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Universal shapes of self-organized semiconductor quantum dots: Striking
similarities between InAs/GaAs „001… and Ge/Si „001…
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The model systems for self-organized quantum dots formed from elemental and compound
semiconductors, namely Ge grown on Si(001) and InAs on GaAs(001), are comparatively studied
by scanning tunneling microscopy. It is shown that in both material combinations only two
well-defined families of faceted and defect-free nanocrystals exist(and coexist). These
three-dimensional islands, pyramids, and domes show common morphological characteristics,
independent of the specific material system. A universal behavior is further demonstrated in the
capping-passivation process that turns the nanocrystals in true quantum dots. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1829164]
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Self-organized semiconductor three-dimensional(3D) is-
lands, epitaxially grown on lattice-mismatched substra
are promising candidates for the practical realization of
tificial atoms,” or so-called quantum dots(QDs). Their
peculiar tunable properties open the way to novel app
tions in the fields of optoelectronics,1 single-electron,2 and
single-photon3 devices, as well as quantum computatio4

However, a successful implementation requires a pre
control over the density and the position of the islands a
good uniformity of their shapes and sizes. While the first
subjects have been successfully addressed,5–7 the control o
shape and size is still an open problem. It entails a b
understanding of the actual morphology of the islands an
their further evolution during postgrowth treatments, wh
for most material systems are still not fully settled issue

The field of self-organized semiconductor quantum
is dominated by two model systems, Ge/Sis001d and
InAs/GaAss001d, where most of the devised applicatio
have been developed and tested. Both have been thoro
investigated, but only for the former a coherent picture o
spontaneously formed 3D islands that act as quantum
has emerged. Shallow islands bound by{105} facets and
steeper dome-like structures8 are the only faceted an
dislocation-free islands forming over the entire range
deposition parameters. On the contrary, the picture is m
more confused for the InAs/GaAss001d system, where
large variety of sizes and shapes has been reported.1,9–14Here
we demonstrate that the existence(and coexistence) of only
two families of faceted and defect-free islands(pyramids and
domes) as well as the transformations that these und
during the embedding-passivation process are genera
tures and do not depend on the specific material system

We used magnetron sputtering epitaxy for the growt
Ge on Si(001) and molecular beam epitaxy for that of In
on GaAs(001). The substrates were first de-oxidized and t
overgrown with a thick buffer layer of Si and GaAs, resp
tively. For the former material system, the QD samples w
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prepared by depositing 7.0 monolayers(ML ) of Ge at a sub
strate temperature of 550 °C and a deposition rat
0.3 ML/s. For the latter, 1.8 ML of InAs were deposited
500 °C, at a rate of 0.008 ML/s and with an As be
equivalent pressure of 8310−6 mbar. Immediately afte
stopping the Ge(In) flux, the samples were cooled to ro
temperature, transferred under ultrahigh vacuum condi
to a scanning tunneling microscope(STM), and there ana
lyzed at room temperature.

Both material systems follow the Stranski–Krastan
growth mode, i.e., the 3D islands form only after the com
tion of a wetting layer with a thickness of about 3 and
ML for Ge/Sis001d and InAs/GaAss001d, respectively. Th
chosen deposition conditions are close to the thermodyn
limit 15 (high temperatures and low deposition rates16) and
result in the coexistence of small and large islands[Figs. 1(a)
and 1(d)]. In analogy to the nomenclature used
Ge/Sis001d, we shall generally call thempyramids and
domes. The grayscale in Figs. 1(a) and 1(d) corresponds t
the local surface slopeunu, wheren= ¹ f is the surface gra
dient andfsx,yd is the surface height at positionsx,yd.17,18A
first visual inspection already reveals that in both system
dome surface is composed of different steep facets(darker
regions) while pyramids are bound only by shallow fac
(lighter regions). In order to obtain quantitative values,
plot in a two-dimensional histogram the frequency at w
the values ofn appear in STM images. In this way, all t
points associated with a given surface orientation contr
to the same spot in the resulting intensity plot, also refe
to as facet plot(FP).17,18 The application of this analysis
the Ge/Sis001d pyramid islands produces four symmetrica
arranged spots[Fig. 1(b)], whose position reveals a{105}
orientation. On the other hand, domes produce 16 spots
responding to{105}, {113}, and{15 3 23} facets18 [see Fig
1(c)]. The InAs/GaAss001d data show a striking similari
both in the STM topographies[Fig. 1(d)] and in the corre
sponding FPs[Figs. 1(e) and 1(f)]. The same type of stru
tures can be recognized, with the difference that the sha
facets of pyramid islands are now oriented along the

nonperpendicular{137} orientations, while the domes pro-

© 2004 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.1829164


s a
ich,

al-

Ds
in

the
re-

arse
ratio

nta
and

en
ami
at a
his
s re
ace
sam
ob-

ities
-
s fo

round
pos-
Ref.

ed in
ns,
en

depo-
pe
ave a
ransi-

pula-
ited
e

elf-
om-
and
ces

hich
uan-
ere-
the
ts

of
n

ho-
the

land
of

gnifi-
sed

ith
of
the
nes.

Fig.
an

ping

t
r than
exact

l sys-

pe
s

on
s
n-

5674 Appl. Phys. Lett., Vol. 85, No. 23, 6 December 2004 Costantini et al.
duce 12 spots corresponding to{137}, {101}, and {111}
facets. We incidentally note that the FP technique allow
high-precision determination of the facet orientation wh
in the case of Fig. 1(e), explicitly excludes the similar{113},
{215}, and{136} orientations, previously proposed for sh
low InAs QDs.12–14

The detailed morphological description of the Q
shown in Fig. 2(directly derived from the facet analysis
Fig. 1) represents an important clarification for
InAs/GaAss001d system. The model agrees with several
ports on bimodal size distributions and with previous sp
facet assignment based on low-precision aspect
measurements10 or diffraction experiments.1,11,14

Furthermore, the results in Fig. 1 are the experime
proof that two universal island shapes—pyramid
dome—exist, as theoretically predicted by Darukaet al.19,20

Based on the minimization of surface and volume strain
ergy, these authors found out that islands in thermodyn
equilibrium should undergo a first-order shape transition
critical volume with the introduction of steep facets. T
picture nicely agrees with the experimental observation
ported here. Even the presence of one type of shallow f
at the base and at the apex of the domes with the
orientation of those bounding the pyramids is actually
served in both material systems(see Figs. 1 and 2). Based on
this theory, it becomes possible to extend the similar
between Ge/Sis001d and InAs/GaAss001d QDs and to ad
vance some predictions for the latter material system. A

8,21

FIG. 1. Self-organized pyramid and dome islands for different materia
tems.(a) STM topography of 7.0 ML Ge deposited on Si(001) at 550 °C
with a rate of 0.3 ML/s(grayscale corresponds to the local surface slo).
(b), (c) Corresponding facet plots selectively evaluated for the pyramid(b)
and the domes(c) only. (d) STM topography of 1.8 ML InAs deposited
GaAs(001) at 500 °C with a rate of 0.008 ML/s.(e), (f) Related facet plot
for pyramid (e) and dome islands(f), respectively. The main surface orie
tations emerging from the facet plot analysis are explicitly indicated.
the Ge/Si system, also in the case of InAs/GaAs a tran-
Downloaded 10 Dec 2004 to 128.178.174.133. Redistribution subject to AI
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sition between pyramids and domes should take place a
a certain critical volume by increasing the amount of de
ited material or upon annealing. The results reported in
10 and Ref. 11, respectively, can actually be reinterpret
this light. Moreover, under appropriate growth conditio
transition islands21,22 with an intermediate shape betwe
pyramids and domes should be observed. Further, the
sition of an InxGa1−xAs alloy should produce the same ty
of islands shown here, even if these are expected to h
larger size because of the inverse dependence of the t
tion critical volume on the strain energy.23,24 Finally, on the
basis of the results in Fig. 1, also the monodisperse po
tion of Ge pyramids reported for small amounts of depos
material and/or low growth temperatures25,26 appears as th
natural counterpart of the monomodal{137} InAs pyramid
distribution measured by Márquezet al.9

The remarkable similarity between the Ge/Sis001d and
InAs/GaAss001d systems extends also to the capping of s
organized 3D islands. This procedure, mandatory to c
plete the quantum dot structures for device applications
for protecting them against degradation, typically indu
strong structural modifications of the pristine islands, w
finally determine the real electronic properties of the q
tum dot. A detailed description of this phenomenon is th
fore highly desirable, but is at present only available for
Ge/Si system.24 In this work the overgrowth experimen
were done by depositing different amounts of Si(GaAs) at a
temperature of 450 °C(460 °C) and a deposition rate
0.1 ML/s s0.6 ML/sd on Ge(InAs) islands as those show
in Figs. 1(a) and 1(d). For both systems the relevant morp
logical transformations occur during the deposition of
very first MLs and produce a very rapid decay of the is
height.24,27,28Thereafter an almost conformal overgrowth
the remaining structures takes place, which does not si
cantly modify further the buried QDs. This will be discus
in detail in a forthcoming publication. Figure 3(a) shows Ge
domes after coverage with 1 ML of Si: the comparison w
the free-standing domes in Fig. 1(a) reveals an increase
the shallow facets(both at the top and at the base of
islands) and a corresponding shrinkage of the steeper o
This effect is quantitatively seen in the related FP of
3(b) where the central{105} spots become more intense th
the outer{113} and{15 3 23} ones[compare with Fig. 1(c)].
An almost identical evolution is observed during the cap

FIG. 2. Structural models of pyramid and dome islands.(a) Ge/Sis001d. (b)
InAs/GaAss001d. The bending edges at the base of the{101} facets, eviden
in the STM images, are possibly due to intersection with facets othe
{137}. Atomically resolved images would be needed to establish their
nature. The different facets are marked by different gray tones.
of InAs domes: after the deposition of 0.1 ML of GaAs, four
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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large {137} facets dominate the island shape, while
steeper{101} and {111} facets become drastically smal
[see Figs. 3(d) and 3(e)]. These island shapes, that we
transition domes, represent the first step of a full backw
evolution leading from domes through pyramids to sha
stepped mounds. The pristine pyramid islands follow a s
lar reverse evolution route but, being smaller, flatten out
finally disappear within the first overgrown monolayers.

The shape transformations during overgrowth can b
tionalized by considering that at the experimental temp
tures segregation of Ge29 (InAs30) and lattice mismatch in
duced outdiffusion of Si(GaAs) take place during cappin
As a consequence, even if bulk diffusion is thermally alm
inhibited, intermixing occurs, resulting in a local decreas
the elastic strain energy. The net result for the islands
tendency of reducing the extension of steep facets(that are
more effective in releasing strain) in favor of shallow ones
which is efficiently done by transferring material from
top to the base of the island. This is the origin of the sh
in Figs. 3(a) and 3(d) and of the simultaneous reduction
the island heights. By continuing capping, the total strai
the islands further decreases, favoring first a pyramid
then a (001) stepped mound shape, as experimen
observed.24 In passing we remark that the 1 ML overgro
Ge domes in Fig. 3(a) are almost identical to the intermedi
structures that can be observed in the pyramid-to-dome
sition during growth.22 Therefore, the analogy between
two material systems implies that the corresponding I

FIG. 3. Morphology of dome islands after the overgrowth with 1 ML of
material. (a) 1 ML Si on Ge domes.(b) Corresponding facet plot. Th
comparison with Fig. 1(c) clearly shows that the intensity of the shall
{105} facets has increased at the expense of the{113} and{15 3 23} ones
(c) Structural model of overgrown domes.(d)–(f) An identical evolution is
observed for the InAs/GaAss001d case: InAs domes overgrown by 1 M
GaAs (d), facet plot(e), and structural model(f).
transition domes should be similar to the islands in Fig. 3(d).
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For the two main representative systems in semicon
tor lattice-mismatched heteroepitaxy we have shown tha
spontaneously forming 3D islands present only two w
defined shapes, pyramids and domes. These results
with the theoretical model of Darukaet al.,19 which indeed
predicts universal faceted island shapes, independent o
cific material parameters. Also the overgrowth scenario
emerges from our measurements, in which the QD cap
can be described as a backward transition from ste
domes to shallower pyramids, is shown to be mate
independent. Our measurements therefore suggest th
unified picture we have presented here could extend, at
qualitatively, to a large number of material combinations
follow the Stranski–Krastanow growth mode. This unive
description of the growth and overgrowth processes of
organized semiconductor quantum dots will be a valu
tool in the design and engineering of QD structures.

1D. Bimberg, M. Grundmann, and N. N. Ledentsov,Quantum Dot Hetero
structures(Wiley, Chichester, 1999).

2R. J. Warburton, C. Schaflein, D. Haft, F. Bickel, A. Lorke, K. Karra
M. Garcia, W. Schoenfeld, and P. M. Petroff, Nature(London) 405, 926
(2000).

3P. Michler, A. Kiraz, C. Becher, W. V. Schoenfeld, P. M. Petroff, L.
Zhang, E. Hu, and A. Imamoglu, Science290, 2282(2000).

4G. Burkard, D. Loss, and D. P. DiVincenzo, Phys. Rev. B59, 2070
(1999).

5I. Mukhametzhanov, R. Heitz, J. Zeng, P. Chen, and A. Madhukar,
Phys. Lett. 73, 1841(1998).

6R. Notzel, Z. C. Niu, M. Ramsteiner, H. P. Schonherr, A. Tranper
Daweritz, and K. H. Ploog, Nature(London) 392, 56 (1998).

7H. Heidemeyer, U. Denker, C. Müller, and O. G. Schmidt, Phys. Rev.
91, 196103(2003).

8G. Medeiros-Ribeiro, A. M. Bratkovski, T. I. Kamins, D. A. A. Ohlbe
and R. S. Williams, Science279, 353 (1998).

9J. Márquez, L. Geelhaar, and K. Jacobi, Appl. Phys. Lett.78, 2309
(2001).

10I. Mukhametzhanov, Z. Wei, R. Heitz, and A. Madhukar, Appl. Phys.
75, 85 (1999).

11H. Saito, K. Nishi, and S. Sugou, Appl. Phys. Lett.74, 1224(1999).
12Y. Hasegawa, H. Kiyama, Q. K. Xue, and T. Sakurai, Appl. Phys. Lett72,

2265 (1998).
13H. Lee, R. Lowe-Webb, W. D. Yang, and P. C. Sercel, Appl. Phys.

72, 812 (1998).
14T. Kaizu and K. Yamaguchi, Jpn. J. Appl. Phys., Part 1,42, 4166(2003).
15N. Moll, M. Scheffler, and E. Pehlke, Phys. Rev. B58, 4566(1998).
16G. Costantini, C. Manzano, R. Songmuang, O. G. Schmidt, and K.

Appl. Phys. Lett.82, 3194(2003).
17M. A. Lutz, R. M. Feenstra, P. M. Mooney, J. Tersoff, and J. O. Chu,

Sci. 316, L1075 (1994).
18A. Rastelli and H. von Känel, Surf. Sci.515, L493 (2002).
19I. Daruka, J. Tersoff, and A. L. Barabasi, Phys. Rev. Lett.82, 2753(1999).
20I. Daruka and J. Tersoff, Phys. Rev. B66, 132104(2002).
21F. M. Ross, R. M. Tromp, and M. C. Reuter, Science286, 1931(1999).
22F. Montalenti, P. Raiteri, D. B. Migas, H. von Känel, A. Rastelli, C. M

zano, G. Costantini, O. G. Schmidt, U. Denker, K. Kern, and L. Mig
Phys. Rev. Lett.93, 216102(2004).

23J. A. Floro, E. Chason, L. B. Freund, R. D. Twesten, R. Q. Hwang, an
A. Lucadamo, Phys. Rev. B59, 1990(1999).

24A. Rastelli, M. Kummer, and H. von Känel, Phys. Rev. Lett.87, 256101
(2001).

25A. Rastelli and H. von Känel, Surf. Sci.532, 769 (2003).
26O. G. Schmidt, C. Lange, and K. Eberl, Appl. Phys. Lett.75, 1905(1999).
27R. Songmuang, S. Kiravittaya, and O. G. Schmidt, J. Cryst. Growth249,

416 (2003).
28P. B. Joyce, T. J. Krzyzewski, P. H. Steans, G. R. Bell, J. H. Neave, a

S. Jones, Surf. Sci.492, 345 (2001).
29K. Nakagawa and M. Miyao, J. Appl. Phys.69, 3058(1991).
30K. Muraki, S. Fukatsu, Y. Shiraki, and R. Ito, Appl. Phys. Lett.61, 557
(1992).

P license or copyright, see http://apl.aip.org/apl/copyright.jsp


