wetting layers on Si are basically the
same as the surfaces of bulk Ge crystal, except the strain due
to the lattice mismatch with Si. Intermixing or alloying of
Ge–Ru is not observed in the present(room temperature)
growth condition. In comparison, Ge–Pt surface alloy was

obtained by deposition of 2 monolayers of Ge followed by
heating to 1300 K in the system of Ge/Pts111d.9 We have
also observed surface alloying of Ge on Ru(0001) after a
high temperature annealing, which will be reported in detail
elsewhere.

IV. Conclusion

We have carried out STM measurements for Ge growth
on the Ru(0001) surface from submonolayer to multilayer.
The results show clearly Ge growth on Ru(0001) exhibits a
Stranski-Krastanov mode. Ge forms the two-dimensional
wetting layer in the submonolayer regime and starts to grow
in the 3D clusters mode from the second layer. The growth of
the first flat wetting layer can be understood in terms of
optimum energy reduction for Ge coating the whole substrate
surface with smaller free surface energy. Formation of the
segregated clusters from the second layer indicates that Ge
adatoms can migrate large distances on the top of the first
atomic layer. The Ge wetting layer on Ru(0001) appears ex-
tremely inert to the Ge atoms that land on it. The Ge clusters
in the segregated layer seem to have a relatively narrow size
distribution.
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