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Locally dislocation-free SiGe-on-insulator (SGOI) is fabricated by CVD. Lateral selective SiGe growth of ~30%, ~45% and ~55% of Ge content is
performed around ~1 um square Si(001) pillar located under the center of a 6.3 um square SiO, on Si-on-insulator substrate which is formed by
H»-HCI vapor-phase etching. In the deposited SiGe layer, tensile strain is observed by top-view. The degree of strain is slightly increased at the
corner of the SiGe. The tensile strain is caused by the partial compressive strain of SiGe in lateral direction and thermal expansion difference
between Si and SiGe. Slightly higher Ge incorporation is observed in higher tensile strain region. At the peaks formed between the facets of growth
front, Ge incorporation is reduced. These phenomena are pronounced for SiGe with higher Ge contents. Locally dislocation-free SGOI, which is
beneficial for emerging device integration, is formed along (010) from the Si pillar by lateral aspect-ratio-trapping.

© 2024 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

1. Introduction

Virtual substrates (VS) of group IV materials such as SiGe and
Ge are essential for fabricating high-performance and emer-
ging devices.'™ However, because the SiGe VS is fabricated
by heteroepitaxy on a Si substrate, strain is formed at the
interface. Therefore, surface roughening and crystalline defect
formation, which are caused by the strain fluctuation, cannot
be avoided. In order to apply the SiGe VS for high-
performance devices, the VS with high quality and uniform
strain distribution is required. Various techniques to grow high
crystallinity planer VS are reported, e.g. conventional graded
buffers®'” and reverse graded buffers.''™'¥ However, there
are still several remaining problems with these methods as they
require several pum thick buffer layers to reduce threading
dislocation (TD) density. The distribution of TD networks in
the SiGe layer causes uncontrolled random positions of the
TDs. Additionally, strain fluctuation due to misfit dislocations
(MDs) and TDs causes crosshatch pattern formation resulting
in high surface roughness and tilt-lattice plane at the SiGe VS
surface.™'® The surface roughness can be planarized by
chemical mechanical polishing (CMP), however, the random
distribution of the TDs and the fluctuation of the SiGe lattice
plane tilt cannot be solved by the CMP process. Additionally,
the high SiGe VS thickness causes difficulties for local
interconnections between devices on the SiGe VS and those
on Si. Therefore, the process development of thin SiGe VS
with controlled distribution of defects is of interest.

Another approach to high crystal quality heteroepitaxial
VS growth is aspect-ratio-trapping (ART).'”>" By depos-
iting heteroepitaxial material in a high aspect-ratio window,
whose height/width ratio is typically higher than ~1.4, the
TDs can be trapped at sidewalls because the TDs are grown
on (111) plane. After trapping the TDs, the upper part of the

selectively grown SiGe and Ge layers become theoretically
dislocation-free. However, if the window is line structure
along [110] direction, the ART works for TDs for all
directions, but planer defects such as stacking faults (SFs)
cannot be trapped along [110] direction, because the SF is
existing on (111) plane and parallel to [110] direction.'”

Another unique approach is nano-hetero-epitaxy (NHE).”* >
By depositing SiGe or Ge selectively on Si nano-pillars, strain is
accumulated not only in the deposited SiGe and Ge part but also
in the Si pillar by elastic deformation through expanding in
lateral direction. By transferring the strain energy partially to the
Si side, relaxed Ge growth without misfit dislocation formation
can be enabled resulting infinite critical thickness.”**> The
problem of both the ART and the NHE, is that the dislocation-
free area is limited to a very small area only.

In our previous works, lateral selective Ge growth was
performed in a cavity formed by selective vapor-phase
etching (VPE) of Si from the side of mesa-patterned
SiO/Si-on-insulator (SOI) wafer.”® By the lateral selective
growth of Ge, locally dislocation-free, thin and smooth
Ge-on-insulator is fabricated by the horizontal ART
mechanism. Using the lateral selective growth approach, the
feasibility of SiGe-on-insulator (SGOI) fabrication is also
reported.”” By the lateral selective growth approach, several-
pm square of dislocation-free area of Ge and SiGe are
realized.”**® The location of the dislocation-free area is
controlled, potentially it is possible to fabricate devices on
the dislocation-free area by circuit design.

In ssdm-2023, we presented the lateral selective SiGe
growth with different Ge contents and discussed the depen-
dency of the Ge concentration on the strain and Ge
distributions.”® In this paper, in addition to the content in
ssdm-2023 extended abstract,zg) distributions of Ge concen-
trations along [110] and defects are confirmed by energy
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(a) Angle-view SEM image of laterally grown selective SiGe around a Si pillar and (b) p-Raman spectra of Si—Si vibration mode measured at the red

and black rectangle regions in (a). Green laser of 523 nm wavelength is used for the p-Raman measurement. The top SiO, is removed by HF. The Ge

concentration measured by EDX is ~45%.

dispersive X-ray spectroscopy (EDX) and electron chan-
neling contrast imaging (ECCI), respectively.

2. Experimental methods

Lateral selective growth of SiGe in the cavity is carried out
using a reduced-pressure (RP) chemical vapor deposition
(CVD) system. SOI wafers with (001) crystal orientation are
used. For sample preparation, an epitaxial Si layer is
deposited on the SOI wafer to adjust to 420 nm thick SOL
Afterward, the SOI is thermally oxidized to form 300 nm
thick SiO, cap and 300 nm Si on buried oxide (BOX). Then,
6.3 um square checkerboard SiO,/Si mesa structures with
(110) oriented sidewalls are fabricated by photolithography
and dry etching of the SiO, cap and SOI. In order to ensure
prevention of SiGe nucleation especially on the sidewalls of
the mesas, thermal oxidation of ~10nm is additionally
performed from the sidewalls of the mesas and the HF dip
is performed to re-open the Si sidewalls to clean potential
nucleation sites due to residual organic contaminations by the
dry etching process. After the patterning, the 300 nm thick Si
sidewalls are opened and all the rest of the wafer surface is
covered by SiO,.

After following a standard RCA clean and an HF dip, the
wafer is loaded into the RPCVD reactor and prebaked at
850°C in RP H, to remove residual oxide on the Si
sidewalls. Afterward, a cavity held by a ~1 pum square Si
pillar at the center of the mesa is fabricated by H,-HCl VPE
of Si at 850 °C at atmospheric pressure. Then, SiGe layers
with a Ge content of ~30%, ~45%, and ~55% (measured by
EDX spectroscopy) are selectively deposited by using
H,-SiH,Cl,-GeHy-HCl gas system in the cavity around the
Si pillar at 750 °C, 700 °C and 675 °C, respectively. In order
to exclude impact of a microloading effect on the SiGe
growth, the growth rate of the selective SiGe growth is set at
~4nmmin~'. for ignorable depletion of reactant gases.
Finally, the top SiO, is removed by HF.

Scanning electron microscope (SEM) is used for in-
specting the selectivity and morphology of the Si pillar and
the laterally grown SiGe. Scanning transmission electron
microscopy (STEM) is used for defect analysis. EDX with
below 1 nm beam size is used for evaluating Ge contents and
distributions. Micro-Raman (u-Raman) spectroscopy using
500 nm spot size green laser of 532 nm wavelength is applied
for analyzing distribution of strain and Ge concentration. For
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the strain and the Ge concentration mapping, the spectra are
scanned by 200 nm step. ECCI is also performed for defect
inspection.

3. Results and discussion

3.1. Distribution of strain in the laterally grown SiGe

Figure 1(a) shows an angle view SEM image of a sample of
laterally grown SiGe containing ~45% Ge on the SiO,
surfaces. No polycrystalline nucleation is observed indicating
the SiGe growth is highly selective, and the sharp and straight
edge of the sidewall shape indicates a good crystal quality of
the SiGe layer. A smooth SiGe surface is obtained, because the
roughness is determined by the interface between SiO, and
Si.?**” The p-Raman spectrum of Si-Si vibration mode
measured in the black rectangle in Fig. 1(a) shows peaks at
496.6cm™ !, 516.0cm™!, and 520.5 cm™!, which correspond
to the SiGe, Si pillar and Si substrate, respectively [Fig. 1(b)].
The peak position of Si pillar is ~4.5cm ' shifted to lower
wavenumber from the Si substrate peak. This is caused by
tensile strain of ~0.5% in the Si pillar. A possible reason for
the formation of tensile strain in the Si pillar is the HCl VPE
and/or the following lateral selective growth of SiGe, because
at the initial stage, the SiGe growth is pseudomorphically
grown against the Si sidewalls. The SOI is compressively
strained during the HC] VPE process at 850 °C, because Si has
a higher thermal expansion coefficient compared to SiO,.*”
During the HC1 VPE, the interface area of the Si pillar and
Si0, becomes smaller since the SOI is etched from all sides of
the mesa structures. Due to the reduced area, the mechanical
robustness of the interface becomes weaker. The weakened
robustness may cause slipping of the interface to compensate
for the compressive strain of the Si pillar at 850 °C. After
following the SiGe growth, the wafer is cooled down to RT. Si
pillar seems to be pinned with the BOX and the SiO, cap
during the cooling because of lower thermal energy, resulting
in tensile strain formation. In the y-Raman spectrum measured
at ~1 pum away from the Si pillar toward [1-10] direction
[Shown as a red rectangle in Fig. 1(a)], the Si-Si peak at
516.0cm™" assigned to the Si pillar has disappeared. This
means that the Si pillar is not sensed by the laser spot of the
p-Raman measurement. The Si-Si peak from the Si substrate
is unchanged, but the peak from the SiGe becomes slightly
wider and the position is shifted to ~495.8 cm™' and becomes

slightly wider. This result indicates the presence of
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 2. Mapping of strain distributions of laterally grown SiGe measured by p-Raman spectroscopy. Green laser of 523 nm wavelength is used for the
measurement. Estimated Ge concentrations by EDX are (a) ~30%, (b) ~45% and (c) ~55%.
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Fig. 3. Mapping Ge concentration distributions of laterally grown SiGe measured by p-Raman spectroscopy. Green laser of 523 nm wavelength is used for
the measurement. Estimated Ge concentrations by EDX are (a) ~30%, (b) ~45% and (c) ~55%.

non-uniform tensile strain and/or Ge composition in the SiGe.
Because SiGe material properties along [1-10] and [—1-10]
directions from the Si pillar are the same (only 90° rotated), the
position of the peak component from SiGe layer in [—110]
direction is the same as the black peak in Fig. 1(b). That
means, that the slight red-shift of the peak from the SiGe layer
is from the SiGe in diagonal direction from the Si pillar.

In order to discuss the detail of the strain distribution
within the SiGe layers, strain mappings of SiGe with ~30%,
~45%, and ~55% measured by p-Raman spectroscopy are
shown in Figs. 2(a)-2(c), respectively. Biaxial strain and
composition of SiGe were evaluated using the peak energy
Ge-Ge (~290cm™'), Si-Ge (~405cm ') and Si-Si
(~500 cm™") modes. Using the parameters and the method
reported in,’” the composition and biaxial strain can be
calculated at each point of the map by using following
formulas;

wS=Si(x, €) = 520.7 — 66.9x — 730e (D
wSi=Ge(x, €) = 400.1 + 24.5x — 4.5x% — 33.5x% — 730 (2)
wOe=Ge(x, &) = 280.3 + 19.4x — 450¢ 3)

where >, @ ,and are wavenumbers of Si—Si,

Si—-Ge, and Ge—Ge vibration modes, respectively, x is Ge
composition and ¢ is biaxial strain.

For all SiGe samples with ~30%, ~45% and ~55% Ge
contents, tensile strain is observed in the laterally grown SiGe
layer, and a higher degree of strain is observed near the
growth front of the SiGe layer. A pronounced increase of
strain at the edge is observed for the sample with higher Ge
content. For the SiGe layer, almost no explicit growth
direction dependency of strain deviation is noticed for the

Si—-Ge Si—-Ge
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~30% SiGe [Fig. 2(a)]. However, in the case of the ~45%
and ~55% SiGe samples, slightly higher tensile strain can be
recognized along (010) directions from the Si pillar com-
pared to (110) directions. These results are supported by
Fig. 1(b). The tensile strain in SiGe and its distribution can be
explained as follows;

1. During the first stage of the SiGe growth, the laterally
selectively grown SiGe is pseudomorphically grown
and its relaxation starts gradually. The degree of
relaxation cannot reach 100%. i.e. the laterally grown
SiGe is partially compressively strained in perpendi-
cular to the growth front directions. The remaining
compressive strain in the lateral direction is observed as
a tensile strain from top-view.

2. The thermal expansion coefficient of SiGe is higher
compared to Si. Therefore, additional tensile strain is
formed in the SiGe during cooling down from growth
temperature to RT. The tensile strain due to thermal
expansion is perpendicular to the SiGe growth direction,
therefore the degree of tensile strain from top-view
should be slightly compensated.

3. Slightly higher tensile strain is observed along (010)
directions from the Si pillar compared to (110) direc-
tions because the SiGe located in the diagonal direction
is pulled by biaxial directions.

3.2. Distribution of Ge composition in the laterally
grown SiGe

Figures 3(a)-3(c) shows the Ge concentration mappings of
the laterally grown SiGe with ~30%, ~45% and ~55% Ge
shown in Figs. 2(a)-2(c). In the sample with ~30% Ge
[Fig. 3(a)], no clear distribution of Ge content is observed.
However, in the case of ~45% and ~55% SiGe [Figs. 3(b),
3(c)], slightly greenish color is observed. in diagonal regions.

That means Ge content along the (010) directions is a slightly
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 4. Cross sectional Ge concentration profiles of laterally grown SiGe
with (a) ~30%, (b) ~45% and (c) ~55% Ge content measured by EDX.
TEM lamellas are cut out along [110] direction from the Si pillar. The Si
pillar part is marked by the red shadow. The rapidly increased Ge content
part in the SiGe near the SiGe/Si interface is marked by the blue shadow.

higher compared to the (110) directions. In the diagonal
directions of these samples, slightly higher tensile strain is
observed as shown in Figs. 2(b), 2(c). Apparently, a higher
tensile strain enhances the Ge incorporation during the SiGe
growth. A similar result is also reported in.*"’ However,
further investigation is required to clarify the mechanism
behind it.

Next, the Ge incorporation during the SiGe growth is
discussed. Figures 4(a)—4(c) show the Ge concentration
profiles of ~30%, ~45% and ~55% SiGe along [110]
direction from the Si pillar [same position as black square in
Fig. 1(a)] measured by EDX, respectively. For all samples,
the SiGe growth starts within relatively lower Ge content and
rapidly rises (marked with blue color in each figure). The
thicknesses for the rapidly increased part are ~500nm,
~400 nm and ~300nm for the samples containing ~30%,
~45% and ~55% Ge, respectively. After that the Ge
concentration in the SiGe layer increases very slowly during
the following layer growth. A possible reason for the increase
may be plastic relaxation of the SiGe.>” During the lateral
SiGe growth, faster plastic relaxation of SiGe occurs at first
and then further relaxation proceeds gradually and moder-
ately. In the case of SiGe layers with a higher Ge content, the
plastic relaxation proceeds faster compared to the SiGe with a
lower Ge content. The thickness of the rapidly increased Ge
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Fig. 5. (a) Cross section bright field STEM image of ~1 pm toward (110}
direction from Si pillar. Lamella of the specimen is cut out ~1 pm away from
Si pillar toward [—110] direction. (b) Line profiles of Si and SiGe of the
laterally grown SiGe measured by EDX. Estimated Ge concentration is
~55%.

concentration part reduces with increasing Ge content. This
could be caused by the fast relaxation during the initial stage.

An increase of the Ge concentration along (010) direction
starting from the Si pillar compared to that along the (110)
direction has been confirmed by cross-section STEM as
shown in Fig. 5(a) for the SiGe sample with ~55% Ge
content. The TEM lamella is cut out from ~1 pym away from
the Si pillar toward [—110] direction. Profiles of the Ge and
Si presented in Fig. 5(a) are shown in Fig. 5(b). The Ge
concentration at the center area is ~54%, while the Ge
concentration in the right and left area is ~55%. Accordingly,
the Si concentration in the right and left area is slightly
decreased. For both ~54% and ~55% regions, relative
uniform Ge composition is observed within each region. A
slightly higher Ge concentration in the diagonal directions
from the Si pillar is confirmed. This EDX result supports the
higher Ge concentration along the diagonal area shown in
Fig. 3(c). As shown in Fig. 2(c), tensile strain in the diagonal
area is slightly higher compared to (110) directions from Si
pillar. This result also supports the slightly higher Ge
concentration corelated with the higher tensile strain in the
(010) directions compared to the (110) directions.

Figures 6(a), 6(b) show cross-section STEM images of
SiGe containing ~30% and ~55% Ge. Additionally, vertical
Ge concentration profiles [marked as red rectangles in
Figs. 6(a), 6(b)] are shown in Figs. 6(c), 6(d). A bright line
contrast is observed at the center of the SiGe layer [Fig. 6(a)].
The bright line reflects the presence of a reduced Ge
concentration plane [Fig. 6(c)]. The bright line extends to a
peak of growth front surface. This phenomenon is also
observed for the ~45% SiGe (not shown). Apparently, the
Ge incorporation is influenced by facet orientation.>® On the
other hand, the line of the reduced Ge concentration plane is
not clearly observed for SiGe with ~30% Ge content
[Figs. 6(b), 6(d)]. It seems that the influence of the facet
orientation on Ge incorporation is less sensitive for lower Ge
concentration.

Figure 7 displays, plan-view Ge concentration mapping of
SiGe with ~55% Ge content measured by EDX. In order to
visualize the small change in the Ge content, the color
contrast is highly increased in this image. A slightly darker
color is visible in (110) directions from the Si pillar

© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 6. Cross sectional bright field STEM images of SiGe with (a) ~55% Ge content and (b) ~30% Ge content. (c) and (d) shows EDX line profiles of the
SiGe with ~55% and ~30% Ge content which are marked with red rectangles in (a) and (b), respectively.

Fig. 7. EDX mapping image of Ge concentration of laterally grown SiGe
around the Si pillar with ~55% Ge content. In order to visualize small
difference in Ge composition, color contrast is highly enhanced.

compared to the diagonal area, indicating a slightly lower Ge
concentration. This is in agreement with the results shown in
Figs. 3(c) and 5. Additionally, along (010) direction,
relatively sharp dark lines are observed. The diagonal dark
lines indicate reduced Ge concentration planes and they start
from the corners of the Si pillar to the corner of the laterally
grown SiGe. The reduced Ge concentration plane is also
related to the peak between the facets of the SiGe growth
front, which is according to mechanism as shown in
Figs. 6(a), 6(c).

3.3. Distribution of defects in the laterally grown SiGe
Finally, the distribution of defects in the SiGe is discussed.
Figure 8 shows the plan-view ECCI of the SiGe containing
~55% Ge is shown. In the ECCI, SFs are observed along
(110) orientations. MDs and TDs are observed at the SiGe/Si

02SP53-5

<110>
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e |

Fig. 8. ECCI of laterally grown SiGe around the Si pillar containing ~55%
Ge. SFs, MDs and TDs are marked with arrows.

interfaces and the SiGe near the interface, respectively.
Because the SFs are on the (111) plane, the direction of the
SFs is limited to the (110) directions only. Along (010)
directions, the dark contrast lines, which are due to the
reduced Ge concentration planes (as shown in Fig. 7), are
started at the corner of the Si pillar. The width of the reduced
Ge concentration plane is wide and becomes narrower in the
direction away from the Si pillar. The contrast lines trace the
corner of the laterally grown selective SiGe. The change of
the reduced Ge concentration plane area is related to facet
formation at the corner in the initial stage of the SiGe growth.

Figures 9(a), 9(b) shows plan-view STEM images of the
laterally grown SiGe around the Si pillar containing ~55%
and ~30% Ge, respectively. In Fig. 9(a), long SFs along
(110) directions from the Si pillar are observed. MDs exists
at the interface between the Si pillar and the SiGe, and TDs
are observed in the SiGe near the interface, indicating ART is
working in the lateral direction. This result supports the
ECCI-observations shown in Fig. 8. In the case of sample
with ~30% SiGe [Fig. 9(b)], a smaller number of SFs, MDs
and TDs is observed. The lower densities of SF, MD and TDs
are caused by the lower lattice mismatch between Si pillar

and SiGe. For both samples line contrast along (010)
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig.9. Plan-view bright field STEM images of laterally grown SiGe containing (a) ~55% Ge and (b) ~30% Ge. SFs, MDs and TDs are marked with arrows.

directions due to the Ge concentration drop are also visible.
As shown in Fig. 9(a) no dislocations are existing in the SiGe
along (010) from the Si pillar [both right and left side in
Fig. 9(a)]. Furthermore, by tilting measurement angle of the
TEM lamella, the contrast of the diagonal line is not changed
(not shown). Therefore, the diagonal contrast is not related to
fluctuation of strain and defects. The wide dislocation-free

SiGe area along (010) directions from the Si pillar is A
confirmed by both plan-view ECCI and STEM images. 3)
4
4. Conclusions )
Locally dislocation-free SGOI is fabricated by RPCVD by 5
using H,-SiH,Cl,-GeH4-HCI gas mixture. Lateral selective
SiGe growth containing ~30, ~45 and ~55% Ge around  6)
~1pm square Si(001) pillar located under the center of a 7
6.3 pm square SiO, on SOI substrate has been demonstrated.
In the laterally grown SiGe, tensile strain is observed. The  8)
tensile strain is caused by the difference in thermal expansion
between Si and SiGe and by the partial compressive strain of o
SiGe in lateral direction. The degree of the strain is slightly  1q)
higher at the corner of the SiGe because the diagonal area is
pulled by both [1-10] and [—1-10] directions. The Ge ")
incorporation is increased by the tensile strain. At the peak 12)
between the facets at the growth front of SiGe, a reduced Ge
incorporation is observed. These phenomena are more 13)
pronounced for the SiGe layers with a higher Ge content. 4
The wide dislocation-free area is formed along (010) from 5)
the Si pillar by lateral ART. Strain management and facet
formation control are key for realizing uniform locally  16)
dislocation-free SGOI by lateral selective growth. 7
18)
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