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Embedding of Nanoscale 3D SiGe Islands in a Si Matrix
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The epitaxial embedding of faceted three-dimensional SiGe islands in a Si matrix has been
investigated by low-energy electron microscopy. Under a Si flux these islands expand and undergo
a shape change to incorporate a (100) top facet. A physical interpretation of the atomistic mechanism
producing the shape change is presented and supported with a simple model. [S0031-9007(98)07384-0]

PACS numbers: 68.35.Bs, 61.16.Bg

Modern techniques of epitaxial growth make possibledal islands into truncated pyramids [5] of reduced height.
the synthesis of planar semiconductor films with mono-The physical mechanisms driving these shape transitions
layer thickness control. Because of the increasing interestre, however, unknown. In this Letter we describe
in quantum wires and dots for potential future semiconthe embedding of 3D SiGe hut islands using real-time
ductor electronic devices, much effort has been devotetbw-energy electron microscopy (LEEM) observations
recently to extending this capability to the formation of the morphological evolution of such islands as Si is
of structures with nanometer size in two or threedeposited on them. We provide a detailed discussion of
dimensions. Many systems in which film and substratehe physical mechanisms governing the observed shape
materials have the same crystal structure but differ somezhanges. We suggest that the mechanisms found here are
what in their lattice constants naturally form nanoscalegenerally applicable to systems exhibiting lattice stress
three-dimensional (3D) islands: Growth of a planar film,driven self-assembling 3D island growth.
strained to the in-plane lattice constant of the substrate, Growth experiments were performed in the LEEM on
breaks down at some layer thickness, and additiong]100) oriented Si substrates usingl® and GeHg. In
deposition leads to the formation of 3D islands on top ofa first step, the surface was seeded with an array of
this wetting layer [1] that are coherently matched to thecoherent islands by depositing a SiGe; alloy (x ~ 0.4)
underlying lattice. Through refined choice of materialat 750°C [7]. The alloy coverage was chosen to yield
and growth parameters, ordered arrays of uniformly sizedyyramid-shaped (105) faceted hut islands [8] coexisting
faceted nanoscale islands can be achieved by such selfith somewhat larger, dome-shaped multifaceted islands
assembly [2]. The resulting ensembles of electronicall\{8,9] to detect possible modifications in the embedding
coupled islands promise to become useful building blockshat depend on initial island shape. Following SiGe
in future electronic devices and represent a unique areralloy growth, the sample temperature was lowered to
for fundamental investigations. 650°C and Si was deposited at a rate of 2.3 monolayers

For measurements of basic electronic properties as we{ML) per minute to embed the islands and gradually
as for device applications, it is necessary to create buriececover a flat surface. LEEM images were recorded
quantum dots by embedding such nanostructures in during deposition in bright-field mode, using electrons
matrix. Such epitaxial embedding yields an excellentspecularly reflected from the sample surface. Imaging
passivation of the dot surface, resulting in a predictableonditions, chosen such that large planar areas with (100)
intrinsic potential profile within the quantum dot itself orientation appear bright while facets with oblique surface
and in a well-defined potential barrier between the donormals and groups of closely spaced steps appear dark,
and the surrounding matrix. However, embedding carallow us to measure quantitatively the (100) projected size
also complicate predictions of the electronic structureof individual 3D islands, during their initial formation
of real samples. Apart from producing inhomogeneouss well as during their subsequent embedding in Si.
strain due to the lattice mismatch between the dot anddditional island height information was obtained by
barrier materials, which is usually accounted for incross-sectional transmission electron microscopy (XTEM)
electronic structure calculations, embedding can changen some of the samples.
the composition and the shape of the dots, both of which Figure 1 shows a sequence of LEEM images illustrat-
significantly affect their band structure [3]. ing the evolution of island morphology with increasing Si

Despite its importance, the embedding of self-coverage at a temperature of 680 Dark spots mark
assembled quantum dots has not been studied systemadtie base area of individual islands, most of which are co-
cally [2,4], and obvious shape changes of buried islandberent (105) faceted huts [10]. These huts are strained
have been ignored until quite recently [5,6]. In the SiGeat their base to the Si lattice constant, and partially relax
system, for example, transmission electron microscopyhe strain toward their top [11], but must be throughout
(TEM) images show that overgrowth transforms pyrami-under compressive stress to maintain the (105) facets. If
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FIG. 1. Sequence of LEEM images, takeriat= 650 °C and

a deposition rate of 2.3 MImin, illustrating the overgrowth of

3D SiGe islands. (A) SiGe islands prior to Si deposition. Most
of the islands are (105) faceted huts, which appear somewhat
rounded at this elevated temperature. Three larger, multifaceted }
dome islands are also present (mark&d): (B), (C), and (D) 0 100 200 300 400 500 900 1000 1100 1200
Islands during Si deposition, at 4.6, 9.2, and 13.8 ML coverage, Ti

respectively. Field of viewi.5 X 1.5 um’. ime [s]

that were not the case, the 3D islands would form a (100) b)
top surface. The shape of the huts projected onto (100)
is not perfectly square but somewhat rounded at this ele-
vated temperature, probably due to thermal rounding of
the edges between adjacent facets. Because of their low
Ge content most of the hut islands are quite large, with a
base dimension of about 140 nm, but significantly smallef|g. 2. Shape change of 3D SiGe islands during embedding
islands are also present. Dome islands (mark&€f &re  in Si. (a) Evolution of the projected island geometry as a
surrounded by characteristic “capture zones” free of othefunction of Si deposition time. Points indicate experimental
islands. Comparing images 1(A) and 1(B), recorded at gyalues measured from sequences of LEEM images, recorded in

- . real time during Si growth. Lines show the results of model
coveragesd = 0 and 4.6 ML, respectively, we see that calculations on the formation and expansion of a (100) facet at

f[he base area Of Iarger-hut islands as well as of domese island apex (bottom), and the increase of the base area (top).
increases with Si deposition. Smaller huts, on the othetb) lllustration of the model for the island apex dissolution.

hand, shrink rapidly and disappear at this very initial staga-ayer-by-layer dissolution is driven by incorporation of Si (i),
of Si deposition. A striking new feature, clearly visible in fogg‘;":darbeé "’t‘mg ggé?ggg(‘ei”tatfrc;mn;geB:%pthZf dtel_rIrEaé:I\G/I (i),
Images 1(_C) and 1(D), appears after depo'smon' of abo%vetects the areaA™ as a bright spot surrounded by dark contrast
6 ML of Si: the islands develop a planar region with (100)from the adjacent facets.
orientation at the apex; i.e., the initial pyramid or dome
shape of the islands changes to incorporate a (100) togeposited Si onto the islands to a coverag@®of 7 ML,
facet, which expands with further Si deposition. somewhat beyond the point at which the formation of a
To quantify the changes at the periphery and thg100) top facet can first be detected by LEEM, stopped
apex of the islands upon Si deposition, we measured thiéhe deposition, and annealed at the growth temperature.
evolution in the area of the base and of the top faceThe (100) facet did not expand. We can thus conclude
for a large number of islands. Figure 2(a) shows resultshat a continuous Si flux is required to drive the shape
for pyramids and domes. The qualitative observationghange. The increase in base area of larger huts with
of Fig. 1—the formation and rapid expansion of a (100)Si deposition seen in Figs. 1 and 2(a) can be accounted
oriented facet at the island top along with a continuoudor by assuming that supplied Si as well as material from
increase in base area during Si growth—are clearlyhe dissolving apex is redistributed such as to preserve
confirmed. the (105) facets of the hut islands as long as possible.
In discussing the results of Figs. 1 and 2(a), we focusContrary to conclusions reached on other systems [4], our
on hut islands. We first consider the formation of a (100)data do not support the idea of directed diffusion of Si
facet in the apex region. The reduced height of embeddeatoms from the islands towards the planar wetting layer
relative to as-grown 3D SiGe islands observed by XTEM[12]: the supplied Si sticks on the facets bounding the
[5] suggests that actual dissolution of the apex plays a roleslands and drives their lateral expansion.
in the formation of this facet. We can demonstrate that We suggest the following scenario for the dissolution
this dissolution is driven by the deposition of Si onto theof the island apex. At typical molecular beam epitaxy
SiGe islands. As-grown islands are stable against shag®BE) or chemical vapor deposition (CVD) substrate
changes, if they are simply annealed at 860vithout a  temperatures and growth rates, Si deposition on the (100)
Si flux. This result is not surprising, as the islands werdand presumably also (105)] surface of Ge or of a SiGe
formed at significantly higher temperature. If we depositalloy causes intermixing, i.e., incorporation of Si into and
Si, a top (100) facet forms. Yet if we interrupt the Si flux, segregation of Ge to the surface to lower the surface
the (100) facet does not grow further. For example, weenergy [13], and to minimize the stress in subsurface layers
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[14]. The net effect of this change towards a more Sito have (105) facets. Lateral evaporation of the terrace
rich composition should be most pronounced at the apeky atom detachment dominates over growth by the
of the 3D islands, where the local surface-to-volume ratidncorporation of deposited atoms. This imbalance leads to
is largest. If enough Si is present, the strain in the apexhe removal of material from the apex, causing the island
region can become low enough that the (105) facets cannbeight to decrease. In the calculation this decay of the
be maintained and that a (100) surface again becomes tlapex is represented by the increase in the top facet area.
thermodynamically stable structure. Atoms from the apeXEven though the thermodynamic destabilization continues
migrate down the sides to eliminate the (105) facets at théor all exposed (100) terraces in the presence of a Si flux,
top and promote the outward growth of the remaining (105}here is a kinetic limit to the decay of the island: with
facets in the lower parts of the island. The (100) orientedncreasing area of the (100) facet, its lateral growth due
top terraces exposed during the dissolution of the apeto the deposition accelerates and eventually outweighs the
are initially Ge rich. Further decay of these terraces, i.e.decay. Further Si deposition (at the same rate) results in a
further reduction of the island height, requires additionalnet expansion of the top facet without additional decrease
intermixing with Si supplied by a continuous Si flux onto in island height, and eventual embedding of the 3D island.
the surface, to agree with our observations. For smaller The combination of thermodynamic driving force and
islands with a size close to the critical nucleus, the strairkinetic limitation suggests that the shape transformation
reduction at small Si coverage can already be sufficienshould be temperature and flux dependent. Both our
to destabilize the entire 3D island. Hence, small islandd EEM data and our XTEM results show that Si deposition
should disappear at the initial stage of Si deposition, aat low temperature causes only a minor height reduction
is indeed observed in Fig. 1. In addition to causing aand a small (100) facet to form on top of the 3D islands:
change in islandhape embedding can thus also narrow the resulting embedded islands differ only a little from
the distribution of islandgizes the hut islands. Figure 3 illustrates the evolution of
We can translate the above model into a simpldasland shape with Si coverage at different temperatures,
calculation. Consider an island with a small top terracecalculated using our model and starting with an as-grown
“A” and whose sides consist of regularly spaced step§l05) faceted hut island. We keep the incorporation
[microscopically, the (105) facet consists of close-lyingprobability p fixed at the value determined from the
steps [8], as shown in Fig. 2(b)]. We assume that thdit to the LEEM data, while we vary the rate, of
top of a 3D island is destabilized continuously by mixing detachment. Figure 3 is in good qualitative agreement
with deposited Si and thus decays one atomic layewith our experimental observations. Deposition at low
at a time, i.e., by atom detachment from the topmostemperature causes little shape change, while at high
monolayer such that its area decreases at a constant ragenperature, it causes the decay of a large portion of the
r. While the actual decay of the apex may involve height of the islands, redistribution of larger amounts of
several layers simultaneously, we expect the respectivBiGe alloy from the apex to the expanding facets, and
topmost (smallest) terrace to have highest vapor pressummnsequently the transformation of the pyramids into thin,
of its edge atoms, causing it to shrink fastest. Layer-byboxlike clusters. We conclude that, because the shape
layer dissolution may thus be a good approximation. The
deposition of Si is also taken into account by defining a
second parameter, the fractipnof atoms adsorbed on a
monolayer terrace (such ag™) that become incorporated
into its bounding steps, and thus oppose the island decay.
Using this model, we calculate numerically the evolution
of the island height and top facet area as a function of
Si coverage. The results of this calculation are given as
lines in Fig. 2(a), with the two parameterandp chosen
to fit the measured size evolution of the top facet. The “
data for huts suggest a decay rate= 33 nn/s, only 10
slightly smaller than that of isolated monolayer islands on
Si(100) at the same temperature [15]. The value found for 105 L
the second parameter, the step incorporation probability 0 5
p, is also reasonable: 16% of the adatoms attempting Coverage [ML]
to diffuse across an atomic step become incorporated in
it. The calculated curves in Fig. 2(a) clearly demonstraté!G. 3. Calculated top facet area on a 3D island as a function
how dissolution and growth counteract each other. Th&' Si coverage at high and low temperature. The as-grown 3D

— . island is assumed to be a (105) faceted, square based pyramid
initially small top terrace of the 3D islands collects only @ yase size 140 nm). The resulting shape after the initial stage

few Si atoms, yet enough become incorporated into thef Sj overgrowth is shown schematically for capping at low
apex region to make it thermodynamically unfavorable(LT) and high (HT) temperature.
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change is driven by the thermodynamic destabilization of [4] Shape changes during capping of InAs islands were

the apex region through intermixing and a reduction in
strain while kinetics limit the actual decay of the island
apex, rapid embedding at low temperature preserves
the initial hut shape, while slow embedding at higher

temperatures causes the 3D islands to flatten maximally,
or to disappear entirely if they are small enough. Because
of the difference in height reduction, the amount of matrix
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