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Abstract — The geometrical and electronic structure of epitaxially grown Ge on Si(100) and Si(111)
surfaces has been studied by scanning tunneling microscopy. Since Ge atoms could be distinguished
from Si atoms by scanning tunneling spectroscopy and voltage dependent STM images, the growth
mode of the added layer could be studied. On the (100) surface with a (2X1) reconstruction,
Ge overlayer grow preferentially on the B type step edges at 720 K. On the (111) surface, Ge
overlayer also grow on the step edges with (7X7) and (5X5) structure depending on their coverage
and annealing temperature.
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1. Introduction because of its high mobility and light emission.

Band-gap Engineering is regarded as another solu-

Silicon is the most widely used material for se- tion. Among group IV semiconductors, Ge-Si multi-

miconductor devices. It has nearly all properties layers or their alloy have drawn much attention
necessary for the semiconductor fabrication, such

as low defect, reproducibility, low cost for fabrica-

due to the prediction of band-gap engineering and
possible high speed devices.

tion, simple impurity control, and easy patterning.
As it is believed that conventional Si devices reach
the ultimate limit of the size and speed, new semi-
conducting materials and structures are demanded.
GaAs has been regarded as one of the solutions
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The studies of epitaxial growth of Ge on Si have
carried out on various Si substrates, (111)[1,2],
(110)(3], (113)[4], and (100)[5-7]. The previous
reports have found that Ge grows with Stranski-
Krastanow mode on various surfaces[1]. The over-
layer Ge often maintains the reconstruction of (2X
1) on the Si(100) substrate and (7X7) on the Si
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(111) substrate. The growth kinetics and level of
disorder are strong functions of the substrate tem-
perature and deposition rate. Pure Ge films reveals
the critical thickness of 5 monolayer and disloca-
tions with higher coverage. The lattice constants
of Si and Ge are 543 A and 5654, respectively,
therefore the lattice mismatch is about 4%. The
surface of Si(111) is reconstructed to (7X7) in or-
der to lower surface energy for dimer, adatom and
stacking fault (DAS model)[8]. In order to accom-
modate the DAS model, (5X5), (2X2) and (9X9)
can be formed on the (111) surface. These non-(7X
7) DAS surfaces only appear metastably on rapidly
quenched surface, revealing the slight different of
the surface energy. Similarly, c¢(2X8) structure is
formed for Ge(111) surface, but this structure does
not have stacking fault.

On (100) surfaces of Si and Ge, the surface ene-
rgy is reduced by forming dimers from two dang-
ling bonds, resulting a (2X1) structure. On (2X1)
structures of Ge(100) and Si(100), there are two
types of steps, type A and type B[9]. Type A step
is parallel to the upper-terrace dimer rows. Type
B step is perpendicular to the upper-terrace dimer
rows. Science there is a slight difference of the
step energies between these two steps, A step is
straight, while B step is rough. In well ordered
(100) surface of Ge and Si with small miscut, the
two types of step are appeared alternatively.

The homoepitaxy on Si(100) surface and the he-
teroepitaxy Ge on Si(100) have been widely studied,
because of the possible use in devices. It is known
Si/Si(100) and Ge/Si(100) grow preferentially from
type B step edge, and covered the type A terrace,
by earlier STM studies[6].

In this study, we confirm the growth mechanism
under 1 m/ by STM and the chemical identification
of Ge by STM and STS, for the first time. The
model for the relationship between the Ge growth
shape and the annealing temperature is proposed.

2. Experimental

In this experiment, A UHV STM was used, of
which the detailed design can be found elsewhere
[10]. Si sample was cut from Arsenic doped (1~4
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Q-cm) wafer with miscut <0.4°. The sample was
prepared ex situ Shiraki cleaning process and in
situ annealing by resistive heating. The sample an-
nealing was done by heating at 500~700°C for 12
hours or more, followed by flash at 1,250°C for 20
sec and slow cooling down. The Ge K cell was
made of a W-filament and a Ge holder. Ge source
was outgassed at 700~800°C for several hours be-
fore deposition. The source was deposited by rate
of 0.5 ML/min. When the source was deposited, the
chamber pressure was less than 5X107*° torr. The
source deposition was done after sample flash and
cooling down. After deposition, the sample was an-
nealed at 500~700°C for 10~30 min in order to
have on ordered structure.

3. Results and Discussion

3.1. Ge/Si(100)

The surface topography was taken sequentially
with increasing Ge coverage. When the Si(100) sur-
face was imaged before Ge deposition, the STM
images reveals a sharp (2X1) dimer row with ave-
rage step size of ~100 A terminated by type A and
type B steps, alternatively.

At low Ge coverage of about 0.1 ML, as shown
in Fig. 1, nearly all Ge atoms are sticked to the
step edge, especially to type B step edge. This is
rather different from earlier results by STM[5, 6];
the Ge islands are formed on Si terrace. In pre-
vious work, the substrate was annealed at 750 K
or below, while in this experiment it was annealed
at about 750~970 K. At the higher annealing tem-
perature, Ge adatoms diffuse more easily and it
can be relieved from the nucleation sites on the
terraces (mainly defects). Therefore, they aggregate
on the step edges. Near the step edges, Ge can
fall down to the lower terrace, but they cannot
climb up to the upper terraces. Once Ge atoms rea-
ches type A steps, they have to break a dimer to
form a new dimer. But, on the B steps, any two
Ge atoms can be added to the end of Si dimer
row. For this reason, the Ge adatoms energetically
prefers to grow as dimer rows on the B steps. For
earlier experiment, at lower annealing temperature,
below 750K, the Ge island is formed at terrace,
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Fig. 1. 300X300 A? image of a Ge on Si(100) surface.
The coverage of Ge is about 0.1 ml.

and the longer direction of island is perpendicular
to the dimer row direction. It is due to low kinetic
energy, compared with the sticking energy. In this
case, the sticking to step edge is not preferable.

As shown at Fig. 1, Ge adatoms have very diffe-
rent brightness as Si substrate, though they have
the same height as Si. This suggests the electronic
structure of Ge overlayer is different from that of
Si substrate. The difference can be due to the dif-
ferent band structure of Ge layer and the effect
of the Ge-Si interface.

Fig. 2 shows an STM image at 0.3~0.4 ML cove-
rage. At this coverage, the Ge growth at Si subst-
rate step edge is evident. The A type terrace is
nearly covered by the Ge overlayer grown at B
type step edge of Si substrate. This is consistent
with the result at low coverage. The Ge overlayer
also appears brighter than the Si substrate. This
brighter images at various voltages suggest more
states at Ge adatoms at these voltages. The dual
bias voltage image, obtained at + 0.9 V bias voltages
simultaneously, shows different shapes at the bias
voltages. At —0.9 V sample bias voltage, Ge ada-
toms are much brighter than Si atoms. But, at +0.9
V image, Ge adatoms and Si substrate are not disti-

Fig. 2. (a) 240X 240 A% image. —0.9 V sample bias vol-
tage image of Ge on Si(100) surface, with Ge
coverage of 0.3 ml. (b) +0.9 V sample bias vol-
tage image taken with (a) simultaneously.

Fig. 3. 150X 150 A2 image of Ge on Si(100) surface,
with Ge coverage of about 0.5 m/.

nguishable. Voltage dependent ATM image can be
understood easily on the scanning tunneling spect-
roscopy.

At the Ge coverage of 0.5ML, as shown in Fig.
3, the type A Si steps are disappeared completely,
remaining only type B step edges. The step shown
in Fig. 3 has the double atomic height, the half
of each terrace is covered with Ge. Since the half
of terrace consist of Ge, if the surface can be cap-
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Fig. 4. Logl (V) taken at (a) the spot (+) near to
the upper-stairs step edge and (b) and spot
(M) near to the down-stairs step edge on the
same terrace of Ge/Si(100) surface, with the
Ge coverage of about 0.5 ml,

ped with other material, this surface will reveal
a quantum wire structure at low temperature be-
cause of the lower bandgap of Ge.

In order to confirm the chemical identity of the
part of these terraces, spatially resolved scanning
tunneling spectroscopy was performed. The STS
shows the different band-gap between at epitaxially
grown region of terrace (the terrace edge near to
the down-stairs) and at substrate (the terrace edge
near to the upper-stairs). Fig. 4 shows I-V at two
typical sites. At the terrace edge near to the down-
stairs, the KV} has smaller band gap, suggesting
the area is covered with Ge. To the contrary, at
the terrace edge near to the upper-stairs, the band-
gap reveals that of Si.

3.2. Ge/Si(111)

The epitaxially grown Ge on Si(111) shows va-
rious structures with varying Ge coverage and an-
nealing temperature. Ge adlayers grow preferentia-
lly at step edges, similar at Ge on Si(100) surface.

The structure on Si(111) can be well explained
‘DAS model’. There are three types of DAS model,
(5X5), (7X7) and (9X9). For each structure, the
ratio of adatom and dimer per surface atoms are
different. For (7X7) structure, 38.8% of surface
atoms have dangling bonds. There are 36.6% and
40.7% dangling bonds of surface atoms for (5X5)
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Fig. 5. 250X 300 A image of Ge-(7X7) structure on
Si(111), with Ge coverage of about 1ml.

and (9X9) structure, respectively. For number of
dimers per unit cell, there are 6, 9 and 12 for (5X
5), (TX7) and (9X9) structure, respectively. As the
number of dangling bands decrease, the surface
energy increase. Therefore, (5X5) is preferred if
the number of dangling bonds is only concerned.
However, the (7X7) structure is more stable in well
ordered surface by high temperature annealing fol-
lowed by slow quenching. Therefore, we can ima-
gine the dimerization also lower the surface energy.
In order to analyze the surface structure on Si(111),
the relationship of dimer and dangling bond have
to be analyzed quantitatively. The ab initio total
energy calculation shows (7X7) structure has the
lowest surface energy among three DAS model st-
ructure, but the energy difference is only about 10
mV per surface atom[11]. It means the metastable
structure of (5X5) and (9X9) can be appeared for
the slightly different condition, such as high quen-
ching speed or in the presence of defect. If Si and
Ge atoms form the alloy, the surface structure
shows mainly (5X5) or c(2X8) structure, but no
(TX7) structure[12], showing that the small diffe-
rence of growth condition changes the surface stru-
cture.
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Fig. 6. 120% 250 A2 image of Ge-(5X5) structure on
Si(111) with Ge coverage of about 2 ml.

The epitaxial growth of Ge on Si(111) shows se-
veral different structure as the growth condition
is varied. At small coverage of 1 ML or less and
high temperature annealing, above 770 K, Ge-(7X7)
reconstruction structure appears. This Ge-(7X7) on
Si(111) image is shown in Fig. 5. At ligher coverage
of 2~3 ML and the same annealing temperature,
Ge-(6X5) reconstruction structure appeared, as
shown in Fig. 6. And, at the coverage above 5 ml,
the 3 dimensional island formation appeared. If the
sample deposited is not annealed, the amorphous
phase occurred. It is believed that the Ge overlayer
reveal the character of Si when the coverage is
low. But with increasing coverage, the Ge return
to its own bulk character through (5X5) phase to

eventual c(2X8) phase. It will be worthwhile to co-
mplete the phase diagram with the annealing tem-
perature and coverage.

4. Summary

The initial states of Ge on Si(100) and Si(111)
surface were studied using a UHV STM. The Ge
overlayer on S5i(100) substrate grew preferentially
at type B step edge. With increasing annealing tem-
perature, the Ge migrates to step edges and lowers
the step energy by adsorbing at B type step edges.
These kinetics are well studied with the different
electronic structure of Ge from that of Si.

On the Ge/Si(111) system, (5X5) and (7X 7) pha-
ses were observed with varying coverage.
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