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Self-ordered multilayered Ge nanodots with SiGe spacers on a Siy 4Geg ¢ Virtual substrate are fabricated using reduced-pressure chemical vapor
deposition, and the mechanism of vertical ordering is investigated. The process conditions of Ge and SiGe layer deposition are H,-GeH, at 550 °C
and Ho-SiH4-GeH, at 500 °C-550 °C, respectively. By depositing the SiGe at 550 °C or increasing Ge content, the SiGe surface becomes smooth,
resulting in vertically aligned Ge nanodots to reduce strain energy. Ge nanodots prefer to grow on the nanodot where the SiGe is relatively tensile
strained due to the buried Ge nanodot underneath. By depositing at 500 °C and lowering Ge content, checkerboard-like surface forms, and the
following Ge nanodots grow at staggered positions to reduce surface energy. The Ge nanodots are laterally aligned along the elastically soft (100)
direction without pre-structuring resulting from the strain distribution. © 2023 The Japan Society of Applied Physics

1. Introduction

To handle the ongoing exponential expansion of information,
advanced technologies with improved electronic device per-
formance are required. However, device performance using
conventional existing group IV materials systems such as Si,
SiGe and Ge have certain limitations because of their material
properties. In order to overcome the limitation of the material
properties, a potential breakthrough could be to develop novel
artificial group IV materials such as superlattices (SL) and
nanodots. Using a heteroepitaxial SL structure, a band gap and
band offset can be engineered and novel material properties
can be designed."” Additionally, by fabricating a nanodot
structure, it is possible to change the density of states in the
conduction band and valence band.>* Therefore, three-
dimensionally (3D) stacked SiGe and Ge nanodots of SL are
of interest because of their potential for designing new
optoelectrical material properties.

Multilayer Ge nanodots are of great interest due to the
possibility of integration with the current complementary
metal-oxide—semiconductor (CMOS) platform and the po-
tential application for thermoelectric devices,” tunneling
diodes® and optoelectronics, such as lasers”™'? and
photodetectors.'' ™' Many groups have studied self-as-
sembled Ge nanodots grown by random nucleation according
to the Stranski-Krastanov (SK) mechanism.'*"® To control
the lateral alignment of Ge nanodots, pre-structuring is
usually necessary. For the SiGe nanodot formation we have
presented vertically and laterally ordered multi-layered SiGe
nanodots in Si by SiGe/Si SL deposition without
pre-structuring.'”*” By selecting SiH, or SiH,Cl, as a
precursor for the Si spacer growth, the surface morphology
can be controlled. By proactively using local tensile strain
and surface energy of the Si spacer surface, it is possible to
control the following SiGe nanodot formation at on-dot
positions or at staggered positions. For the Ge nanodot
formation, we have reported dot-on-dot vertically and later-
ally aligned multilayered Ge nanodots with a Si spacer on
SiGe nanodot SL as a template?" and with a SiGe spacer on a
SiGe virtual substrate (VS) without pre-structuring.*”

In this study, we fabricated 3D self-ordered multilayered
Ge nanodots on a SiGe VS with SiGe spacers. We also
studied the influence of SiGe spacer growth conditions on the
surface morphology and on Ge nanodot formation on these
surfaces, which is the key to the vertical alignment control.
Compared to the results published in Ref. 23 more in-depth
discussions about the SiGe spacer formation and driving
force for lateral alignment are given in this paper.

2. Experimental

The 3D self-ordered Ge nanodots were fabricated by re-
duced-pressure chemical vapor deposition (RPCVD). First, a
Sig.4Gepe VS with a step-graded buffer deposited on a Si
(001) wafer was prepared using a H,-SiH,~GeH, gas
mixture. To fabricate the high crystallinity Sip4Gegg VS,
500 nm thick SiGe layers with Ge content of 10%—-50% with
a 10% step, followed by 2 um thick Sip4Geys, were
deposited.”* > In order to further improve the crystal quality
of the VS, annealing at 1000 °C was performed after each
step and after the whole layer deposition.”’ > A threading
dislocation density of ~1 x 10’cm 2 for the VS was
achieved by this method. Furthermore, approximately
300 nm material was removed by chemical mechanical
polishing to planarize the cross-hatch structure on the surface.
A root mean square roughness of 0.3 nm was confirmed by
atomic force microscopy (AFM).

After HF dip, the VS was loaded into the RPCVD reactor
and baked at 850 °C in H, to remove residual native oxide.
For SiGe and Ge deposition, H,—SiH,—~GeH, and H,—GeH,
gas mixtures were used, respectively. To discuss the influ-
ence of SiGe growth condition on the surface morphology of
the SiGe on Ge nanodots, a laterally ordered Ge nanodot
structure of ~26 nm height and ~140 nm periodicity along
(100) was prepared as a template. The template was
fabricated by 20 cyclic depositions of 52nm Sig43Geg 52
and 12.5nm Ge SL on Sip4Gege VS at 550 °C.*? On the
template, a layer of 45-63 nm SiGe with Ge content of 45%-—
52% was deposited at 550 °C or 500 °C without air exposure.

To investigate the controllability of vertical alignment
and positioning of the Ge nanodots, 20-cycle 52nm
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SiGe/12.5nm Ge SL were directly deposited on the
Sip.4Gege VS. For this SL, Sij45Geq s, grown at 550 °C and
Sig 51Geg 49 Or Sig43Geq s, grown at 500 °C were alternately
used as spacers.

In order to investigate the SiGe spacer growth behavior of
the Sig48Geg s, grown at 550 °C and the Sigs1Geg 49 grown
at 500 °C, 1-1.5 nm thick Ge marker layers were introduced
in the SiGe spacers, by switching the SiH, flow to the vent
line without changing temperature or GeH, flow for the
selected samples.

AFM was used to analyze the SiGe surface morphology
and lateral alignment of Ge nanodots, and scanning electron
microscopy (SEM) was used to observe the vertical and
lateral alignment of the Ge nanodots. Scanning transmission
electron microscopy (STEM) and energy dispersive X-ray
spectroscopy (EDX) were used to inspect the SiGe growth
and the Ge content variation.

3. Results and discussion

Figures 1(a)-1(d) show the AFM images of 52 nm SiGe with
Ge content of 45%-52% deposited at 550 °C or 500 °C on
the laterally ordered Ge nanodot templates. The Sig 51Geg 49
grown at 550 °C [Fig. 1(a)] shows a smooth surface while the
one grown at 500 °C [Fig. 1(c)] shows a checkerboard-like
surface. This checkerboard mesa structure formation is due to
the insufficient surface migration of Si and/or Ge atoms to fill
the space between Ge nanodots to form a smooth surface at
500 °C. Moreover, the checkerboard mesas become clearer
with decreasing Ge content [Fig. 1(b)], while they become
less clear and imperfect with increasing Ge content
[Fig. 1(d)]. This trend may result from the increased ratio
of adsorbed Ge atoms, which have lower binding energy and
more surface migration compared to Si atoms during epitaxy.
Thus, migrating to positions between Ge nanodots to reduce
surface energy is more pronounced when Ge content is high.

The SiGe thickness and Ge content dependence of mesa
width and height are summarized in Fig. 2. The mesa height
increases with decreasing Ge content. At the same Ge
concentration, the mesa height is not clearly influenced by
the SiGe spacer thickness. This is due to more surface
migration of Ge atoms compared to Si atoms as mentioned
before. On the other hand, the mesa width increases with
decreasing Ge concentration as well as thickness of the SiGe
spacer. This means the SiGe growth is not only on the (001)
surface but also on the mesa sidewall facet. With increasing
SiGe thickness from 52nm to 62 nm, the mesa width is
increased by 3.5% for Siy 43Geq s,. This increase in the mesa
width becomes ~4.9% and 6.1% by changing the Ge

Fig. 1.
laterally ordered Ge nanodot templates.
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Fig. 2. (Color online) SiGe thickness dependence (45 nm, 52 nm and

63 nm) and Ge content dependence (45%, 49% and 52%) of mesa height
(solid symbols) and width (open symbols). The SiGe layers were deposited
on the laterally ordered Ge nanodot templates at 500 °C.

concentration to 49% and 45%, respectively. The ratio of
the growth rate on the sidewall facet to that on the (001)
surface is higher at lower Ge content. This can also be
explained by the higher surface migration of Ge atoms
compared to Si atoms.

The influence of different SiGe surface morphology on Ge
nanodot alignment can be seen from the cross-section SEM
images as shown in Figs. 3(a)-3(b). The SiGe thickness and
Ge thickness of the 20-cycle SL are 52 nm SiGe and 12.5 nm
Ge, respectively, and for the SiGe spacer deposition,
Sig 48Geg.sp grown at 550 °C and Sig s1Geg 49 [Fig. 3(a)] or
Sip48Gegsp grown at 500 °C [Fig. 3(b)] are deposited. In
Fig. 3(a), the Ge nanodots on Sij 43Ge 5, fabricated at 550 °
C tend to grow on the buried nanodots. The vertical
alignment of the dot-on-dot structure is due to locally higher
lateral tensile strain arising from the buried Ge nanodot.'”'?
However, Ge nanodots grow at the staggered position on the
Sig.51Geg 49 fabricated at 500 °C. The surface morphology of
the Sips5;Geg4o surface grown at 500 °C is checkerboard
structured as shown in Fig. 1(c), and the Ge nanodot is
deposited at the concave region between two mesas. The
driving force seems to be the reduction of the surface energy
caused by surface roughness.'” The incompletely staggered
growth on Sig43Geg s, grown at 500 °C [Fig. 3(b)] is due to
the insufficient checkerboard feature [Fig. 1(d)].

Next, the lateral alignment of Ge nanodots is discussed.
The lateral alignment of Ge nanodots is inspected as shown
in Fig. 4. The Ge nanodots are well ordered along the (100)

(Color online) AFM images of 52 nm (a) Sips51Geg49 grown at 550 °C, (b) Sips5Geo 45, (¢) Sigs51Gep 49 and (d) Sip.4sGep s, grown at 500 °C on

© 2023 The Japan Society of Applied Physics
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Fig. 3.
Sig.48Geg 5o grown at 500 °C alternately used as spacers.

direction with a periodicity of approximately 145nm
[Fig. 4(a)], which is comparable to the dot-on-dot aligned Ge
nanodots.?? This lateral alignment is confirmed in the Fourier
transform (FT) image of a 10 pum X 10 yum AFM image of this
sample [Fig. 4(b)]. The four satellite peaks at diagonal
directions indicate the high periodicity along the (100)
direction in a wide area range. The alignment mechanism
may be the same as the self-aligned SiGe island chain on Si
(001) due to the strain field decaying monotonically along the
elastically soft (100) direction.®” Consequently, once the
density of nanodots is high enough, the nanodots tend to align
in this direction. Moreover, thanks to the vertical alignment,
the lateral position of the nanodots is transferred to the next
layer, thus improving the degree of order with increasing cycle
number as can be seen in Fig. 3(a).

Figures 5(a)-5(b) show a high-angle annular dark field
(HAADF) STEM image of the SL and an EDX line-scan
profile of the marked area in Fig. 5(a). It is clear that the
surface of Sig43Ge 5, deposited at 550 °C is flat, and the Ge
nanodot grows on the buried nanodot. By contrast, the
surface of Sips1Gegq9 deposited at 500 °C is rough, and
the Ge nanodot tends to grow in the concave region. It is
worth noticing that there are relatively white lines across the
Sig 51Geg 49 With one end near the bevel of the nanodot and
the other end at the sidewall of the mesa [Fig. 5(a)]. These
lines can be seen only in the Sij 5;Geq 49 deposited at 500 °C

(um™)

Fig. 4.

Siy.43G€ 52

2222 LZRZZ’
at 500 °C

Sip4Gege

(Color online) Cross section SEM images of 20-cycle SL of 52 nm SiGe/12.5 nm Ge. Sig 43Geg s> grown at 550 °C and (a) Sig.s5,Geg 49 or (b)

and they are Ge-rich according to the EDX line-scan as
shown in Fig. 5(b). However, these white lines cannot be
found above the center of the Ge nanodot, indicating uniform
Ge concentration at the same region but 90° rotated position.
Therefore, these Ge-rich lines are more likely two-dimen-
sional planes than one-dimensional bars in the space.

To investigate the origin of the Ge-rich planes, 1.0 nm—
1.5 nm Ge markers were introduced by pausing the SiH, flow
4 times during the SiGe spacer growth at 500 °C and 550 °C
without changing the other process conditions as shown in
Fig. 5(c). At 550 °C, the growth rate of Siy43Geg s, on the
wetting layer is larger than that on the Ge nanodot until the
surface becomes smooth (see the third Ge marker in SiGe
grown at 550 °C). By contrast, at 500 °C, the difference in
Sip 51Geg.49 growth rate on the wetting layer or on the Ge
nanodot is less due to the insufficient surface migration of
adsorbed Si and Ge atoms, retaining the rough SiGe surface.

In the case of 500 °C, with increasing thickness of SiGe,
the mesa width increases, which is consistent with the AFM
results as summarized in Fig. 2. Moreover, a stairstep feature
can be seen on the SiGe mesa sidewall, and the Ge marker
fills the bottom of each stairstep, forming a smooth Ge
marker surface rather than stairs [Fig. 5(d)]. These may
explain the formation of the Ge-rich planes in Fig. 5(a). The
bottom corner of the stairstep is a more reactive and/or
preferable location for Ge atom migration. Consequently, the

(um?)
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(Color online) (a) Angle view of SEM image (view at an angle of 40° to the surface) and (b) FT image of a 10 yum x 10 gm AFM image of Ge

nanodots on 20-cycle SL of 52 nm SiGe/12.5 nm Ge. Sip 43Gegs» grown at 550 °C and Sip 5;Geg 40 grown at 500 °C alternately used as spacers.

SC1057-3

© 2023 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 62, SC1057 (2023)

Wei-Chen Wen et al.

at 500 °C

Sig.43G€05, Sig51G€0 49

at 550 °C

Sip51G€0 49 Sig43G€0 5,
at 500 °C at 550 °C

Fig. 5.

80 100 120

(Color online) (a) HAADF STEM image of the same sample as shown in Fig. 3(a). (b) EDX line-scan of the region marked in orange color in the

STEM image (a). (c) HAADF STEM image of the same SL with 1.0-1.5 nm Ge marker layers in the Sig 5;Geg 49 grown at 500 °C (marked with red arrows)
and Sij45Geg s, grown at 550 °C (marked with blue arrows). (d) Enlarged image of the marked region in (c).

bottom corner of the stairsteps becomes Ge-rich. During SiGe
growth, these Ge-rich corner lines become tilt Ge-rich planes
with increasing mesa width. In addition to the corner of the
stairsteps, it seems the concave region between two dots is
another preferable position for Ge growth. Ge marker layers
are thicker in the concave region and thinner on top of the
mesa as shown in Fig. 5(d), thus lowering the SiGe mesa
height on the Ge nanodot and causing insufficient surface
roughness for staggered alignment of Ge nanodot formation.
As a result, the Ge nanodots no longer grow at the staggered
positions on the Sig s51Geg49 grown at 500 °C after inserting
the Ge marker layers.

To study the growth and alignment mechanism of Ge
nanodots on the checkerboard mesa structured SiGe surface,
the surface morphologies at different process steps are
inspected. When the temperature is increased to the Ge
growth temperature of 550 °C immediately before Ge
deposition, the edge of the SiGe mesa is smoothed as shown
in Fig. 6. In the early stage of Ge deposition [Fig. 7(a)], the
mesa patterns look 45° rotated from the SiGe mesas in
Fig. 1(c), implying nucleation of Ge nanodots starts on the
sidewalls of the SiGe mesas. The same phenomenon is
observed from the Ge marker in the Sips;Geg49 grown at
500 °C in Figs. 5(c)-5(d). The bottom of the mesa sidewalls
could be the preferable position to reduce the surface energy.
With increasing Ge coverage, the Ge nanodots become
higher and larger [Fig. 7(b)], and then merge with the vicinity
dot in the same concavity [Figs. 7(c)-7(d)].

SC1057-4
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Fig. 6. (Color online) Line profiles of Sis;Geyo on laterally ordered Ge

nanodot templates before and after holding at 550 °C for 1 min.

4. Summary and conclusions

3D-aligned Ge nanodots by SiGe/Ge SL deposition on SiGe
VS were investigated. The surface morphology of the SiGe
spacer changes by modifying the process condition. When
the SiGe spacer is deposited at 500 °C on laterally aligned Ge
nanodots along (100), a checkerboard mesa structure is
formed on buried Ge nanodots. By increasing the deposition
temperature or the Ge content, the SiGe surface becomes
smoother due to enhanced surface migration. Ge nanodots
tend to align dot-on-dot when the SiGe surface is smooth

© 2023 The Japan Society of Applied Physics
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Fig. 7.

(Color online) AFM images of 20-cycle SL of 52 nm SiGe/12.5 nm Ge. Sip 48Geg s, grown at 550 °C and Sig 5,Geg 49 grown at 500 °C alternately

used as spacers, and top Ge coverage of (a) 2.5 nm, (b) 5.0 nm, (c¢) 7.5 nm and (d) 12.5 nm.

because of the local lateral tensile strain induced by the
buried nanodots. However, when the SiGe surface is checker-
board mesa structured, Ge grows at the bottom of the mesa
sidewalls first due to surface energy reduction, and then
merges with others in the same concavity. As a result, the
nanodots form at the staggered position (concavity) between
two mesas. This enables the vertical alignment of multilayer
Ge nanodots switching between dot-on-dot and staggered
alignment. In addition to the vertical alignment, the Ge
nanodots are laterally aligned along the elastically soft (100)
direction without pre-structuring, which may result from the
strain field distribution. Ge-rich planes found in the SiGe
spacer grown at 500 °C are associated with more surface
migration of Ge atoms compared to Si atoms and the
preference of Ge growth at the bottom corner of stairsteps.
The results obtained here enable alignment-controlled 3D-
ordered Ge nanodot stacks.
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