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Coarsening of Self-Assembled Ge Quantum Dots on Si(001)
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The size distribution of self-assembled heteroepitaxial islands is critical to their application as
guantum dots in novel devicesln situ, real time UHV transmission electron microscopy studies of
Ge island growth on Si(001) show that island coarsening occurs even during growth. With increasing
volume, a shape transition from pyramids to domes gives rise to an abrupt change in chemical potential.
This leads to a bifurcation in the size distribution and ultimately to a narrow size range. Simulations
of coarsening in the presence of a shape transition are in good agreement with experimental results.
[S0031-9007(97)05174-0]

PACS numbers: 61.16.Bg, 68.35.Rh, 81.15.Gh, 85.40.Ux

Strain-induced self-assembly of islands in heteroepidistributions which are often observed can be explained
taxial systems is a promising route to the utilization ofwithout the need to invoke complex mechanisms for self-
nanoscale particles as quantum dots in optoelectronic déimiting island growth [7,9-11]. Shape changes have
vices. Critical to the success of such applications is thabeen observed during coarsening not only of islands
the island size distribution be carefully controlled; in gen-on surfaces, but also of precipitates in solids [12].
eral a well defined size with little dispersion is desir- We believe that our results apply equally well to such
able. The growth of Ge “quantum dots” on Si(001) hassystems, as the basic ingredient—dependence of chemical
been studied by many groups [1—-7]. However, the kinetigotential on shape—appears to be universal.
and thermodynamic factors determining quantum dot self- Our experiments were carried out in a 300 kV Hitachi
assembly are not yet well characterized or understood. H9000 transmission electron microscope (TEM) with a

One of the most remarkable observations is a bimodabase pressure df X 107!° Torr. This microscope has
distribution of island sizes under certain growth condi-been modified to allowin situ deposition of Ge using
tions [5—7]. In a beautiful scanning tunneling microscopydigermane gas introduced to the specimen area through
study [7] it was shown that the two peaks in the island size capillary tube [4]. Deposition was onto a 1@0n thick
distribution correspond to two different shapes. Islands aBi(100) substrate which had been chemically thinned from
small volume are pyramidal, exhibiting fofit05} facets; one side to<100 nm and flash cleaned at 1280 prior
at greater volume the islands have a “dome” shape witlo growth.
additional, larger angle facets. Pyramids and domes are At substrate temperatures around 860and digermane
coherently strained (dislocation-free), although after propressures ofl X 107° Torr, initial growth of Ge on
longed growth dislocated islands appear [3,6] and a triSi(100) (after completion of the wetting layer) was in
modal distribution may even be seen [6]. The origin ofthe form of small strained islands. We imaged these
the bimodal size distribution is not well understood. Oneusing dark-field strain contrast in @, 3g) diffracting
explanation [7] is that pyramids and domes correspond teondition. Video recordings made during growth enabled
two minimum-energy configurations of strained islandsus to track the development of individual islands from
with an activated transition from pyramid to dome. As annucleation onwards, and a particle counting program
island makes this transition it would need to increase itwvas used to measure the distribution of island sizes
volume by some 100000 atoms in a fraction of a secondfrom photographic plates. Since the strain field around

Here we present an alternative model. We observeach island is responsible for the image contrast, the
extensive Ostwald ripening during growth of Ge islandsisland shape and size could not be determined directly.
[8], indicating that the histories of individual islands Instead, the size was estimated as the major axis of the
are intimately coupled to the evolution of the ensembleapproximately elliptical strain contrast. This is likely to
The key idea is that the chemical potential of an islandbe an overestimate [13] but does not change the nature of
undergoes an abrupt change as the equilibrium shapmur conclusions. The smallest islands (less than 10 nm in
changes from pyramid to dome. This occurs at the weltliameter) had weak strain contrast and were not detected
defined volume at which the dome energy becomes lowdny the counting program.
than the pyramid energy. Significantly, there is no need Figure 1 shows a series of images taken from a typical
for a minimum-energy configuration: we show that thegrowth sequence, and the size histograms derived at each
dependence of chemical potential on a shape is sufficietime. We find that all nucleation events occur within
to explain the bifurcation of the size distribution. We a few seconds. After nucleation a coarsening process
also find that the shape transition can lead to a dramatitakes place: some islands continue to grow while others
narrowing of the size distribution, so that the narrowshrink and disappear. This reduction in the number of
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() SR [Fig. 2(b)] shows the same bimodal distribution observed

Eah : in Fig. 1, but from the individual trajectories it can now
be seen that the upper branch of the histogram consists of
islands increasing in size at the expense of islands in the
lower branch, which are shrinking.

At longer times after nucleation, the island density
decreased further while the average size increased, due
both to further coarsening and to the continuing flux.
The first dislocations appeared as the largest islands grew
above 75 nm diameter, and dislocated islands then grew
rapidly at the expense of nearby strained islands, attaining
very large sizes [Fig. 1(d)].

Similar growth kinetics were observed for digermane
pressures in the rangeXx 1078-4 x 107 Torr at sub-
strate temperatures 650 = 30°C. Furthermore, if the
digermane flux was turned off immediately after nucle-
ation, the coarsening was very similar to the process we
have described with the flux on.

Standard models of coarsening invariably giveira-
modaldistribution of sizes [14], and the bimodal distribu-
tion observed here and elsewhere [5—7] appears to not be
well understood. We believe that the bimodal distribution
results from a novel type of coarsening, reflecting the ex-
istence of distinct island shapes at different sizes.

In general, the equilibrium shape of a strained island
depends on its size. Except at high temperatures, islands
are expected to be faceted, with higher-angle facets
introduced at increasing volume.

The role of island shape transformations in driving a
multimodal size distribution has already been recognized.
Medeiros-Ribeiroet al.[7] concluded that each peak in
the size distribution corresponds to a stable or metastable

0 20 40 60 80 100 energy-optimal size for each shape, following a sugges-
Island diameter (nm) tion of Shchukiret al. [9]. However, we observe that the
FIG. 1. Images (inset) and histograms obtained during Ge dé?eak_ p05|t|ons move continuously over time, W_h'Ch IS 1n-
position from2 x 10~7 Torr digermane at a substrate temper- consistent with this model. Furthermore, our simulations
ature of 640C. Images were obtained (a) 21 sec, (b) 51 secshow that a shape transition leads to a multimodal distri-
(c) 98 sec, (d) 180 sec after “nucleation” (i.e., the time at whichption, even without minima in the energy-volume curve.

distinct strain contrast is first seen). Nucleation occurred aftewe illustrate this with an explicit mean-field calculation

a dose of approximately 50 L digermane. The flux remains on . .
during this sequence. The low contrast from the smallest isOf the coarsening. Mean-field theory has been shown to

lands is responsible for the cutoff at about 15 nm diameter. Irgive an accurate description of the overall island distri-
(d) the inset histogram shows the very large islands making ufution, even if it does not capture local correlations [15].
the tail of the distribution. For concreteness, we use an approximate formula for the
energy of a shallow pyramidal island [16] and we take the
islands occurred even though the flux remained on, andurface energy as the same for every allowed facet. Then,
resulted in the development of a bimodal size distributiorwith an appropriate scaling of the length and energy, the
(Fig. 1) similar to that seen after growth interruption [5—island energy is described by the dimensionless formula
7]. The larger islands had a rather narrow size distribution E =1V — Va 1)
(FWHM = 15%) centered around 60 nm. We did not ’
observe coalescence of the strained islands; coarseniighere « is the ratio of the facet angle to an arbitrary
presumably occurred by detachment and diffusion ofeference angle, and is the volume in scaled units. The

adatoms on the surface. _ o ~ dimensionless chemical potential (per volume rather than
To obtain detailed information about individual is- per atom) is then

land behavior, we examined the evolution of every is- OE )

land within a0.5 um X 0.5 um area of the specimen u=—==—aBv13 — @, )
[Fig. 2(a)]. About 60 islands nucleated initially in this v 3

area but within 25 sec only 20 remained. A histogramWe emphasize that this is not intended as a realistic
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FIG. 2. (a) The evolution of every island within an area0df5 um?. Growth conditions weré X 10”7 Torr digermane and

650°C. The island showing rapid growth near the end of the sequence has probably formed a dislocation. (b) The same data
plotted as a grey scale histogram to show the two branches of island size. (c) Simulation showing the fate of islands with different
initial sizes. (d) Histogram of the size distribution in the simulation as a function of time. The model does not include dislocated
islands and therefore at large times it predicts a higher growth rate in strained islands than is observed experimentally.

model for the system, but is rather the simplest model It can be seen that this simulation reproduces the
which incorporates the essential shape transition so as &ssential features of the experimental data. At small
illustrate the qualitative effect at play here. times, coarsening proceeds among a population of islands

Suppose there are two or more types of islands diswhich all have the same shape leading to a unimodal
tinguished by different anglea, and that at any given distribution. However, as some islands exceed V1 they
volume the island assumes the shape with the lowest emssume a shape with higher facet angles. The chemical
ergy. This is based on the well known idea that highempotential is thus lowered, allowing these islands to grow
aspect ratio islands relieve strain more effectively tharrapidly at the expense of the smaller islands. A bimodal
flatter islands. Figure 3 shows the energy for two islandlistribution is therefore predicted for a specific range
types. The chemical potential is the slope of whichever
curve islower, so it is discontinuous at V1, the point
where the curves cross. Even a more detailed model with
multifaceted domes exhibits such a discontinuous transi-
tion [17].

Consider now a standard case where coarsening is
limited by attachment of adatoms to the island perimeter.
With an appropriate scaling of the units of time, island
evolution is governed by the dimensionless equation

dv/dr = v'"3a (- p). (3) M
The mean-field chemical potential is determined by the Eyromid
constraint that the rate of volume change integrated over dome

all islands must equal the total flux incident on the surface.
Beginning with island sizes uniformly distributed be- Island Volume

tween zero and/y, to mimic the early stages of nucle- , ) ,
ation, we integrate (3), recalculating at each time step, FIG-3. Energy per atom and chemical potentja) of islands
to obtain the evolution of the islands. (The choiceVgf with two types of facets with values of in the ratio 1:2,

. calculated from Egs. (1) and (2). The shape transition occurs
and the total flux are somewhat arbitrary.) Results argt volume V1, where the energy curves cross, at which point
compared with experimental data in Fig. 2. there is a discontinuity in.
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of times, with the smaller peak consisting of islands [2] Y.-W. Mo et al, Phys. Rev. Lett.65 1020 (1990);

which are shrinking. A significant feature is that the D.J. Eagleshanet al, Phys. Rev. Lett70, 966 (1993);

peak position for the smaller islands varies with time M. Tomitori et al, Appl. Surf. Sci.76/77, 322 (1994).

[Fig. 2(d)]; there is no preferred size. [3] F. LeGoueset al, Phys. Rev. Lett.73, 300 (1994);
The distribution of smaller islands is relatively broad, P. Schittenhelret al, Appl. Phys. Lett67, 1292 (1995).

depending on details of the original nucleation, whereas!4] M- Hammaret al, Surf. Sci.349, 129 (1995).

the larger islands have a comparatively narrow distri- [5] T.1. Kaminset al, J. Appl. Phys81, 211 (1997).

. - .. [6] M. Goryll et al. (to be published).
bution. The model thus generates a narrow dlstrlbunonm G. Medeiros-Ribeircet al. (to be published).

without any mechanism for limiting island growth (as in [g] The term Ostwald ripening is usually applied to systems
[7,9-11]). Narrow and even bimodal distributions have with fixed volume (i.e., no growth). Here we observe
been observed in other semiconductor systems [11,18] and  significant coarsening during growth, indicating that the
we believe that it would be worth looking for shape tran- mean chemical potential is not dominated by the external
sitions in these systems. flux, but largely by the island ensemble. In our simula-

We can extend this model qualitatively to include the  tions we can vary the excess chemical potential due to
appearance of dislocated islands. As the population of the flux continuously from zero (pure Ostwald ripening—
strained islands coarsens, dislocations will be introduced zge%ri?]\g;h) to arbitrarily large (pure growth—no Ostwald
Ig);[ge';]hsee gr%ifélgsé?jegbn?g?\é?sgirfhtﬁr(: nt]% dgerloc\),¥ [?:ug;(e 9] V.A. Shchukinet al, Phys. Rev. Lett75, 2968 (1995).

o . 0] D. Leonardet al, Appl. Phys. Lett63, 3203 (1993); K. M.

[19)). '!'he transition between dislocated and unreIaX(_a Chenet al, J. Vac. Sci. Technol. BL4, 2199 (1996):
domes is analogous to that between domes and pyramids, ¢ priester and M. Lannoo, Appl. Surf. S04/105 495
and a trimodal distribution could result (cf. [6]). On the (1996): Y. Chen and J. Washburn, Phys. Rev. L&,
basis of our model we expect the average diameter of 4046 (1996); A.-L. Barabasi, Appl. Phys. Le®0, 2565
unrelaxed domes to reach a maximum and then decrease (1997).
as dislocated islands appear [20], in the same way that wig1] Q. Xie et al, J. Vac. Sci. Technol. B4, 2203 (1996).
have seen for the population of pyramids. [12] M.E. Thompson and P.W. Voorhees, Mathematics

In conclusion, we have useéh situ, video UHV of Microstructure Evolution 1996Proceedings of Ma-
TEM to observe the evolution of individual Ge islands tnig?;s V‘;?}%k '\;lgg’ergli"es'g‘gfe'tyo';'A'/a?r‘étﬁdlif F()X'”Egzlg;
grown On.SI.(C.)Ol) by Chemlcal vapor deDOSIt!OnZ We p. 125; U. Dahmenet al, Phys. Rev. Lett.78 471
observe significant coarsening during growth, indicating

. . . 1997); S.Q. Xiaoet al, Philos. Mag. A 75 221
that the adatom supersaturation is small even in an §1997;_ Q g

overpressure of Ge from the external flux. The islanqi3) several references support the assumption that the strain
size distribution becomes bimodal after some time. We  contrast does not extend far beyond the island. Finite

describe a model in which a change in island shape with  element calculations [D. J. Eaglesham and R. Hull, Mater.
increasing volume gives rise to a discontinuous change Sci. Eng. B 30, 197 (1995)] show significant strain
in the island chemical potential. Numerical simulations extending into the Si by~15% of the island diameter.
show that the bifurcation and further evolution of the In Ref. [5] a surface sensitive biased secondary electron
island size distribution can be fully explained by the effect ~ image and a TEM image show identical diameters for
of this discontinuity on the coarsening process. an |§Iand. Finally, when d_lslocat|ons eventually form, the
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. ; - apparent island diameter.
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