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Three-stage nucleation and growth of Ge self-assembled quantum dots grown
on partially relaxed SiGe buffer layers

H. J. Kim,* Z. M. Zhao, and Y. H. Xie
Department of Materials Science and Engineering, University of California Los Angeles, Box 951595, Los Angeles,
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Three-stage nucleation and growth of Ge self-assembled quantum dots~SAQDs! on a relaxed SiGe buffer
layer has been studied. Plastic relaxation of the SiGe buffer layer is associated with a network of buried 60°
dislocations leading to an undulating strain field. As a result, the surface possesses three different types of sites
for the nucleation and growth of Ge SAQDs: over the intersection of two perpendicular buried dislocations,
over a single dislocation line, and in the region beyond one diffusion length away from any dislocation. Ge
SAQDs are observed to nucleate exclusively over the dislocation intersections first, followed by over single
dislocation lines, and finally in the region far away from dislocations. By increasing the Ge coverage at a slow
rate, the prenucleation stage at the various sites is observed. It appears that the varying strain field has a
significant effect on both the diffusion of Ge adatoms before SAQD nucleation, as well as the shape evolution
of the SAQDs after they form. Moreover, two distinctly different self-assembly mechanisms are observed at
different sites. There exist denuded zones free of Ge SAQDs adjacent to dislocation lines. The width of the
denuded zone can be used to make direct determination of the Ge adatom diffusion lengths. The partially
relaxed substrate provides a useful experimental vehicle for the in-depth understanding of the formation
mechanism of SAQDs grown epitaxially in the Stranski-Krastanov growth mode.

DOI: 10.1103/PhysRevB.68.205312 PACS number~s!: 68.55.Ac, 68.65.Hb
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I. INTRODUCTION

Ordering of three-dimensional self-assembled quan
dots ~SAQDs! has been an important subject for device a
plications such as quantum dot lasers.1,2 Among the various
approaches,3–8 the one with a buried stressor appears to
very promising for being the one that does not require fi
lithographic techniques that are usually associated w
throughput limitations. It has been well known that G
SAQDs grown on a relaxed SiGe buffer layer preferentia
nucleate along buried dislocations.6,9 In cubic semiconduc-
tors such as Si, Ge, and most III-V compound semicond
tors, dislocations of mixed edge-screw type10 with the angle
between Burgers vector and the dislocation line being
move fast through glide mechanism. As a result, they do
nate the dislocation population. For the typical combinat
of a ~001! substrate and a lattice mismatched epitaxial t
film, 60° dislocation lines lie at the film-substrate interfac
run along^110& directions and form rectangular arrays.

In this study, partially relaxed SiGe buffer layers wi
buried 60° dislocation arrays are used as the stressor. In
trast to previous studies that aimed at obtaining regu
SAQD placement,6 dislocation spacing in the current study
carefully controlled to be significantly larger~instead of
smaller! than the surface diffusion length of Ge adatom
Typical duration of the high temperature processes when
adatom motion is rapid is around 120 sec in our experime
The diffusion length is on the order of 0.5mm. For an aver-
age dislocation spacing of;7 mm, three types of surface
sites can be distinguished from one another and monito
with ease. The three types of sites include those over
dislocation intersections~site A!, those over single disloca
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tion lines~site B!, and those far away from dislocations~site
C!.

From the standpoint of adatom density, Strans
Krastanov~SK! growth mode itself is an interesting contra
to the growths of Si on Si that proceeds in the Frank-van
Merwe ~FV! mode. The latter has been studied in detail
Mo et al.11 and has been shown to grow via either st
propagation or two-dimensional~2D! island nucleation and
coalescence. As a result, the adatom density reaches a s
state value for a given incident molecular flux and remains
that value throughout the rest of the growth process.
growths such as Ge on Si or InAs on GaAs, on the ot
hand, go through FV mode during the first couple of mon
layers coverage, i.e., during the formation of the wettin
layer. At the completion of the wetting-layer formation, su
face steps cease functioning as sinks for adatoms and
island nucleation and growth are prohibited energetically.
a result, the adatom density starts to increase linearly w
time until it reaches the supersaturation value for the nu
ation of SAQDs. The three types of sites on the surface o
partially relaxed buffer layer have the difference in their i
plane lattice constants with the value at A sites being
closest to that of unstrained Ge. Intuitively, such differenc
can translate into either a difference in the diffusion coe
cient of the adatoms, in the wetting-layer thickness, in
critical size of pyramid-to-dome transition,12 or all of the
above. This paper attempts to provide answers to som
these questions.

Through fine control of the Ge coverage to a fraction
an angstrom, prenucleation ridges over single disloca
lines are observed immediately before the formation of
islands, i.e., SAQDs. Ge SAQDs formed subsequently h
the characteristic pyramid shape. With increased Ge co
©2003 The American Physical Society12-1
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age, these pyramids undergo a transition to domes, i.e.
lands with a multitude of higher angle facets.13 The critical
island size at which the pyramid-to-dome transition tak
place is different between the SAQDs located over the th
different types of sites. Under the assumption that the tr
sition represents a switch over in the minimum free ene
shape as proposed by Rosset al.,14 the difference in the criti-
cal island size can be taken as an indicator of the differe
in misfit strain energy among the three types of sites.

There are well-defined denuded zones on both sides o
buried dislocations that are free of Ge SAQDs. The nuc
ation of SAQDs at C sites occurs abruptly in terms of
coverage. The nucleation process lasts for a duration of
proximately 20 sec depending on the Ge flux. A growth
terruption of comparable length in time resulted in a low
SAQD density, indicating the importance of the role of s
face diffusion. In the region between the initially nucleat
dots, the Ge adatom density decreases as a result of su
diffusion in cases with low or zero incident Ge flux. F
higher incident Ge flux and the diffusion flux, Ge adato
density in the region between dots may increase with tim
resulting in the nucleation of more islands. In the meantim
the average spacing between islands decreases with inc
ing island density, causing a decrease in the ratio between
incident Ge flux and the surface diffusion flux, and the ev
tual vanishing of the supersaturation. Nucleation stops a
result.

A further deposition of Ge is associated with an increa
in the average SAQD volume and a nearly constant SA
density. Ostwald ripening is then observed first amo
SAQDs at site B, presumably due to the close spacing
tween dots. The surface diffusion under the influence of
undulating chemical potential on a strained surface was
amined by Freund.15 Mattssonet al.simulated the nucleation
of three-dimensional islands on a strained surface.16 The ex-
perimental observations presented in this paper will prov
a more solid basis for theoretical calculations and simu
tions, thereby furthering the understanding of this scien
cally challenging and technologically important formatio
mechanism of semiconductor SAQDs.

II. EXPERIMENTAL DETAILS

Samples used in this study were grown by a Rib
EVA-32 molecular beam epitaxy system equipped with t
electron beam evaporation sources of Si and Ge, res
tively. All samples consist identical relaxed SiGe buff
structures that provide the undulating strain field. The p
tially relaxed buffer layers were prepared by the followi
sequence. First, p-type Si~001! substrates with 10V-cm re-
sistivity were sent through a wet chemical cleaning proc
known as modified Piranha.17 The chemical oxide layer wa
subsequently removed in-situ at a substrate temperatur
800 °C in a low Si flux of 0.2 Å/s. An 800 Å thick Si0.9Ge0.1
buffer layer and a 100 Å thick Si cap layer were grown
550 and 600 °C, respectively. The buffer layer was alm
completely strained as grown. Then the samples underwe
post-growth anneal at 700 °C for 30 min that led to the p
tial strain relaxation of the Si0.9Ge0.1 buffer layer via dislo-
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cation. The function of the Si cap layer under tensile strain
to preserve a flat surface.18 The resulting samples consist o
an undulating strain field with a relatively flat top surface
Si atoms~rms on the order of a few angstroms!. The quality
of the resulting surface was examined using reflection hi
energy electron diffraction. Streaky 231 patterns were ob-
served for all samples throughout the growth and annea
processes.

Ge SAQDs growths were carried out at 700 °C with G
coverage ranging from 3.0 to 12.0 Å. All samples employ
the slow growth rate of 0.05 Å/s. After Ge growths, th
samples were quenched to room temperature. Ge SAQ
grown at the various Ge coverage were characterized wi
Park Scientific atomic force microscopy~AFM! operating in
contact mode. Surface topography, in particular the rid
over single dislocation lines as well as the shape and dim
sion changes of Ge dots at three different sites, were c
fully characterized for samples of various Ge coverage. T
fidelity of the AFM topography is ensured by the low aspe
ratio of the Ge SAQDs@the typical aspect ratio of pyramid
grown on bulk Si~001! substrate is around 1:10# relative to
the AFM tip radius. The radius of the AFM tip used in th
study is;20 nm. The location of the buried dislocations w
revealed by lines of steps such as the one shown in Fig
Arrows indicate the step over a buried single dislocation li
To ensure the exclusive existence of SAQDs at site A in
case of low Ge coverage, scan sizes as large as
360mm2 were used.

III. RESULTS

A. Observation of three-stage nucleation

AFM topography of samples with Ge coverage of 4
4.5, 5.0, and 6.0 Å are shown in Fig. 2~a!–2~d!. The first

FIG. 1. Two-dimensional AFM topographic image of the samp
before Ge growth. Arrows indicate the ridge on the top surfa
resulting from buried single dislocation. The line scan of a-b illu
trates that the ridge height across buried single dislocation is
60.7 Å.
2-2
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THREE-STAGE NUCLEATION AND GROWTH OF Ge . . . PHYSICAL REVIEW B 68, 205312 ~2003!
three images clearly illustrate the existence of three type
surface sites and the resulting three-stage nucleation at
location intersections@type A, ~a!#, single dislocation lines
@type B,~b!#, and in regions far away from dislocations@type
C, ~c!#, respectively. Three-stage nucleation is clearly sho
as the Ge coverage increases. At 4.0 Å, Ge SAQDs of p
midal shape nucleate exclusively at A sites. These pyram
form a rectangular array with perfect registry to the netwo
of buried dislocations. The pyramids show an aspect ratio
around 1:10.8 (61) representing slightly lower angle fac
than the well-known$105%. It is believed that this low aspec
ratio is caused by the kinetically limited growth at the e
perimental parameters used in this study. An additional 0.
of Ge growth causes the preferential nucleation of
SAQDs over dislocation lines~site B!. Figure 2~b! shows a
large rectangle bordered by dislocations consisting
SAQDs formed at A and B sites. Although the Ge covera
at this point is approximately the wetting-layer thickness@es-
tablished in the literature to be;3 ML'4.2 Å in the case of
Ge grown on bulk Si~001! substrate19#, it is important to
notice that there is no SAQD in the region between dislo
tions. The dislocation spacing of;9 mm is much larger than
surface diffusion length of Ge adatom reported
literature20,21 under similar conditions. The appearance
SAQDs at sites A and B indicates that either the Ge ada
density is higher or the nucleation barrier is lower at the
sites.

B. Prenucleation stage

In an effort to differentiate between the two possibilitie
the surface topography immediately prior to the nucleat

FIG. 2. Two-dimensional AFM topographic images of G
SAQDs with 4–6 Å coverage on a partially relaxed Si0.9Ge0.1 buffer
layer.~a! 4.0 Å Ge coverage with Ge SAQDs only at site A.~b! 4.5
Å Ge coverage with Ge SAQDs at sites A and B.~c! 5.0 Å Ge
coverage with Ge SAQDs at sites A, B, and C.~d! 6.0 Å Ge cov-
erage with Ge SAQDs at sites A, B, and C.
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of any islands was examined in detail. Evidence of a hig
density of Ge adatoms is observed at site B in the form o
ridge ~not islands! of very low aspect ratio as shown in Fig
3. The ridge height in samples with 3.0 Å Ge coverage w
determined to be 7.561.5 Å, a significant increase from th
2.960.7 Å value in the sample with no Ge coverage. T
original ridge height from samples with no Ge covera
agrees well with the observation by Lutzet al.22 who
claimed a ridge height of 2.560.3 Å for individual buried
dislocations. Although there are definite non-planarity
these sites,~001! remains to be the prevailing facets. Th
average terrace width of;240 Å calculated from the aspec
ratio of the ridges is comparable to that on typical Si~001!
surfaces. The only difference is the polarity of the ‘‘forc
dipole’’ at these steps23 are more aligned. We call thes
ridges ‘‘pile-ups’’ of Ge in order to differentiate them from
SAQDs. The lack of 3D Ge islands at this Ge coverage
dicates that the wetting-layer thickness (.;4.5 Å) at these
sites is much thicker than at site C, presumably due to
much reduced misfit strain at these sites. The above obse
tion favors the higher Ge adatom density possibility over t
of a lower nucleation barrier at B sites.

A similar pile-up of Ge is also observed at site A. The
due to the fourfold symmetry, the pile-ups are in pyramid
shape with extremely low (;1:145) aspect ratio. Further
more, the aspect ratio seems to vary continuously with tim
instead of staying at a constant value such as in the cas
typical Ge pyramids on Si. The fact that no single facet
preferred indicates that such pile-ups of Ge are not SAQ
In other words, they do not represent energetically sta
islands. Instead, they could be explained by the existenc
a chemical potential gradient for Ge adatoms toward A an
sites caused by the undulating strain field. Supporting
belief is the fact that such pile-ups are never observed at
C, where there is no directional diffusion of Ge adatoms.

C. Observation of simultaneous SAQDs growth and nucleation

A Ge coverage beyond 4.5 Å causes the adatom densi
site C to reach the supersaturation level for 3D island nu

FIG. 3. Two-dimensional AFM topographic image of the samp
with 3.0 Å Ge. The line scans of a-b illustrates that the ridge hei
across a buried single dislocation is 7.561.5 Å.
2-3
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ation. At 5.0 Å Ge coverage, randomly distributed SAQ
with a rather low density (;6.53108 cm22) appear at site C
@Fig. 2~c!#. Subsequent Ge growth causes the line densit
site B to increase to a maximum value of;9.2
3104 cm21. There is a corresponding areal density incre
at site C to;1.73109 cm22. Interestingly, the maximum
SAQD densities at sites B and C are both reached at the
coverage of 6.0 Å. The dot density remains constant u
continued deposition of Ge from 6.0 to 8.0 Å. In oth
words, there exists a period during the growth~that corre-
sponds to Ge coverage between 6.0 and 8.0 Å under
current experimental conditions! when the Ge adatom supe
saturation falls below the value necessary for the nuclea
of Ge islands. This happens when the incident Ge flux can
longer replenish the loss of Ge adatoms due to surface
fusion in regions between dots. Beyond a 8.0 Å Ge covera
coarsening sets in that will be discussed below.

D. Different determining factors for the interdot spacing at
different sites

It is worth noting that the spacing between Ge SAQDs
site B is significantly smaller than that at site C. For e
ample, in the sample with 6.0 Å Ge@Fig. 2~d!#, the spacing
between adjacent dots of;0.02mm at site B is about an
order of magnitude smaller than the value of;0.24mm at
site C. One possible reason contributing to this differenc
the anisotropic nature of strain in the dots at site B. T
misfit strain between the dots and the substrate is less in
direction perpendicular to the underlying dislocation line
The consequence of the close spacing is that there is st
elastic interaction between dots via the substrate. In o
words, the dot spacing is likely to be determined by t
interaction via the elastic strain field in the near surface
gion of the substrate. This is in clear contrast with the mu
larger spacing between dots at site C. At site C, the spa
between dots is determined by the surface diffusion lengt
Ge adatoms. The spacing varies with the substrate temp
ture in an Arrahnius fashion as shown in Fig. 4. The acti

FIG. 4. The measured areal dot density as a function of
growth temperature for Ge SAQDs. The Arrahnius plot shows
activation energy of 0.68260.04 eV.
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tion energy extracted from such Arrahnius behavior is
proximately 0.68260.04 eV, in close agreement with th
well established value for surface diffusion of Ge on Si.24,25

This observation provides strong evidence that the spa
between dots at site C is determined by surface diffusion
Ge adatoms.

E. Evidence of difference in misfit strain among SAQDs at
different sites

Finally, the critical size of pyramid-to-dome transition
used for qualitative comparison of misfit strain in SAQDs
sites A, B, and C. The critical size is characterized by
base diameter of the smallest domes and the largest p
mids. Rosset al.14 suggested that the transition represe
the free energy crossover point at which islands with a m
titude of larger angle facets become more stable than p
mids. As a result, the critical size should be dependent
and can be used as an indicator of, the misfit strain
SAQDs. The critical sizes at the three different sites can
measured experimentally at Ge coverage of slightly be
6.0 Å for which both pyramids and domes coexist. The cr
cal sizes of SAQDs at sites A, B, and C are determined to
1237610, 1041610, and 886610 Å, respectively. This ob-
servation provides indirect evidence that the misfit strain
the lowest at site A and the highest at site C.

F. Observation of a rare event of SAQDs forming after a
single propagating dislocation

During our study, we came across a rare event that is,
believe, the result of dot formation along a buried dislocat
half loop that is expanding. In Fig. 5 the nucleation of G
SAQDs proceeds from point A to point B along buried sing
dislocation. The dot size becomes smaller and the dots s
ing becomes larger as we move from the center towards
end of the dislocation half loop. This trend is symmet
towards the other end of the dislocation. Three line sc
reveal that ridge heights of a-b, c-d, and e-f are 7.2, 4.8,
2.9 Å, respectively. This trend is a direct consequence
the accumulation of Ge adatoms by surface diffusion h
pens at a finite rate. The time it takes is comparable to

e
e

FIG. 5. Three-dimensional AFM topographic images of t
sample in which the nucleation of Ge SAQDs proceeds along
underlying dislocation. Ridge heights across a single dislocatio
a-b, c-d, and e-f are;7.2, ;4.8, and;2.9 Å, respectively.
2-4
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time it takes for the dislocation to expand by severalmm. As
a result, the time period during which directional surfa
diffusion happens is noticeably shorter near the end of
buried dislocation half loop comparing to that near the c
ter. The ridge height of e-f is comparable to the one
samples without Ge growth corresponding to Fig. 1, wher
that of a-b is practically the value measured across any
ied dislocation line in Figs. 2~a! or 2~b!. The total length of
this propagating buried dislocation is found to be;24mm
by following the ridge. Apparently, the dislocation half loo
was introduced near the beginning of the Ge growth t
took place at 700 °C. Such a substrate temperature is s
cient to allow a dislocation half loop to grow at a rate that
on the order of a fewmm per minute.26 The formation of the
dots along the line is practically trailing the expanding d
location, allowing us to observe the unfolding of such a d
namic process.

IV. DISCUSSION

The experimental observations presented in this st
show the kind of information that can be extracted by us
a partially relaxed buffer layer. It is an excellent experime
tal vehicle for the study of the various stages of nucleat
and growth of SAQD formation in the SK mode. There is
complex interplay of the directional surface diffusion of G
adatoms with the different SAQD nucleation barriers at
various surface sites. The experimental results provide
sight into the formation process of Ge SAQDs on Si. At t
same time, these results also raise more unknowns.

Following the evolution of the Ge adatom density near
three different types of sites on the surface, we can ‘‘tra
the formation of Ge SAQDs on Si~001!. At the beginning of
the growth, the Ge adatom density increases all across
sample surface. Together with this increase, directional
fusion takes place, presumably as a result of the differenc
the Ge adatom diffusivity near the three types of surfa
sites. Ge adatoms dwell longer at sites A and B because
lattice constants there are closer to that of unstrained
Consequently, there is a net flux of Ge adatoms from
surrounding region towards sites A and B, and the Ge den
near these sites increases as a result. The wetting-layer t
ness at these sites is apparently much larger than on bu
surfaces (;4.2 Å, as is well established in the literature!.
There is no SAQD nucleation at site B for Ge layer thickne
values of,;6.0 Å. Such a large wetting-layer thickne
can again be explained using the much lowered misfit st
between the SAQDs and the substrate at sites A and B c
pared to that at site C. Intuitively, a zero misfit strain sho
lead to a wetting-layer thickness approaching infinity.

Directional diffusion leads to a partial depletion of G
adatoms near sites A and B that is later manifested a
‘‘denuded zone’’ free of SAQDs. The extent of the dire
tional diffusion is approximately the diffusion length durin
the experimental process, and is on the order ofmm. As a
result, the Ge adatom density in regions far away from sit
and B is largely unaffected. It is expected to stay const
first until the completion of the wettinglayer. At that poin
step edges stop functioning as sinks for adatoms and
20531
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nucleation becomes energetically unfavorable, the Ge a
tom density starts to increase within deposition time in
linear fashion. Figure 6 depicts the expected evolution of
Ge adatom density with time.

Upon an increase of the Ge coverage, SAQD nuclea
begins first at site A, and then at site B. All dots begin w
a pyramidal shape that is followed by an abrupt transition
the well-known dome shape.13 The reason that SAQDs form
at sites A and B is interpreted as a result of the abund
supply of Ge adatoms due to the strain induced chem
potential gradient. Although no appropriate experiments h
yet been done, it is expected that the amount of time dur
which the substrate temperature is sufficiently high is
determining factor for the preferential nucleation of SAQD
at sites A and B. The degree of supersaturation at these
increase with the duration.

A further increase of the Ge coverage eventually leads
the nucleation of SAQDs at site C. This occurs when the
supersaturation reaches the critical value for SAQD nuc
ation. The combined knowledge of the Ge flux and the de
sition time allows a rough estimate of the critical value of t
Ge supersaturation necessary for the nucleation of SAQ
The only uncertainty in such an estimate is the prec
wetting-layer thickness that cannot be determined by the
sence of SAQDs, but only by monitoring the adatom dens
in real time. The majority of the wetting-layer informatio
quoted in the literature uses the former definition and
therefore strictly speaking inaccurate.

Immediately after the onset of SAQD nucleation at site
directional diffusion takes place across the entire sample
face. At this point, all existing SAQDs function as sinks f
Ge adatoms. Figure 7 shows a schematic drawing of the
adatom density near SAQDs at site C. Directional diffusi
contributes to the decrease of the Ge adatom density betw
dots. The rate of decrease is inversely proportional to
interdot spacing. If the incoming Ge flux is higher than t
directional diffusion rate, the Ge adatom density betwe
dots will increase. Such an increase in the adatom den
leads to a continued nucleation of SAQDs and conseque
to a decrease in the interdot spacing. The result is an incr
in the rate of directional diffusion. This process continu
until a quasisteady state is reached in which the incoming
flux is equal to the directional diffusion rate, and SAQ
nucleation stops as a result. During this process, experim

FIG. 6. Schematic drawing of the adatom density (ns) as a func-
tion of growth time~t! at a growth rate of R. The wetting layer i
completed atto and 3D SAQD nucleation occurs att r . nv is equi-
librium adatom density.
2-5
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tal observations show a continued nucleation of SAQDs
corresponds to a Ge coverage from 4.5 to 6.0 Å in our
periments. Eventually, the spacing between dots beco
small enough so that the directional diffusion flux overtak
the incoming Ge flux and the Ge adatom density drops be
the critical supersaturation value (nc). The SAQD nucleation
process comes to a halt. This point happens at a 6.0 Å
coverage in our experiments.

Ostwald ripening is going on throughout this process e
since the formation of SAQDs. The ripening process ma
fests itself as a widening of the SAQD size distribution. T
larger dots grow larger at the expense of smaller ones. In
case of a higher Ge supersaturation value, ripening ta
place simultaneously with the growth in size for both sm
and large dots. As the Ge adatom density eventually
creases to below the equilibrium value for smaller dots,
still above that for larger dots, smaller dots start to shrink
size and the effect of the ripening process becomes m
obvious. Figure 8 shows the evolution of the dot size dis
bution as a function of the growth time~Ge coverage!. It is
obvious that after an 8.0 Å Ge coverage, the effect of rip
ing becomes increasingly visible. Coarsening at site B
comes apparent at a much earlier stage because of the
spacing between dots.

The observation that SAQD nucleation trails an expa
ing dislocation half loop provided valuable insight into th

FIG. 7. Schematic drawing of the Ge adatom density betw
two existing Ge SAQDs at site C. When the distance between
two dots is larger than the equilibrium interdot spacing, anot
nucleation occurs at the position Ge super saturation reache
critical value (nc) with the increase of time (t1 to t5).

FIG. 8. The evolution of the average dot volumes at three
ferent surface sites~A, B, and C! as a function of the growth time
A bimodal distribution consisting of pyramids and domes rema
up to 6.0 Å Ge coverage.
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formation of SAQDs over dislocations. It showed us that t
average spacing between dots at site B is not always
small. It becomes smaller with time and eventually reache
value of ;0.02mm as limited by the substrate strain fiel
Our observation points to the natural next step in the exp
ment, i.e., usingin situ transmission electron microscopy t
follow the expanding dislocation loop and the subsequ
formation of SAQDs. Such a study will provide direct ev
dence of the directional diffusion rate of Ge adatoms t
begins after the dislocation expands beyond a given p
and results in the formation of SAQDs a short while later

Continued Ge deposition eventually result in the avera
SAQD size to increase beyond the point when dislocat
formation becomes energetically favorable. The domin
dot shape evolves from domes to superdomes.27 This latest
regime is associated with dislocated SAQDs that are not s
able for most electronic and optoelectronic applicatio
Consequently, it will not be discussed further.

For a partially relaxed SiGe buffer layer with an avera
dislocation spacing smaller than Ge diffusion length, on
sites A and B are operational. For even higher dislocat
density, SAQDs could be grown under the regime in wh
only site A is active. That is the regime used to demonstr
rectangular arrays of SAQDs by more than one groups.6,28

While insightful information has resulted from our expe
ments, several questions remain. First of all, the quantita
relation between misfit strain and the chemical potential
Ge surface diffusion is not known. Unlike metal system
such as Ag/Ag~001! for which studies have been conducte
surface reconstruction in semiconductors makes the situa
more complex. The observed preferential nucleation a
growth over dislocations is likely to come from the com
bined effect of chemical potential gradient for individu
quantum dots and the varying energy barrier for the surf
diffusion of Ge adatoms. More carefully planned expe
ments combined with theoretical studies are necessary to
ther our understanding on this subject. Moreover, a pro
way to define the wetting-layer thickness over a ridge at
B warrants further debate. Finally, the exact reason for
one order of magnitude smaller spacing between SAQ
over a dislocation comparing to that at site C is not cle
Further experiments should be constructed to clarify th
points.

V. CONCLUSION

In summary, the use of partially relaxed SiGe buffer la
ers with an average dislocation spacing larger than the
surface diffusion length proves to be a powerful approach
understanding the nucleation and growth mechanism of
SAQDs on a Si substrate. Clear evidence of descend
chemical potential fields around buried dislocations was
served. The wetting-layer thickness over dislocations is s
nificantly larger than other areas. An approach is establis
that allows us to quantitatively measure the critical sup
saturation value for Ge on Si for the nucleation of SAQDs
rare event of SAQD formation following an expanding di
location half loop provided further insight into the formatio
of SAQDs over dislocations. An Ostwald ripening has be
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clearly observed that occurs at different rates over the v
ous surface sites. Such experimental observations provi
wealth of information for furthering our understanding of t
formation mechanism of Ge SAQDs on Si.
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