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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 or{@8il) and InAs on GaA®01), 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 egasid 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 d2@4CAmerican
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Self-organized semiconductor three-dimensi@B8) is- prepared by depositing 7.0 monolayék4L ) of Ge at a sub-
lands, epitaxially grown on lattice-mismatched substratesstrate temperature of 550 °C and a deposition rate of
are promising candidates for the practical realization of “ar0.3 ML/s. For the latter, 1.8 ML of InAs were deposited at
tificial atoms,” or so-called quantum dotQDs). Their 500 °C, at a rate of 0.008 ML/s and with an As beam
peculiar tunable properties open the way to novel applicaequivalent pressure of X810° mbar. Immediately after
tions in the fields of optoelectroni¢ssingle-electrorf,and  stopping the Geln) flux, the samples were cooled to room
single-photoﬁ devices, as well as quantum computaﬁon_ temperature, transferred under ultrahigh vacuum conditions
However, a successful implementation requires a precis® a scanning tunneling microscog8TM), and there ana-
control over the density and the position of the islands and &zed at room temperature.
good uniformity of their shapes and sizes. While the first two ~ Both material systems follow the Stranski—Krastanow
subjects have been successfully addressethe control of ~growth mode, i.e., the 3D islands form only after the comple-
shape and size is still an open problem. It entails a basiion of a wetting layer with a thickness of about 3 and 1.7
understanding of the actual morphology of the islands and olL for Ge/Si(001) and InAs/GaA&01), respectively. The
their further evolution during postgrowth treatments, WhichChOSl%n deposition conditions are close to the thermodynamic
for most material systems are still not fully settled issues. limit*® (high temperatures and low deposition rafgsnd

The field of self-organized semiconductor quantum dotgesult in the coexistence of small and large islajtdgs. Xa)
is dominated by two model systems, Ge®il) and and ;(d)]. In analogy to the nomenclature _used for
InAs/GaAg001), where most of the devised applications Ge/S(001), we shall _gen_erally call thenpyramids and
have been developed and tested. Both have been thorougHlmes The grayscale in Figs.(@ and ¥d) corresponds to
investigated, but only for the former a coherent picture of thd"€ local surface slopg|, wheren=Vf is the SUffagemg'fa-
spontaneously formed 3D islands that act as quantum dofdent andf(x,y) is the surface height at positi¢r, y).”“A
has emerged. Shallow islands bound {05} facets and first visual inspection already revgals that in both systems the
steeper dome-like structufesare the only faceted and dOMe surface is composed of different steep facassker
dislocation-free islands forming over the entire range of €9ion9 while pyramids are bound only by shallow facets

deposition parameters. On the contrary, the picture is mucﬂ'gh?er reglon; In order to. obtain quantitative values, we
more confused for the InAs/Gaf@0l) system, where a plot in a two-dimensional histogram the frequency at which

large variety of sizes and shapes has been repbf@dHere ¢ Values ol appear in STM images. In this way, all the
9 y ap rep points associated with a given surface orientation contribute
we demonstrate that the existenesd coexistengeof only

. ) . to the same spot in the resulting intensity plot, also referred
two families of faceted and defect—fr_ee islarigggramids and to as facet pIO(FP)'l7,18 The application of this analysis to
domes$ as well as the transformations that these underg

: . . the Ge/Si001) pyramid islands produces four symmetrically

during the embedding-passivation process are general fe?(rranged spot§Fig. 1(b)], whose position reveals 105}

tures and do not depend on the_ speC|_f|c material system. orientation. On the other hand, domes produce 16 spots cor-
We used magnetron sputtering ep|_taxy for the growth Ofresponding to{105}, {113}, and{15 3 23 facetd® [see Fig.

Ge on $j001) and molecular beam epitaxy for that of InAs 1(c)]. The InAs/GaA&0]) data show a striking similarity

on GaAsg001l). The substrates were first de-oxidized and therboth in the STM topographieiFig. 1d)] and in the corre-

overgrown with a thick buff(_ar layer of Si and GaAs, reSpeC'sponding FP4Figs. Xe) and f)]. The same type of struc-
tively. For the former material system, the QD samples werg o5 can be recognized, with the difference that the shallow
facets of pyramid islands are now oriented along the four
¥Electronic mail: gio@fkf.mpg.de nonperpendiculaf137} orientations, while the domes pro-
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FIG. 2. Structural models of pyramid and dome islartdsGe/Si001). (b)
InAs/GaA<001). The bending edges at the base of {81} facets, evident

in the STM images, are possibly due to intersection with facets other than
{137}. Atomically resolved images would be needed to establish their exact
nature. The different facets are marked by different gray tones.
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sition between pyramids and domes should take place around

A A
Ol © QO a certain critical volume by increasing the amount of depos-
G£ ited material or upon annealing. The results reported in Ref.

A 10 and Ref. 11, respectively, can actually be reinterpreted in
2 this light. Moreover, under appropriate growth conditions
0.2 ' '
L10] = B — transition islands-?* with an intermediate shape between
Q{105) A{113} {15323} QO{137} A{101} I {111} pyramids and domes should be observed. Further, the depo-
sition of an InGa;_,As alloy should produce the same type
FIG. 1. Self-organized pyramid and dome islands for different material SYsof islands shown here. even if these are expected to have a

tems.(a) STM topography of 7.0 ML Ge deposited on(@21) at 550 °C . . .
with a rate of 0.3 ML/s(grayscale corresponds to the local surface slope larger size because of the inverse dependence of the transi-

. . . 4 —-
(b), (c) Corresponding facet plots selectively evaluated for the pyrachids t|0n_cr|t|ca| volume on the strain ener %’2 Flna"y, on the
and the domesc) only. (d) STM topography of 1.8 ML InAs deposited on basis of the results in Fig. 1, also the monodisperse popula-

GaAg00]) at 500 °C with a rate of 0.008 ML/ge), (f) Related facet plots  tion of Ge pyramids reported for small amounts of deposited
for pyramid (e) and dome islandf), respectively. The main surface orien- - a1arial and/or low growth temperatuf@é® appears as the
tations emerging from the facet plot analysis are explicitly indicated. natural counterpart of the monomodal37} InAs pyramid
distribution measured by Marquet al’
duce 12 spots corresponding {437}, {101}, and {111} The remarkable similarity between the Ge/0®1) and
facets. We incidentally note that the FP technique allows dnAs/GaAg001) systems extends also to the capping of self-
high-precision determination of the facet orientation which,organized 3D islands. This procedure, mandatory to com-
in the case of Fig. (), explicitly excludes the similaf113}, plete the quantum dot structures for device applications and
{215}, and{1362} orientations, previously proposed for shal- for protecting them against degradation, typically induces
low InAs QDs** strong structural modifications of the pristine islands, which
The detailed morphological description of the QDsfinally determine the real electronic properties of the quan-
shown in Fig. 2(directly derived from the facet analysis in tum dot. A detailed description of this phenomenon is there-
Fig. 1) represents an important clarification for the fore highly desirable, but is at present only available for the
InAs/GaAg00]) system. The model agrees with several re-Ge/Si systens? In this work the overgrowth experiments
ports on bimodal size distributions and with previous sparsevere done by depositing different amounts of{GaAsg at a
facet assignment based on low-precision aspect ratitemperature of 450 °G460 °C) and a deposition rate of
measurement8 or diffraction experiment&*4 0.1 ML/s (0.6 ML/s) on Ge(InAs) islands as those shown
Furthermore, the results in Fig. 1 are the experimentain Figs. Xa) and 1d). For both systems the relevant morpho-
proof that two universal island shapes—pyramid andlogical transformations occur during the deposition of the
dome—exist, as theoretically predicted by Darekaal.**°  very first MLs and produce a very rapid decay of the island
Based on the minimization of surface and volume strain enheight**?"?Thereafter an almost conformal overgrowth of
ergy, these authors found out that islands in thermodynamithe remaining structures takes place, which does not signifi-
equilibrium should undergo a first-order shape transition at @antly modify further the buried QDs. This will be discussed
critical volume with the introduction of steep facets. This in detail in a forthcoming publication. Figurg¢s shows Ge
picture nicely agrees with the experimental observations redomes after coverage with 1 ML of Si: the comparison with
ported here. Even the presence of one type of shallow facethe free-standing domes in Fig(al reveals an increase of
at the base and at the apex of the domes with the santhe shallow facetgboth at the top and at the base of the
orientation of those bounding the pyramids is actually ob-slands and a corresponding shrinkage of the steeper ones.
served in both material syster(gee Figs. 1 and)2Based on  This effect is quantitatively seen in the related FP of Fig.
this theory, it becomes possible to extend the similarities3(b) where the central105} spots become more intense than
between Ge/$001) and InAs/GaAf01) QDs and to ad- the outer{113} and {15 3 23 ones[compare with Fig. (c)].
vance some predictions for the latter material system. As foAn almost identical evolution is observed during the capping

the Ge/Si syster’?ﬁ,21 also in the case of InAs/GaAs a tran- of InAs domes: after the deposition of 0.1 ML of GaAs, four
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Ge/Si + 1ML Si InAs/GaAs + 1ML GaAs For the two main representative systems in semiconduc-
' C:oid) tor lattice-mismatched heteroepitaxy we have shown that the
D ,’o/ 54° spontaneously forming 3D islands present only two well-

X defined shapes, pyramids and domes. These results agree

with the theoretical model of Daruket al,'® which indeed
predicts universal faceted island shapes, independent of spe-
cific material parameters. Also the overgrowth scenario that
emerges from our measurements, in which the QD capping
can be described as a backward transition from steeper
domes to shallower pyramids, is shown to be material-
independent. Our measurements therefore suggest that the
unified picture we have presented here could extend, at least
qualitatively, to a large number of material combinations that
follow the Stranski—Krastanow growth mode. This universal
description of the growth and overgrowth processes of self-
organized semiconductor quantum dots will be a valuable
tool in the design and engineering of QD structures.
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(c) Structural model of overgrown domesl)—(f) An identical evolution is
observed for the InAs/GaAB01) case: InAs domes overgrown by 1 ML
GaAs(d), facet plot(e), and structural modef).
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