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Defect-free Ge-on-insulator (GOI) with various crystal orientations is essential to realize high-speed
and multifunctional devices. Seeded rapid-melting growth of GOI is investigated as a function of
seed-orientations and growth-directions. From (100)-oriented Si seeds, Ge growth with a (100)
orientation propagates for all growth-directions, however, rotational-growth is observed for
some directions when Si seeds with (110) and (111) orientations are used. Such rotational-growth
can be completely suppressed by selecting the growth-directions deviating from (111) by more than
35°. Transmission-electron-microscopy observation shows no-stacking fault and no-dislocations.
Consequently, defect-free GOI with (100), (110), and (111) orientation is achieved, which
demonstrates high-hole mobility (~1100 ¢cm?/V s). © 2010 American Institute of Physics.

[doi:10.1063/1.3493184]

Single crystalline Ge is an attractive channel material for
high-speed metal-oxide-semiconductor (MOS) transistors as
it provides much higher carrier mobility compared to si.'?
Thin-body Ge-on-insulator (GOI) channels can provide fur-
ther high-performance operation under the advantages of
low parasitic capacitance and low leakage current.” Conse-
quently, high-quality GOI structures should be developed in
the next-generation ultralarge scale integrated circuit (ULST)
technology. The oxidation-induced Ge condensation method
is considered to be a promising technique.‘"5 However,
defect-originated holes with the concentration of 10'7 cm™
were generated during the oxidation, which resulted in low
carrier mobility (410 cm?/V s).0

Recently, the seeding rapid-melting-growth  of
amorphous-Ge (a-Ge) was examined to obtain GOI struc-
tures, where a-Ge layers deposited on SiO, films were first
grown vertically from Si substrates through opening win-
dows formed in SiO, films, and then propagated laterally
over SiO,. These efforts achieved defect-free (100) Ge
stripes (20-40 um length, 2—3 wm width) on Si0,.5” We
investigated this process, and clarified that the driving force
to cause lateral growth is the spatial gradient of the solidifi-
cation temperature originating from Si—Ge mixing at seeding
areas.'® Furthermore, we optimized the sample structures and
annealing conditions, which achieved the (100) GOI with
high hole mobility (1040 cm?/V s).""'* In addition, giant
(~400 wm) growth exceeding one order longer than
literatures®™ was obtained, which enabled the ULSI applica-
tion of this method.

To extend the application fields of this method, GOI
growth with various crystal orientations should be
established. Since the electron and hole mobility of Ge
show the highest values in (111) and (110) orientations,
respectively,l‘ future ultrahigh-speed MOS transistors re-
quire the GOI with (111) and (110) orientations. In addition,
recently, high quality epitaxial growth of ferromagnetic
(FesSi, Fe,MnSi, Co,FeSi)"*'® and optical (GaN)"” materi-
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als were reported on (111) Ge. Consequently, GOI crystals
with such various orientations should be the powerful plat-
form to merge spin-transistors and opto-devices with ultra-
high speed MOS transistors.

In this paper, rapid-melting growth for GOI with (111)
and (110) orientations are examined. The growth character-
istics are investigated as a function of Si-seed orientation
[(111), (110), and (100)] and growth-directions. Unexpected
rotational-growth of Ge stripes is found depending on seed-
orientations and growth-directions. Based on the bonding
strength between various lattice planes, the growth condi-
tions to prevent such rotational-growth are found. This
achieves defect-free single-crystal GOI stripes with all crys-
tal orientations [(100), (110), and (111)].

In the experiments, Si (100), (110), and (111) substrates
(600 wm thickness) covered with SiO, films (30-50 nm
thickness) or SizN, films (100 nm thickness) were used.
These films were patterned by wet etching to form seeding
areas (150X 30 um?), where square seeds with various pat-
terning direction were formed. Subsequently, a-Ge layers
(100 nm thickness) were deposited using a molecular beam
epitaxy system (base pressure: 5X 107!! Torr), and they
were patterned into narrow stripe lines (400 wm length,
3 wum width). The sample structure is schematically shown
in Fig. 1(a), where the angle 6 of the growth direction of a
stripe was defined as the angle from the direction of the
orientation flatness, i.e., the (011) direction for all substrate
orientations. Then SiO, layers (800 nm thickness) were de-
posited by sputtering. Finally, these samples were heat-
treated by rapid thermal annealing (RTA) at 1000 °C (1 s) to
induce melting growth from the seeding areas. Morphology,
crystal orientation, and crystal quality of grown layers were
characterized by Nomarski optical microscopy, cross-
sectional transmission electron microscopy (X-TEM), and
electron backscattering diffraction (EBSD), where the cap-
ping SiO, layers were removed by wet-etching before the
EBSD measurements. Carrier mobility was evaluated by
measuring the temperature dependence of the electrical con-
ductivity, as described in the previous work.'O!!

A typical Nomarski optical micrograph of the annealed
sample (substrate: SiO,/(100)Si, 6=0°) is shown in Fig. 1(b),
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FIG. 1. (Color) (a) Schematic sample structure, (b) Nomarski optical micro-
graph of the sample [substrate: Si (100), 6:0°] after RTA (1000 °C, 1 s),
and (c) EBSD images of grown regions near seeding edges and at around
100 um from seeding edge [substrate: Si (100), (110), and (111),
0:0°,90°].

10 um

which indicates the formation of a uniform and flat Ge stripe
with 400 wm length. Such uniform structures were obtained
for all samples (substrate: SiO,/(100), (110), (111) Si,
Si3N,4/(100), (110), (111) Si, #=0°-90°). Growth-direction
dependent EBSD images (6=0°,90°) of the Ge stripes
formed on the SiO, layers with Si (100), (110), and (111)
seeding substrates are summarized in Fig. 1(c), where images
near the seeding edges and at 100 um away from the seeds
are displayed. Color mapping in the images represents the
crystal orientation perpendicular to the sample surface, i.e.,
z-axis in Fig. 1(a). Crystal orientations near the seeding
edges are found to be identical to Si substrates for all
samples. This clearly means that crystal growth is initiated at
Si seeding areas and propagates laterally over SiO, films. For
0=0°, these crystal orientations of all samples are kept con-
stant even at 100 wm away from the seeds, as shown in Fig.
1(c). Such stabilized lateral growth is also obtained for Ge
stripes with #=90°, as far as the growth is initiated from the
Si (100) and (110) substrates. However, the growth initiated
from the Si (111) substrate gradually changes its orientation
along the lateral growth path and reaches to the (100) orien-
tation. Detailed analysis of the EBSD measurements indi-
cated that the crystal orientation parallel to the growth direc-
tion (x-axis) was kept (211) throughout the growth. These
results suggest that the lateral growth propagates with rotat-
ing its orientation, when special growth conditions are cho-
sen for the experiments, i.e., Si (111) substrate and #=90°.
To investigate the rotational-growth phenomena in more
detail, the rotation angles of the crystal orientation in z-axis
were evaluated as a function of the distance from the seeding
edges [substrate: SiO,/Si (111)]. Figure 2(a) shows the re-
sults for the growth aligned to (211) (#=90°) and (123) (6
=20°) directions. In the former case, the rotation angle in-
creases from 0° to 60° with increasing distance from 0 to
30 wm. At 20 wm, we can see a plateau, which coincides
with the generation of grain boundary, as shown in Fig. 1(c).
In the latter case, however, the increase in rotation angle is
very gentle, i.e., 0° to 12° in the region between 0 to 50 um.
Figure 2(b) shows the maximum rotation angles of the crys-
tal orientation as a function of the growth direction (6). It is
clear that the rotation angles show maximum values for the
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FIG. 2. (Color online) (a) Rotation angle as a function of the distance from
seeding edge for different growth-directions [substrate: Si (111), direction:
(211) and (123)], and (b) maximum rotation angle as a function of the
growth direction [substrate: Si (111)]. Crystal planes and their bonding
structures along (112) and (101) directions are also shown.

(112) and its equivalent directions, and changes with a 60°
period reflecting the crystal symmetry of the Ge(111) plane.

Now, let us discuss the driving force to cause the lateral
rotational-growth. In 1980s, microzone melting growth of Ge
has been intensively examined which demonstrated the pref-
erential (100) Ge growth on SiO, films. This was attributed
to the lowest interfacial free energy between (100) Ge and
Si0, layers.18 In addition, crystal cleavage experiments indi-
cated that the weakest bonding strength in the diamond crys-
tal structure exists between (111) planes.19 From these re-
sults, we can speculate that the Ge crystal initiated from
(111) and (110) orientation should propagate rotationally to
minimize the Ge/SiO, interface free energy by slipping be-
tween the (111) planes. Since the (112) plane is much closed
to the (111) plane, significant rotation is observed for Ge
stripes aligned to the (112) direction. These situations are
displayed in the insets of Fig. 2(b).

In order to examine the validity of this speculation, we
explore the rotational growth for Ge stripes using Si (110)
seeding substrates. Figures 3(a) and 3(b) show the EBSD
images of Ge stripes aligned to the (111) and (121) direc-
tions (#=35° and 30°), respectively, where images obtained
near the seeding edges and at 100 wm away from the seeds
are compared. Rotational growth in the vicinity of (111) di-
rection predicted in our speculation is clearly observed in
these two figures. Similar experiments using Ge stripes
grown on Si (100) was also carried out. No rotational growth
was observed for samples with various growth directions
(#=0°, 30°, 45°, 60°, and 90°), which supported the stabi-
lized Ge (100) thin films on SiO, layers.

The maximum rotation angles of the crystal orientation
of Ge surfaces are summarized as a function of the angle
between the growth direction and the (111) direction. They
are shown in Fig. 3(c), where data obtained from Ge stripes
grown on the Si (111), (110), and (100) seeding substrates
are compared. It is particularly worth noting that rotating
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growth can be completely suppressed by selecting the
growth directions deviating from the (111) direction by more
than 35°. This is an important guiding principle to obtain
rotation-free GOI with (100), (110), and (111) orientations.

Finally, we demonstrate the formation of high quality
GOI with (100), (110), and (111) orientation. Ge stripes are
grown on SiO, or SisNy, by using Si (100), (110), and (111)
substrates as growth seeds, where all growth directions are
selected as (011). Figure 4 shows the TEM images of grown
regions 100 um away from the seeding areas together with
the electron diffraction (ED) patterns. No dislocation or
stacking fault is detected in all TEM images. In addition, ED
patterns show the Ge orientation identical to that in Si seed-
ing substrates. This clearly indicates that melting-growth
seeded at Si substrates propagates over SiO, or SisN, with-
out any rotation. This is a big advantage of growth-direction-
selected rapid-melting growth.

ED patterns

TEM images

111111

FIG. 4. (Color) TEM images and ED patterns of GOI samples grown from
Si (100) (a), (110) (b), and (111) seeding substrates (c). All growth direc-
tions are fixed as (011).
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The electrical characteristics were also evaluated.
Thermoelectromotive-force-method measurements clearly
indicated that all Ge stripes were p-type conduction. Hole-
generation (~5X 10'® ¢cm™) originated from point defects
was significantly lower than that obtained by the oxidation-
induced Ge condensation process (~1.3 X107 em™).° As a
result, high hole mobility (~1100 cm?/V s) exceeding con-
ventional methods (~410 cm?/V s) was realized. In this
way, high mobility defect-free Ge stripes with (100), (110),
and (111) orientations are achieved on SiO, or SizN, films.

In summary, rapid-melting growth features of GOI initi-
ated from (100), (110), and (111) Si substrates have been
comprehensively studied as a function of lateral-growth di-
rections. It is clarified that the growth propagates continu-
ously keeping their seed-orientation by selecting the growth
direction deviating from (111) by more than 35°. This
achieves defect free GOI with various crystal orientations,
i.e., (100), (110), and (111) orientations. Such a variety of
high quality GOI will be a useful platform for high-speed
and multifunctional devices.
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