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Self-assembled nanorings in Si-capped Ge quantum dots on „001…Si
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Nanorings with an average height and diameter of 1.2 and 65 nm, respectively, were observed to
form in Si-capped Ge quantum dots grown at 600 °C by ultrahigh-vacuum chemical vapor
deposition. The nanorings were captured with the rapid cooling of the samples with appropriate
amount of Si capping. Based on the results of transmission electron microscopy and Raman
spectroscopy, the formation of nanorings is attributed to alloying and strain relief in the Si/Ge/
~001!Si system. The self-assembly of nanorings provides a useful scheme to form ultrasmall
ring-like structure and facilitates the characterization of the physical properties of unconventional
quantum structures. ©2003 American Institute of Physics.@DOI: 10.1063/1.1635073#
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The growth of self-assembled Ge quantum dots~QDs!
on Si has been intensively investigated for the promis
applications in future electronic and optoelectronic devi
in recent years.1–5 The structural and optical properties
QDs strongly depend on growth condition as well as
capping layer material and the growth process.6,7 However,
the Ge QDs must be covered with a Si capping layer in or
to be used in optoelectronic devices.8 Earlier studies indicate
some structural changes of the Ge QDs during capping w
Si.9,10 In a systematic investigation of the evolution of the G
QDs during the initial stages of Si encapsulation up to
equivalent monolayers~eq-MLs!, drastic changes of shap
and surface morphology of the Ge QDs have been obser
In particular, nanorings were observed to form. The nan
ings were captured with the rapid cooling of the samp
with appropriate amount of Si capping. The mechanism
the self-assembly of an unconventional structure is s
gested. Note that the amount of Ge deposition is expresse
the unit of equivalent monolayers~eq-MLs, 1 eq-ML56.27
31014 Ge atom/cm2).11

10–25V cm, 100 mm diameterp-type ~001!-oriented Si
wafers were used in the present study. All the Ge QDs inv
tigated in this work were grown at 600 °C in a commercia
available multiwafer ultrahigh-vacuum chemical vapor dep
sition ~UHV/CVD! system. Pure SiH4 and 5% GeH4 diluted
in He were used as precursors. The Si wafers were dippe
a 10% HF solution to achieve the H passivation, then tra
ferred into the UHV/CVD system. A 60-nm-thick Si buffe
layer was first grown. After depositing the Si buffer, a 13
eq-ML Ge layer was then deposited. To investigate the e
lution of the Ge dots structure during the Si overgrowth,
coverages of Si capping layer on Ge islands were chose
be 0, 14, 21, 28, and 56 eq-MLs. As the deposition w
terminated, the wafers were kept in the deposition cham
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for 3 min, unless otherwise specified, to evacuate the resi
reactant and were then removed from the chamber.

The Ge dot shape and size distribution were charac
ized by atomic force microscopy~AFM! in tapping mode.
Both planview and cross-section transmission electron
croscopy~XTEM! images revealed more detailed inform
tion about diameter and facets of the Ge nanostructu
TEM in conjunction with an energy dispersion spectrome
~EDS! was utilized to determine the composition of Ge nan
structures. For the EDS analysis the electron beam can
converged to a size as small as 1.5 nm. Micro-Raman m
surements were performed at room temperature. Ar1 ion la-
ser, 514.5 nm in wave length, with a power of;10 mW and
a spot size of;1 mm was used for excitation. High dispe
sion mode ~or additive mode! was used to measure th
Si–Ge vibrations near 410 cm21. The resolution of Raman
spectra was approximately 0.1 cm21.

The AFM images in Fig. 1 illustrate the evolution of th
surface morphology during the overgrowth with 0–28 e
MLs of Si. For an uncapped sample, Fig. 1~a! shows the
well-known bimodal islands, pyramids with shallow$105%
facets and domes with higher angle facets, which are c
monly observed for high temperature deposition.6,7 Roughly
88% of the Ge QDs are domes; the rest are pyramids. A
deposition of 14 eq-MLs Si on Ge QDs, the pyramids a
dominant and the domes are hardly seen, as shown in
1~b!. In the mean time, the density of the QDs increas
from about 93109– 1.131010 cm22 with a broader island-
size distribution. The dome to pyramid shape transition of
QDs has been reported by Rastelliet al.9 This phenomenon
was interpreted in terms of the dependence of equilibri
shape of QDs on their volume and composition as a resu
intermixing.

After growth of 21 eq-ML Si as shown in Fig. 1~c!, some
small QDs disappear and the large QDs decrease furthe
height and diameter with a density of 7.93109 cm22. Figure
3 © 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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1~d! shows the surface morphology after deposition of
eq-MLs Si. At this stage, the ring-like islands~nanorings!
appeared to replace the larger QDs in the images show
three-dimensional image of nanorings is shown in Fig.
These nanorings have a height and diameter of 1.260.5 and
6566 nm, respectively, with full width at half-maximum
width measured to be 3565 nm. For deposition with 56 eq
MLs Si capping layer, the ring-like structures tended
smooth out and were no longer evident in the AFM imag
In addition, the rings were found to be of transient natu
since they would disappear if the samples were kept in
growth chamber at 600 °C for 10 min.

A number of previous studies have demonstrated m
interesting physical phenomena or optical properties of ri
like nanostructures in InAs/GaAs systems.12–14 In view of
the transient nature of the nanorings in this work, the Si/
ringlike islands captured by rapid cooling of the samp
with appropriate amount of Si capping in this work sh
provide a good framework to investigate the properties
unconventional SiGe quantum structures.15,16

Figures 3~a!, 3~b!, and 3~c! show XTEM images of the
uncapped domes, truncated pyramids and nanorings, res
tively. It is evident that Ge QDs reduced its heights with t

FIG. 1. AFM images (2mm32 mm) of Ge QDs capped with~a! 0, ~b! 14,
~c! 21, and~d! 28 eq-MLs of Si.

FIG. 2. Three-dimensional AFM image of the nanorings and the line pro
of a nanoring.
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increase of Si coverage. This evolution indicates that
intermixing between Si and Ge QDs tends to develop
stable~001! surface to replace the higher angle facets w
higher energy as shown in Figs. 3~a! and 3~b!. This result is
consistent with those of the earlier studies for the Si ov
growth on the Ge QDs.9,10 With the increase of Si capping
layer to 28 eq-MLs, the nanorings appear as shown in F
3~c!. It is likely that due to the partial relaxation of Ge dot
the apex, a strain modulation was introduced on the surf
layer. Above the Ge-rich dot, the lattice of Si-rich cappi
layer was laterally elongated and exhibits tensile strain.
reduce the accumulated strain energy, the Si atoms esc
from the severely strained regions to the relatively strain-f
regions around the Ge-rich QDs and developed the nanor
on the surface. In the meantime, the intermixing between
caping layer and Ge QDs continued. EDS measuremen
the nanoring seen in Fig. 3~c! shows that the Ge compos
tions at the core and ridges are about 30% and 15%, res
tively. The results indicate that substantial intermixing of
and Ge occurred during the formation of the nanorings. T
intermixing between Si and Ge also leads to the relativ
poor contrast of Ge QDs in both XTEM and planview TE
images.

In order to further elucidate the formation mechanism
the nanorings, a 40 eq-ML Si0.9Ge0.1 was grown on Ge QDs
As expected, the nanorings formed are of a smaller m
diameter of 42 nm owing to the reduction of mismatch str
between SiGe capping layer and Ge QDs. An example
shown in Fig. 4. We note that the selection of 40 eq-ML
the capping layer thickness was based on the understan
that it takes thicker SiGe than Si layer to induce the com

e

FIG. 3. XTEM images of the~a! Ge QDs without and~b! capped with 14
eq-MLs, and~c! 28 eq-MLs of Si:~a! and~c! are viewed along the@011# Si
direction. The image in~b! was taken along@010# direction so that the
profile of the pyramid base can be seen. The percentages marked i
figures refer to percentages of Ge determined by EDS.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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rable stress-induced effect. It is conceivable by varying
composition of the capping layer, the size of nanoring can
controlled.

From a comparison of Raman spectra of uncapped
QDs sample and blank Si wafer, the shift of Ge–Si peak
lower wave numbers is generally caused by the presenc
Si in the Ge QDs. In addition, the existence of high Ge–
peak intensity confirms the diffusion of Si into Ge QDs du
ing growth. According to Kolobovet al.,17 the Ge-rich area
in the Ge QDs exists as a core of the dots encapsulate
the intermixed phase. It is well known that strain introduc
the shifts of Ge–Ge and Ge–Si peak in the same direc
toward higher wave numbers.18 The Ge–Si peak of origi-
nally uncapped Ge QDs is shifted from 411.8 to 417.5 cm21

when the Si capping layer increases to 21 eq-MLs as see
Fig. 5. It can be attributed to increased strain as a resu
the Si capping. With the increase of Si capping layer to
eq-MLs, the nanorings form simultaneously, the Ge–Si p
shifts to lower wave numbers by;1.1 cm21 ~from 417.5 to
416.4 cm21). This peak shift implies that the accumulate
strain stored in the Si/Ge QDs system was partially relie
through the formation of nanorings on the surface and
consistent with the AFM results. It should be noted the
termixing between Si capping layer and Ge QDs would a
shift the Ge–Si peak to lower wave numbers. Neverthel
the intermixing between Si and Ge QDs has occurred at

FIG. 4. AFM image of the nanorings in a SiGe-capped Ge QDs samp

FIG. 5. Ge–Si peaks of the uncapped and Si-capped QDs near 410 cm21 in
the high dispersion Raman spectra. Inset shows the peak shift vs the nu
of capping layer.
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initial stage of Si encapsulation and continued during the
capping process. This suggests that the shift to the lo
wave number of Ge–Si peak is more closely correlated w
the formation of nanorings due to strain relief. Very recen
Cui et al. reported the observation of self-assembled Si
quantum rings grown on Si~001! by molecular beam
eptiaxy.19 Similar to the present study, they attributed t
formation of SiGe quantum rings to the strain relief, SiG
alloying, and Ge segregation, while in our growth using t
UHV/CVD system, Ge segregation was suppressed by th
passivation.

In summary, the evolution of the surface morpholo
and microstructures of Ge QDs on Si~001! during Si over-
growth have been investigated at different Si coverag
With increasing Si coverage to 28 eq-MLs, the uncapped
QDs were found to change their shapes dramatically fr
bimodal system to truncated pyramids, and eventually to
nanorings. Substantial intermixing between capping Si a
Ge QDs is evident from both the EDS data and the cont
change in XTEM images. The Raman results demonst
that the formation of nanorings is closely correlated with
strain-driven process. Moreover, it was found that the nan
ing could be controlled by varying the composition of ca
ping layers.
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