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Three-dimensional (3D) self-ordered Ge nanodots in cyclic epitaxial growth of Ge/SiGe superlattice on Si0.4Ge0.6 virtual substrate
(VS) were fabricated by reduced pressure chemical vapor deposition. The Ge nanodots were formed by Stranski-Krastanov
mechanism. By the Ge/SiGe superlattice deposition, dot-on-dot alignment and 〈100〉 alignment were obtained toward the vertical
and lateral direction, respectively. Facets and growth mechanism of Ge nanodots and key factors of alignment were studied. Two
types of Ge nanodots were observed, diamond-like nanodots composed of {105} and dome-like nanodots composed of {113} and
{519} or {15 3 23} facets. The Ge nanodots tend to grow directly above the nanodots of the previous period as these regions show
a relatively higher tensile strain induced by the buried nanodots. Thus, this dot-on-dot alignment is sensitive to the SiGe spacer
thickness, and it degrades when the SiGe spacer becomes thicker. The Ge content of the SiGe spacer ranging from 45 to 52%
affects the lateral alignment and the size uniformity of Ge nanodots because of the strain balance between the superlattice and the
VS. By maintaining the strain balance, ordering of the 3D aligned Ge nanodots can be improved.
© 2023 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
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Ge nanodots have drawn much attention due to their potential
applications in optoelectronics, such as photodetectors and
lasers.1–10 Many groups studied multilayered Ge nanodots with Si
spacers on Si(001) grown by Stranski-Krastanov (SK) growth mode
and vertically aligned by local tensile strain induced by buried Ge
nanodots.11–17 However, to avoid plastic relaxation caused by a
4.2% lattice mismatch between Si and Ge, thick nanodots and/or
large layer numbers are challenging. Even though the vertical
alignment of the Ge nanodots is realized, the Ge nanodots are
randomly distributed in lateral direction. In order to fabricate
laterally-ordered Ge nanodots, pre-structuring is required.12,15

Vertical and lateral alignment of SiGe nanodots with Si spacers
on Si substrate were reported, and the elastic anisotropy of the spacer
material is the key to the lateral alignment.18,19 To predict and to
control the surface density and size distribution of nanodots,
nucleation and growth behavior around existing nanodot were
simulated,20 and elastic interactions between nanodots on the growth
behavior were reported.21–23 In our previous work, laterally and
vertically self-aligned multilayered SiGe nanodots fabrication with
Si spacer on Si(001) were studied.24,25 Vertical and body-centered-
tetragonal alignment were obtained by controlling local distribution
and surface energy. In this study, we demonstrate 3-dimensional
(3D) self-ordered Ge nanodots on SiGe virtual substrate (VS) by
SiGe/Ge cyclic epitaxial growth and discuss the effects of fabrica-
tion parameters. The facets of Ge nanodots and the mechanism of
vertical alignment are also studied.

Experimental

The 3D self-ordered Ge epitaxial nanodots were fabricated by
reduced-pressure chemical vapor deposition (RPCVD). Firstly, a
Si0.4Ge0.6 VS with step-graded buffer on on-oriented Si(001) wafer
(with ∼0.16° slice off orientation on average) was fabricated to
reduce dislocation density and mosaicity of crystal compared to
conventional single box VS. In order to realize high quality VS,
cyclic annealing at 1000 °C was carried out after each step-graded
layer deposition to achieve fully relaxed layers and to improve
crystallinity of each layer. By the cyclic annealing at 1000 °C,
additional ∼0.1% tensile strain is introduced in the Si0.4Ge0.6 VS
due to thermal expansion coefficient difference between Si and

SiGe, which was confirmed by X-ray diffraction (XRD) reciprocal
space mapping (RSM). Furthermore, ∼2 μm thick Si0.4Ge0.6 was
deposited followed by postannealing at 1000 °C. Afterwards
chemical mechanical polishing was performed to obtain a smooth
surface. The dislocation density of 1 × 107 cm−2 was confirmed by
Secco defect etching followed by pit count on an angle view SEM
image. After HF dip, the wafer was baked at 850 °C in H2 to remove
residual oxide and then cooled down to 550 °C for epitaxial growth.
A 52–82 nm thick layer of SiGe with 45%–52% Ge content was
deposited using a H2-SiH4-GeH4 gas mixture (deposition rate:
approximately 29–33 nm min−1), then a self-assembled Ge nanodots
layer via SK growth mechanism was deposited with equivalent Ge
thickness of 7.5–15.0 nm using a H2-GeH4 gas mixture (deposition
rate: approximately 19 nm min−1). This SiGe/Ge deposition cycle
was repeated 5 to 20 times to fabricate the 3D self-ordered Ge
nanodot stack. The superlattice of 12.5 nm-Ge/52 nm-Si0.48Ge0.52
was used as a standard because the weighted average lattice constant
is nearly the same as the Si0.4Ge0.6 VS. The composition of SiGe VS
and SiGe spacers were confirmed by XRD RSM and XRD,
respectively.26

Atomic force microscopy (AFM) was used to analyze the
morphology and alignment of the Ge nanodots. Scanning electron
microscopy (SEM) with energy selective backscatter detector and in-
lens detector was used to investigate the vertical- and lateral
alignments of the Ge nanodots, respectively. The facets of the Ge
nanodots were studied by analyzing the cross-section cuts of AFM
images and confirmed by scanning transmission electron microscopy
(STEM). Grazing incidence in-plane XRD (GIXRD) and STEM-
based Nano-beam diffraction (NBD) were used to study strain in the
superlattice and the mechanism of vertical alignment.

Results and Discussion

In order to optimize vertical and lateral alignment of the Ge
nanodot, several growth parameters, such as thickness of Ge and
SiGe spacer, Ge content of SiGe spacer and cycle number of the
superlattice, were adjusted, and their influence on the morphology
and alignment of Ge nanodots were studied. Facets of Ge nanodots
were investigated, and strain distribution and mechanism of vertical
alignment were discussed.

Morphology of Ge nanodots.—Figures 1a–1d show an angle
view SEM image and AFM images of Ge nanodots on the 5-cyclezE-mail: wei-chen.wen@ihp-microelectronics.com
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superlattices with Ge thickness of 7.5 to 15.0 nm. The Ge nanodots
align diagonally (along 〈100〉), which can be clearly confirmed in the
later discussion. In Figs. 1a–1b, mainly two types of nanodots are
observed, which are diamond (32%) and dome (68%) like shape.
Figure 2 shows the height distribution of diamond-like and dome-
like nanodots appearing in Fig. 1b. The average height of the
diamond-like nanodots is approximately 9 nm with a standard
deviation (s) of 2.6 nm while that of the dome-like nanodots is
approximately 23 nm with s = 1.8 nm. With increasing Ge thick-
ness, dome-like nanodots dominate (Fig. 1c) and some nanodots
merge with the adjacent nanodots (Fig. 1d). Since the dome-like
nanodots show a lower s in height than the diamond-like nanodots
do, as shown in Fig. 2, engineering of self-ordering is more feasible
with the dome-like nanodot.

Vertical and lateral alignment of Ge nanodots.—Figures 3a–3c
show the cross-section SEM images and AFM images of 5-cycle Ge/
SiGe superlattice with Ge thickness of 12.5 nm and Si0.48Ge0.52
spacer thickness of 52 nm and 82 nm. The Fourier transform (FT)
images of 10 μm × 10 μm AFM images, which provide the
information of lateral ordering of nanodots, are shown in Figs. 3d
–3e. The surface is smooth after 52 nm or 82 nm Si0.48Ge0.52 spacer
deposition (Figs. 3a–3b), implying the adequate surface reaction and
atom migration to form a stabilized (001) surface. When the 52 nm
SiGe spacer was used, dot-on-dot alignment with Ge wetting layer
can be observed (Fig. 3a). This vertical alignment is because the Ge
nanodots prefer to grow in the region with lateral tensile strain
induced by the buried Ge nanodots. The details will be discussed
later. When the thickness of Si0.48Ge0.52 spacer increases, the
vertical alignment of Ge nanodots becomes relatively random
(Fig. 3b), the size and the shape of Ge nanodots become irregular,
and some diamond-like nanodots appear (Fig. 3c). This is related to
the reduced local tensile strain caused by the increased distance of
the buried Ge nanodots. The less strain difference over the SiGe
surface appears the less driving force which affects the vertical
alignment for dome-like nanodot formation. Besides, the lateral
alignment of Ge nanodots degrades, which can be confirmed from
the FT image as shown in Figs. 3d–3e. Diagonal alignment (along
〈100〉 direction, which is elastically soft direction) with a period of
approximately 157 nm can be confirmed in the strain-balanced
superlattice (Fig. 3d). The mechanism of self-ordering may be
similar to SiGe island chains on Si substrate.27 However, for the
superlattice with 82 nm SiGe spacer, the FT peaks become blurred
and broad. This could also result from the less strain difference to
form the Ge nanodots at specific locations. Therefore, Ge nanodot
formation in each layer is like the first layer, a random SK growth. In
addition, the unbalanced strain of the superlattice to the VS may also
have an influence.

Figures 4a–4c show the angle view of SEM images of Ge
nanodots on 5-cycle 12.5 nm-Ge/52 nm-SiGe with Ge content
52%–45%. The Ge nanodots are diagonally aligned, which can
also be confirmed by the FT image in Fig. 4a. With decreasing Ge

content in the SiGe spacer, large nanodots and nanodot clusters
appear (Fig. 4b) and these large nanodots align along 〈110〉
(Fig. 4c). Because the Ge nanodots were grown on the SiGe virtual
substrate, which is not as perfect as Si wafer and contains
dislocations, some irregular nanodots which might be defect related
can be seen in Fig. 4a. With reducing Ge concentration in the SiGe
spacers, the number of these irregular nanodots becomes double and
eight times as shown in Fig. 4b and in Fig. 4c, respectively. This
may result from the misfit dislocation formation due to increased
tensile strain in the SiGe/Ge superlattice on the Si0.4Ge0.6 VS. In
addition, the lateral alignment is also influenced, and this can be seen
from the FT images as shown in the insets.

Figures 5a–5c show the angle view of SEM images of Ge
nanodots on 1-, 5- and 20-cycle superlattice of 12.5 nm-Ge/52 nm-
SiGe. Although the nanodot size and type are not yet uniform at the
first cycle, the Ge nanodots are to some degree laterally aligned,
which can be seen in the FT image (Fig. 5a). With the cycle number
increasing, the dome-like nanodots are dominant and the lateral
alignment is easily seen. The greater the layer number, the better the
starting point in terms of alignment and uniformity for Ge nanodot
formation. Accordingly, the alignment and the uniformity of nanodot
shape and size improve with the increasing cycle number of the
superlattice.

Facets of Ge nanodots.—To study facets of two types of
nanodots, the tilt of each facet was calculated from the cross-section
cuts of AFM images. Figure 6 (a) shows an AFM image of the
dome-like nanodot. Figure 6b shows the cross-section cuts of Fig. 6a

Figure 1. (a) An angle view of SEM image (view at an angle of 40° to the surface) of Ge nanodots on 5-cycle superlattice of 7.5 nm-Ge/52 nm-SiGe and AFM
images of Ge nanodots on 5-cycle superlattice of (b) 7.5 nm-Ge/52 nm-SiGe (c) 12.5 nm-Ge/52 nm-SiGe and (d) 15.0 nm-Ge/52 nm-SiGe superlattice. The Ge
content of SiGe spacer is 52%.

Figure 2. A height histogram of diamond-like and dome-like nanodots in
Fig. 1b.
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along 〈110〉. These cross-section cuts are well-overlapped with the
high-angle annular dark-field (HAADF) STEM image as shown in
the background of Fig. 6b. Therefore, it is possible and reliable to
estimate the facets from the cross-section cuts of our AFM images.
For example, the side wall of the dome-like Ge nanodot in Fig. 6b is
approximately 25°, indicating {113} facets. Similarly, an AFM

image of the diamond-like Ge nanodot and cross-section cuts along
〈110〉 were shown in Figs. 6c and 6d, respectively. These cross-
section curves are nearly parallel to each other on the side, indicating
two facets on both sides. According to the angle of the side wall, 8°,
it suggests {105} facets. By this method, we confirmed that the
diamond-like nanodot is composed of {105} and the dome-like

Figure 3. Cross-section SEM image of 5-cycle (a) 12.5 nm-Ge/52 nm-SiGe and (b) 12.5 nm-Ge/82 nm-SiGe superlattice, (c) AFM images of Ge nanodots on 5-
cycle 12.5 nm-Ge/82 nm-SiGe superlattice, and FT images of a 10 μm × 10 μm AFM images of Ge nanodots on 5-cycle (d) 12.5 nm-Ge/52 nm-SiGe and (e)
12.5 nm-Ge/82 nm-SiGe superlattice.

Figure 4. Angle view of SEM images (view at an angle of 40° to the surface) of Ge nanodots on 5-cycle superlattice of 12.5 nm-Ge/52 nm-SiGe with Ge content
(a) 52% (b) 49% and (c) 45% on Si0.4Ge0.6 VS. The insets are the FT images of 10 μm × 10 μm AFM images of corresponding samples.

Figure 5. Angle view of SEM images (view at an angle of 40° to the surface) of Ge nanodots on (a) 1-cycle, (b) 5-cycle and (c) 20-cycle superlattice of 12.5 nm-
Ge/52 nm-SiGe with 52% Ge content.
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nanodot is composed of {113} and {519} facets. This is consistent
with the studies of Ge dot on Si substrate except for {519} facets.
Instead of {519} facets, relatively similar {15 3 23} facets were
reported.28,29 This difference is thought to be the less compressive
strain in our Ge nanodots because a SiGe VS was used and/or
measurement error due to the algorism of AFM image leveling.

In order to confirm the facet of the dome-like Ge nanodots, a wider
area range of Ge nanodots was investigated with a similar method to
Refs. 28, 29. Figure 7 shows the quantitative facet analysis of dome-like
nanodots in a 500 × 500 nm2 AFM image. This stereographic map
provides the facet angular orientation and the facet inclination with
respect to the (001) surface, and the color gradient indicates the
normalized count of facets. The central spot is the (001) plane
corresponding to the wetting layer and the top of Ge nanodots. The
other two groups of spots with two different radiuses in the stereographic
map, indicating the polar angle of 25.2° and 33.6°, correspond to {113}
and {15 3 23} facets, respectively. The azimuthal angles of these facets
with respect to the [110] direction are 0° and 33.7°, respectively. The
reason that we obtained {519} facets and {15 3 23} facets by different

analysis methods could be the background leveling of AFM images with
different area sizes and different numbers of nanodots.

Strain distribution and mechanism of vertical alignment.—To
explain the vertical correlation of Ge nanodots, strain evolution during
superlattice growth and strain distribution were studied by XRD and
NBD, respectively. Grazing incidence in-plane XRD (220) curves of
SiGe, Ge/SiGe and SiGe/Ge/SiGe on Si0.4Ge0.6 VS were measured, as
shown in Fig. 8. The angle of incidence is 0.23°, corresponding to an
attenuation length between 40 nm and 70 nm, for Ge and Si,
respectively. For the sample with only a single layer of SiGe spacer
on the VS, the peak position of 46.1° corresponds to the lateral lattice
parameter of the Si0.4Ge0.6 VS, implying the SiGe spacer was
pseudomorphically grown on the VS. After the Ge deposition, a broad
bump can be seen at the low angle side, indicating a larger in-plane
lattice parameter. This is caused by the strain relaxation as consequence

Figure 6. (a) AFM image and (b) cross-section cuts (along 〈110〉) of the AFM image overlapped with HAADF STEM image of dome-like Ge nanodot and (c)
AFM image and (d) cross-section cuts (along 〈110〉) of the AFM of diamond-like Ge nanodot. The Ge nanodots are on top of 20-cycle superlattice of 12.5 nm-
Ge/52 nm-SiGe. The Ge content of the SiGe spacer is 52%.

Figure 7. Stereographic map around (001) pole of a 500 × 500 nm2 AFM
image of Ge nanodots on top of 20-cycle superlattice of 12.5 nm-Ge/52 nm-
SiGe.

Figure 8. In-plane XRD of 52 nm-SiGe, 12.5 nm-Ge/52 nm-SiGe and 52
nm-SiGe/12.5 nm-Ge/52 nm-SiGe on Si0.4Ge0.6 VS. The Ge content of the
SiGe spacer is 52%. Here, the angle of incidence is the critical angle of 0.23°
and the penetration depth is approximately 60 nm. As a reference, the 2θχ of
a non-strained Ge, Si0.4Ge0.6 and Si0.48Ge0.52 are marked in the figure.
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upon Ge nanodot formation. After second SiGe spacer deposition the
curve is nearly symmetric but broader. This implies that the SiGe
spacer above Ge nanodots may have a larger lateral lattice parameter
distribution which is responsible for the dot-on-dot alignment. As the
peak has also no shift or bump compared to the Ge/SiGe curve, the
strain relaxation in the Ge nanodots is most probably of elastic nature.
This means that the lateral lattice parameter of Ge nanodots may be
compressed by the SiGe on top, suggesting that the SiGe/Ge/SiGe is
pseudomorphically grown on the VS.

A HAADF STEM image and in- and out-of-plane relative change of
lattice parameter distributions measured by NBD are shown in Figs. 9a
–9c. The nanodots are vertically aligned, and the wetting layer of Ge is
approximately 2 nm regardless of the layer number (Fig. 9a). The SiGe
on the nanodot shows a relatively higher lattice parameter along 〈110〉
(Fig. 9b) and lower lattice parameter along 〈001〉 (Fig. 9c) compared to
that on Ge wetting layer, indicating tensile strain. These results support
the discussion on strain distribution measured by in-plane XRD. When
the surface of SiGe spacer is smooth, the tensile strain area is the
preferred position for Ge nanodot formation because of less lateral
lattice mismatch. Consequently, the nanodots tend to grow above the
buried nanodots. On the other hand, if the SiGe spacer is too thick, the
strain at the SiGe surface becomes uniform, thus causing a random Ge
nanodot formation as shown in Figs. 3b–3c.

Conclusions

3D self-ordered multilayered Ge nanodots on SiGe VS were
fabricated using RPCVD. The Ge nanodots were vertically aligned
on the nanodot and laterally aligned along 〈100〉 in the Ge/SiGe
superlattice. Diamond-like Ge nanodots composed of {105} facets and
dome-like nanodots composed of {113} and {519} or {15 3 23} facets
were observed. To unify the shape of the Ge nanodots, Ge thickness is
the key parameter. By increasing the thickness of Ge from 7.5 nm to
12.5 nm, the morphology of Ge nanodots changed from a mixture of
diamond-like and dome-like to mainly dome-like. When the thickness
of Ge further increased to 15 nm, some nanodots merged with other
nanodots in the vicinity. The mechanism of dot-on-dot vertical
alignment is that the Ge nanodots tend to grow at the region on the
Ge nanodots with the lateral tensile strain induced by the buried Ge
nanodots. Therefore, the thick SiGe spacer (82 nm) degrades the
vertical alignment due to the insufficient tensile strain difference on
the SiGe surface with increasing distance. In addition to the Ge
thickness and SiGe thickness, the Ge content of SiGe spacer and the
cycle number of superlattice also affect the size uniformity and the
lateral alignment of Ge nanodots because a strain-balanced superlattice
is required for the continuously aligned Ge nanodots formation.

Growing large layer number of 3D aligned Ge nanodots can be
possible when the layer stacks are strain balanced to the VS.
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