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ABSTRACT 

The epitaxial growth of Ge on Si(111) covered with the 0.3 nm thick SiO2 film is studied by scanning tunneling 
microscopy. Nanoareas of bare Si in the SiO2 film are prepared by Ge deposition at a temperature in the range of 570˚C 
- 650˚C due to the formation of volatile SiO and GeO molecules. The surface morphology of Ge layers grown further at 
360˚C - 500˚C is composed of facets and large flat areas with the Ge(111)-c(2 × 8) reconstruction which is typical of 
unstrained Ge. Orientations of the facets, which depend on the growth temperature, are identified. The growth at 250˚C 
- 300˚C produces continuous epitaxial Ge layers on Si(111). A comparison of the surface morphology of Ge layers 
grown on bare and SiO2-film covered Si(111) surfaces shows a significantly lower Ge-Si intermixing in the latter case 
due to a reduction in the lattice strain. The found approach to reduce the strain suggests the opportunity of the thin 
continuous epitaxial Ge layer formation on Si(111). 
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1. Introduction 

Further development of optoelectronics and photonics 
can be associated with the fabrication of integrated de- 
vices based on III-V semiconductors grown on Si sub- 
strates [1,2]. The preparation of continuous thin GaAs 
layers by their growth on the bare Si surfaces is impeded 
because of the large lattice mismatch (~4%) between 
GaAs and Si. The growth occurs through the Stranski- 
Krastanov growth mode, leading to the formation of 
three-dimensional islands. Since the lattice constants of 
Ge and GaAs are almost equal, Ge or SiGe layers can be 
used as an intermediate layer between Si and GaAs [3-5]. 
Moreover, Ge layers on Si improve the performance of 
integrated Si circuits due to a greater hole mobility in 
Ge. For these purposes, the preparation of continuous 
thin Ge layers with good crystalline quality on Si is 
required. 

The Ge growth on Si(111) proceeds through the for- 
mation of a Ge wetting layer with the thickness of 2 - 3 
bilayers (BL) [6-8]. Further Ge deposition leads to the 
three-dimensional island formation, the shape and size of 
which strongly depend on the growth temperature [7,9, 
10]. The growth is accompanied by the introduction of 

threading dislocations into the islands and a dislocation 
network into the Ge layer at the interface between Ge 
and Si [11-13]. When the growth temperatures are above 
500˚C, the lattice strain causes the significant inter- 
mixing of Ge and Si atoms [14-16]. The strain, being 
most strong at the island edges, induces the formation of 
deep trenches around large flat islands [17-19]. All these 
factors prevent the formation of continuous thin Ge 
layers on Si(111). 

Nanocontact epitaxy has been recently proposed to 
grow continuous layers of semiconductor materials on Si 
despite the large difference in their lattice constants 
[20,21]. The method is based on the use of Si surfaces 
covered with the ultrathin SiO2 film. Ge deposition on 
such surfaces at rather high temperatures results in the 
formation of bare Si nanoareas with the size depending 
on the amount of deposited Ge and temperature [22-25]. 
The distance between the areas is 7 - 10 nm. The areas of 
bare Si in the SiO2 film appear due to the reaction of 
deposited Ge with SiO2 producing the volatile SiO and 
GeO molecules [22,23]. The bare Si nanoareas serve for 
the epitaxial growth of semiconductor materials which 
can form a continuous layer due to the island nucleation 
and growth over the residuals of the SiO2 film. The nano- 
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contact epitaxy is studied here with respect to revealing 
the possibility of thin continuous epitaxial Ge layer for- 
mation on Si(111) substrates covered with ultrathin SiO2 
films. The influence of the technological parameters, su- 
ch as growth temperature and Ge coverage on the struc- 
ture and the surface morphology of the grown Ge layers, 
is examined using scanning tunneling microscopy. 

2. Experimental Details 

The experiments were carried out in an ultrahigh-vacuum 
chamber with the base pressure of about 1 × 10−10 Torr. 
The chamber was equipped with a scanning tunneling 
microscope (STM) manufactured by Omicron. A Knud- 
sen cell with a BN crucible was used for Ge deposition at 
the rate from 0.5 to 1.1 BL/min [1 bilayer (BL)  1.44 × 
1015 atoms/cm2] which was calibrated with the STM for 
the Ge wetting layer growth on the Si(111) surface. After 
electrochemical etching, the sharp W STM tips were 
modified by tip apex cut from several sides using the 30 
kV Ga ion beam of a separate Zeiss 1540 XB cross beam 
scanning electron microscope. The opening angle of 
sharpened STM tips was less than 25˚. The STM images 
of the surfaces covered with Ge were usually obtained 
with the sample bias voltage of 2.4 V and the constant 
current between 3 and 30 pA. 

A 10 × 2 × 0.3 mm3 sample was cut from an n-type 
Si(111) wafer with a miscut angle of < 10' and the resis- 
tivity of 5 - 10 Ω·cm. Clean Si surfaces were prepared by 
flash direct-current heating at 1200˚C. The sample tem-
perature was measured using IMPAC IGA 12 pyrometer. 
To grow the ultrathin SiO2 film, the sample temperature 
was set to 400˚C and raised to 550˚C for 10 min after 
oxygen had been introduced into the chamber at the 
pressure of 2 × 10−6 Torr. The SiO2 film, prepared at the 
similar conditions, was previously investigated to be 0.3 
- 0.5 nm thick and mainly composed of silicon dioxide 
(SiO2) and it also contained Si atoms at different oxida-
tion stages [26]. However, it is named here as the SiO2 
film. After the SiO2 film growth, the chamber was 
pumped to the pressure of ~1 × 10−9 Torr for 10 min and 
then the Ge crucible temperature was set to the range 
from 1110 to 1150˚C. The sample temperature was being 
maintained for 5 min after finishing the deposition. Im-
age processing and correction software were employed to 
reduce distortion of the STM images caused by effects of 
thermal drift of the STM tip against the sample and to 
obtain statistical characteristics of the surface morphol-
ogy, such as stereographic projections of surface areas 
and portions of the areas as a function of their inclination 
angle with respect to the sample surface. 

3. Surface Morphology at a Relatively Small 
Ge Coverage 

The 4 BL Ge deposition on Si(111) covered with the 

ultrathin SiO2 film results in the appearance of Ge islands, 
as shown in Figure 1, without the formation of Ge wet-
ting layers. The interaction of Ge with SiO2 occurs 
through the reaction [22,23] 

       2Ge adatom +SiO surf SiO gas +GeO gas.   (1) 

producing volatile SiO and GeO molecules at tempera- 
tures above 430˚C. Reaction (1) has a strong temperature 
dependence that is characterized by the activation energy 
of 2 - 3 eV [27]. This leads to the appearance of bare Si 
surface areas in the SiO2 film. Then other reactions 

    Ge adatom Si surf. Ge on Si surf.      and 

    Ge adatom + Ge on Si surf.   Ge island      (2) 
start competing with reaction (1). These are the attach- 
ment of deposited Ge atoms to the bare Si areas, giving 
nucleation and growth of the epitaxial Ge islands. Reac- 
tions (2) include the surface diffusion and are character- 
ized by the activation energy of about 1 eV [28]. 

The density of Ge island arrays and the lateral island 
size are independent of the growth temperature up to 
about 570˚C, whereas the density decreases and the lat- 
eral size increases with the temperature in the higher 
temperature range between 570˚C and 650˚C. Figure 2 
shows that at 590˚C the island size increases with the 
increasing Ge coverage so that, at a coverage of 3 BL, 
the separation between some islands disappears and the 
islands start to merge. This causes the appearance of 
large variations in the island size under the further Ge 
deposition [Figure 3(a)]. At higher temperatures the 
larger islands continue to grow, while smaller islands can 
decrease in size and even disappear [Figure 3(b)]. This 
feature looks like Oswald ripening that occurs under the 
lattice strain, which increases with Ge coverage. 

The temperature dependence of the Ge island forma- 
tion can be explained by a large difference in the active- 
tion energies of reactions (1) and (2). The STM data 
suggest that the rate of reaction (2) is substantially higher 

 

z = 5.6 nm 

y = 100 nm

x = 100 nm 
 

Figure 1. STM image of the oxidized Si(111) surface covered 
with 4 BL of Ge at 450˚C. 
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Figure 2. STM images of the oxidized Si(111) surface (a) 
before and after Ge deposition at the amount of (b) 1, (c) 2 
and (d) 3 BL at 590˚C. The images have the same lateral 
scale. 
 
than the rate of reaction (1) in the low temperature range 
up to about 590˚C. So, the reaction (1) acts only at the 
initial deposition stage until bare Si areas appear. Ge 
adatoms then start to preferably attach to these areas and 
form Ge islands by means of reaction (2), whereas reac- 
tion (1) is suppressed. As a result, Ge islands laterally 
grow over the residuals of the SiO2 film. The rate of reac- 
tion (1) increases stronger with the increasing tempera- 
ture due to the greater activation energy and becomes 
comparable to the rate of reaction (2) at temperatures 
above 590˚C at which the SiO2 decomposition occurs 
simultaneously with the island growth. This leads to the 
formation of larger areas of direct contacts between the 
Si substrate and the growing Ge islands. At the same 
time, the Ge islands attain a larger lateral size and  

z = 5.8 nm (a)

x = 100 nm 

y = 100 nm

 

(b) z = 16 nm 

x = 200 nm 

y = 200 nm

 

Figure 3. STM images of the oxidized Si(111) surface (a) 
before and after Ge deposition at the amount of (b) 1, (c) 2 
and (d) 3 BL at 590˚C. The images have the same lateral 
scale. 
 
smaller height. The continuous action of reaction (1) re- 
sults in complete decomposition of the SiO2 film. 

4. Ge growth at High Temperatures 

After Ge island formation at the initial growth stage, the 
further Ge deposition or the sample annealing lead to the 
formation of large islands, when the temperature is in the 
range from 590˚C to 650˚C (Figure 4). The flat areas be- 
tween the islands exhibit the 5 × 5 reconstruction which 
is normally observed for the 2 BL Ge wetting layers 
grown on the bare Si(111) substrates [29-31]. The (111) 
planes on top of the islands possess the 7 × 7 reconstruc- 
tion that is similar for that known for Ge islands grown 
on the bare Si(111) surfaces [32-34]. The traces of the 
presence of threading dislocations in the islands were not 
found. The driving force for such surface morphology 
transformation is the lattice strain. 

The Ge growth on the bare Si(111) surfaces has been 
studied in details [6-18,29-33]. For comparison with the 
above results the STM data for the Ge growth on the bare 
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Si(111) surfaces at temperatures of 530˚C are shown in 
Figure 5. Deposited Ge forms large flat islands which 
are surrounded by trenches several nanometers deep 
[Figure 5(a)] [17,18]. The top plane of the islands has 
the 7 × 7 reconstruction [Figure 5(b)] [32,33]. The re- 
constructed surface is slightly undulating and that reflects 
the presence of the dislocation network lying in Ge near 
the Ge/Si interface. The Ge islands also contain the 

 

 

Figure 4. STM data for Ge islands obtained after 12 BL Ge 
deposition on the oxidized Si(111) surfaces at 630˚C. Insets 
show STM images of an 11 nm2 area on the island top plane 
with the 7 × 7 reconstruction and of a 26 nm2 area between 
the islands with the 5 × 5 reconstruction. The images were 
obtained at the bias voltages of −2.4 and 2.4 V, respectively, 
and the current of 20 pA. 

 

 

Figure 5. STM images obtained after 10 BL Ge deposition 
on the bare Si(111) surface at 530˚C. (a) Area with the 
fragments of two flat Ge islands surrounded by trenches. (b) 
Surface structure of a Ge island obtained at a bias voltage 
of −2.4 eV. Inset represents the height profile along the line 
marked by A in (a). 

threading dislocations, as shown in Figure 5(b) [11-13]. 
When the islands start to coalesce at the further Ge depo- 
sition, the presence of the deep trenches around the is- 
lands gives rise to the formation of deep pits in the Ge 
layer. The important thing is that the dislocations appear 
in the Ge layer even if the surfactants are used to obtain 
continuous Ge layers on Si(111). 

The surface morphology of Ge layers grown on bare 
and oxidized Si(111) surfaces at high temperatures is 
essentially different. The Ge growth on the bare Si(111) 
surfaces is accompanied by a significant intermixing of 
Ge and Si atoms that occurs to reduce the lattice strain 
[17,18,34]. During the Ge wetting layer formation, 
events of the intermixing happen preferably at the mo- 
ment of embedding of deposited Ge atoms into the sur- 
face. After the appearance of three-dimensional islands, 
the strongest lattice strain appears along the perimeter of 
the islands [17,18]. This leads to the formation of tren- 
ches around the islands. The absence of the trenches, thus, 
suggests that the Ge islands are less strained when the 
oxidized Si(111) surface. 

Dark and bright spots in the STM images of the 5 × 5 
reconstructed surface obtained from the areas between 
the islands (inset in Figure 4) shows the presence of 
structural defects, which are probably traces of the SiO2 
film. The residues of the SiO2 film can reduce the strain 
between the Ge wetting layer and the Si substrate. If so, 
there would be no sufficiently strong driving forces also 
for Ge-Si intermixing during the formation the Ge 
wetting layer. 

The Ge deposition on the oxidized Si(111) surface at 
the temperature of 650˚C and higher results in the appea- 
rance of relatively large and small islands. The large is- 
lands are surrounded by rather deep trenches and have a 
high aspect ratio of 0.2 (Figure 6) whose value may 
reflect the content of Si in the Ge islands [35]. Such 
characteristics of the surface morphology indicate the 
appearance of a significant strain between the islands and 
the substrate due to the reduction of residuals of the SiO2 
film at the Ge/Si interface. 

 

y: 2.0 μm 

x: 2.0 μm

z: 100 nm

 

Figure 6. STM image obtained after 4 nm Ge deposition on 
the oxidized Si(111) surface at 650˚C. 
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5. Shape of Ge Islands Grown at High  
Temperatures 

Figure 7 shows the data that were used to identify the fa- 
cets orientation at the islands sidewalls appeared after Ge 
deposition on the oxidized Si(111) surfaces at tempera- 
tures in the range of 570˚C - 640˚C, at which trenches 
around the islands do not form. The data show that the 
sidewalls are mainly faceted by {311} planes and groups 
of facets with orientations close to {110} planes. Other 
facets occupy a much smaller part of the sidewalls and 
serve to smoothly join these main facets between them- 
selves and also with the (111) plane on the flat top of the 
islands. The {311} facets are known to be the major 
stable planes for unstrained Ge and Si islands [36-40]. 

Among the facets with orientations near {110}, the lar- 
gest areas on the sidewalls occupy planes inclined from 
(111) by angle θ of 27˚ - 29˚ and having angular 
divergence Δφ = 20.5˚ - 22.5˚ in the map of stereogra- 
phic projections shown in Figure 7. The observation of 
 

 
(a) 

 
(b) 

Figure 7. (a) The map of stereographic projections for sur- 
face areas and (b) portion of the areas as a function of their 
inclination angle with respect to the sample surface ob- 
tained from the STM image presented in Figure 4. The 
brightness in (a) is proportional to the size of the corre- 
sponding areas on the surface.  

stable Ge facets with such an orientation has not been 
reported on. For Si surfaces the facets that have close 
orientations are {23 4 20} (θ = 30˚ and Δφ = 16.9˚), 
which were classified as MAJOR, and {651} (θ = 28.4˚ 
and Δφ = 21.5˚) (MINOR) [41]. The last facets have the 
orientations that are in good agreement with our 
experimental data and they are characterized by bright 
spots in the map of stereographic projections, covering 
relatively large sidewalls areas of the Ge islands. 

Other facets with the orientations around {110} are 
identified to be {331} and {23 15 3}. These facets were 
previously classified as MAJOR for Ge [37]. However, 
they produce low-intense spots in the map shown in 
Figure 7(a). 

The surface morphology of Ge layers grown at rela- 
tively high temperatures on the oxidized Si(111) sur- 
faces composed of Ge wetting layer areas and islands 
which shape is determined by energetically preferable 
facets. This is essentially different from that observed for 
the bare Si(111) surfaces, where the surface morphology 
contains flat islands without well defined facets on the 
sidewalls, deep trenches around the islands, threading 
dislocations and traces of the presence of the dislocation 
network near the Ge-Si interface (Figure 5). The diffe- 
rence arises from the difference in the lattice strain. 

6. Influence of the Initial Growth Stage on 
Subsequent Ge Growth 

The above results suggest that, in order to prevent the 
formation of large islands, the growth of Ge layers on the 
oxidized Si(111) surfaces should be carried out within 
several stages that differ in temperature. The initial stage 
at a high temperature in the range of 570˚C - 650˚C 
serves for the formation of nanoareas of bare Si surfaces 
and then that of epitaxial Ge nanoisland arrays with the 
concentration of the order of 1012 cm−2. The temperature 
of the next growth stage must be reduced to prevent the 
decomposition of SiO2 film residuals. The surface mor- 
phology obtained when the temperature was lowered to 
430˚C is shown in Figure 8. The data in Figures 2 and 8 
suggest that the preferable Ge coverage in the initial 
growth stage should be in the range of 1 - 2 BL. A larger 
coverage leads to a considerable variation of the islands 
in size and to non-uniformity in their spatial distribution 
due to the partial islands coalescence (Figure 2(d)) 

7. Surface Morphology of Ge Layers Grown 
within Two Stages  

As the Ge coverage increases to 30 BL in the two-stage 
growth, the facets appear on the sidewalls of the islands 
and the top of the islands becomes flat with (111) orien- 
tation. The data in Figure 9 show that the largest facets 
on the sidewalls are {311}. They produce the brightest  
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Figure 8. STM images of the oxidized Si(111) surface after 
Ge deposition at two stages. Ge was deposited for the cov-
erage of (a) 1, (b) 2 and (d) 3 BL at 610˚C at the initial stage 
and then at 430˚C for the total coverage of 10 BL. The size 
of surface areas in the images is 100 × 50 nm. 
 

 

Figure 9. (a) STM image of the oxidized Si(111) surface 
after Ge deposition in two stages. Ge was deposited for a 
coverage of 2 BL at 610˚C and then at 500˚C for 30 BL. (b) 
The map of stereographic projections of surface areas and 
(c) portion of the areas as a function of their inclination 
angle from the sample surface obtained from the STM im-
age. 

spots in the map of stereographic projections (Figure 
9(b)). The sidewalls also contain small-sized facets with 
orientations around {110}. The large peak in Figure 9(c) 
shows that the facets on the sidewalls preferably incline 
from (111) by the angles of 28˚ - 30˚. 

The coalescence of islands under further Ge deposition 
leads to a significant increase of the flat (111) areas (Fig- 
ure 10). They undergo c(2 × 4) and c(2 × 8) recon- 
structions which are typical of the (111) surfaces of bulk 
Ge [42-44]. The observation of the reconstructions thus 
indicates that the grown epitaxial Ge layers on Si(111) 
are unstrained. 

The STM data show that the ratio of the top flat areas 
to the areas of other facets, inclined from (111), increases 
with decreasing the growth temperature from 550 to 
360˚C. This occurs simultaneously with the decrease of 
the depth of depressions between the flat areas. This 
tendency does not extend to a low-temperature range. 
Figure 11 shows that the Ge layers grown at 250˚C - 
300˚C indeed exhibit a relatively low surface roughness; 
however, the surface morphology is mainly composed of 
small-sized stepped facets such as {433}, {755} and 
{775}, whereas the flat (111) areas occupy a relatively 
small portion of the surface. The root-mean-square 
roughness was estimated from the STM image, shown in 
Figure 11, to be about 2.8 nm for the 140 nm thick Ge 

 

 

Figure 10. (a) STM image of the oxidized Si(111) surface 
after Ge deposition in two stages. Ge was deposited for a 
coverage of 1 BL at 620˚C and then at 360˚C for 85 BL. (b) 
STM image of the c(2 × 4) and c(2 × 8) reconstructions ob-
served on flat areas of the Ge layer. 
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Figure 11. (a) STM image of the oxidized Si(111) surface 
after Ge deposition at two stages. Ge was deposited for the 
coverage of 2 BL at 590˚C and then at temperatures in the 
range between 250 and 300˚C for the total coverage of 140 
nm. (b) The map of stereographic projections of surface 
areas and (c) portion of the areas as a function of their in-
clination angle from the sample surface obtained from the 
STM image. 
 
layer. The most prevalent {433} and {755} facets consist 
of atomic steps with edges towards [211] , which are the 
sort of stepped surfaces that were observed on the Ge 
surfaces cleaved in vacuum [45] and found to be stable 
on the vicinal Ge surfaces inclined from (111) [46]. 

8. Discussion 

The idea of nanocontact epitaxy is to create the condi- 
tions for reducing a strain between the growing layer and 
the substrate by decreasing the area of their direct contact 
[20,21]. The Ge deposition of the oxidized Si surface 
produces bare Si areas in the SiO2 film, which are a few 
nanometers in size and separated by the distance of 7 - 10 
nm [22,47]. Transmission electron microscopy data re- 
veal shifts of the Ge lattice with respect to the Si lattice 
at the Si/Ge interface that occurs in places where Ge is 
separated from Si by the residuals of the SiO2 film [20]. 
In order to compensate the 4.2% lattice mismatch be- 
tween Ge and Si, the shift should occur at the period of 
~26 atoms, i.e., over the distance of 10 nm for the inter- 
face with (111) orientation. This distance is close to the 
average separation between the areas of bare Si that 
appear under Ge deposition on the oxidized Si(111) sur- 
faces in the high-temperature range [22,23]. As shown 

here, the Ge layers with a significantly reduced stain can 
be epitaxially grown on Si(111) using this technique. 

After the formation of epitaxial Ge nanoislands, the 
further Ge deposition at low temperatures leads to the 
growth and coalescence of the islands. In the places of 
the coalescence the stacking faults appear. Their concen- 
tration essentially depends on the growth temperature. 
The higher temperature provides the formation of higher 
crystalline quality Ge layers. At the same time, the 
temperature influences the surface morphology of the 
growing Ge layer. At relatively high temperatures, the 
surface morphology is composed of well-defined facets 
of energetically favorable planes; this does not, however, 
lead to a flat surface with the (111) orientation. The 
roughness of the surface can be decreased by decreasing 
the growth temperature. Thus, the temperature acts in 
different ways: i.e., the use of high temperatures im- 
proves the crystalline quality of Ge layers, but it induces 
the formation of a rather large roughness, whereas the 
use of low temperatures flattens the surface, but intro- 
duces crystal defects. This feature is an obstacle in 
obtaining atomically flat, about 100 nm thick, Ge layers 
with a high crystalline quality on Si(111) substrates. 

The Ge layers grown on bare and oxidized Si(111) 
surfaces are characterized by the substantially different 
surface morphology caused by a difference in the lattice 
strain. The strong Si-Ge intermixing under the strain 
leads to the formation of deep trenches in Si substrates 
around large flat Ge islands [17,18] and the network of 
threading dislocations [11-3]. Even the use of surfactants 
does not allow one avoiding the dislocation formation. In 
case of oxidized Si surfaces, the role of strain is signi- 
ficantly reduced. As a result, the surface morphology has 
no sharp corners and steep facets on the sidewalls. In- 
stead, it includes some additional faceting planes, such as 
{775}, {755} and {761}, which are not observed for Ge 
layers grown on the bare Si surfaces. 

The use of the oxidized Si surface solves the problem 
of the strong Ge/Si lattice stain and significantly reduces 
the Ge-Si intermixing, but it does not provide obtaining 
thin Ge layers with atomically flat surfaces. It is sugges- 
ted that the smoothing of the surface of growing layers 
can be achieved with the help of surfactants, as it has 
been experimentally and theoretically shown [48-50]. 
Surfactants also facilitate the surface diffusion of deposi- 
ted atoms thereby providing the improvement of the cry- 
stalline quality of layers growing at low temperatures. 

9. Conclusion 

The initial Ge deposition on the oxidized Si(111) sur- 
faces at temperatures in the range of 570˚C - 650˚C re- 
sults in the formation of nanoareas of bare Si and Ge 
nanoislands arrays. Further Ge deposition leads to the 
decomposition of the SiO2 film residuals and to the for- 
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mation of the Ge wetting layer and large islands. A com- 
parison of Ge deposition on bare and oxidized Si(111) 
surfaces shows that the Ge/Si lattice stain is substantially 
reduced in the latter case. To obtain nanoareas of bare Si 
and homogeneous arrays of epitaxial Ge nanoislands, the 
preferable Ge coverage in the initial stage is found to be 
1 - 2 BL. The temperature must then be decreased to 
500˚C or less to stop the SiO2 film decomposition. After 
lowering the temperature, the shape of the growing is- 
lands evolves from rounded to faceted with a flat (111) 
plane on top. At the coverage of 30 - 140 nm, in addition 
to the (111) flat areas, the surface morphology is com- 
posed of {311} facets and facets lying around {110} and 
(111). The flat (111) areas exhibit the c(2 × 8) recon- 
struction that is typical of unstrained bulk Ge. The use of 
oxidized Si(111) surfaces allows one to obtain thin con- 
tinuous epitaxial Ge layers on Si(111); however, the 
suppression of three-dimensional growth is still required 
to make the layers atomically flat. 
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