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Molecular Dynamics Study of Coherent Island Energetics, Stresses,
and Strains in Highly Strained Epitaxy
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The behavior of energetics, atomically resolved stress, and strain in coherent three-dimensional
islands observed in highly strained semiconductor heteroepitaxy is examined for the first time via
a molecular dynamics study of a model (3¢ system. Evidence is found for the common but
hitherto unsubstantiated practice of representing the island energy as a sum of surfacelike and bulklike
terms, down to rather small islands, but with significantly renormalized coefficients indicating marked
modifications of the surface and volume elastic energies commonly employed in continuum descriptions.
[S0031-9007(97)03704-6]
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Since the observation of the existence of coherent threetion, etc., need to be examined. A molecular dynamics
dimensional (3D) islands in the highly strained heteroepi-approach allows examination of such issues. Accordingly,
taxical systems InGaAs on GaAs(001) [1] and SiGe onn this Letter we report on some results of the first molecu-
Si(001) [2], interest has rapidly grown in gaining a deepetar dynamics based examination of a coherently strained
understanding of the nature of such coherent island formasland/substrate system. Results are presented on the en-
tion, their energetics, and the behavior of the stress anergetics, atomically resolved stress, and the attendant strain
strain fields. Ex situandin situ, ultrahigh vacuum scan- in the Ge islands on the Si(001) system represented in
ning tunneling microscope (STM) and atomic force micro-terms of Stillinger-Weber (SW) potentials for Si [13] and
scope (AFM) studies of island size distribution evolutionGe [14]. The results reported are of a generic nature and
[3—6] and, in some cases, island shape [7,8] have beeahus of value to island formation in other combinations of
reported. The strain fields are being examined within thenaterials as well.
continuum theory of elasticity with the aid of the finite ele- The inset in Fig. 1 shows a schematic cross-sectional
ment (FE) methods [9,10]. Recently, the usefulness ofiew of a Ge island with(100) oriented square base and
such an approach has been examined via comparison bg05} sidewalls (as determined by STM in Ref. [7]) ona Ge
tween plan-view transmission electron microscope deterwetting layer on Si(001) substrate and the symbols used to
mined image contrast for InAs islands on GaAs(001) and
that calculated on the basis of the FE determined strain
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shape evolution, the inhomogeneous nature of the spatiallyhe inset shows a schematic of the Ge isjaBe wetting
resolved strains and stresses, their impact on defect initlayer/Si(001) substrate.
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denote the various characteristic parameters of the systettermodynamic descriptions of island energetics in terms
Periodic boundary conditions are applied to the simulatiorof the continuum theory of solids [9-12]. The dashed
cell of sizeL = 434.4 A in the x andy directions. The line going through the calculated energies represents the
Ge wetting layer thicknes@:,, ) is held constant at 3 ML  functional form [16]

as indicated by the experiments and the island base length 23
(1) and height(h) are varied fromi = 108 A, h = 7 ML Eisland = aNisana + bNistana + €,
to I = 326 A, h = 23 ML while keeping the sidewalls 2/3 3)

the same (i.e{105}). The total number of Ge atoms in = @Vistang + b'Vistana + ¢,

the island,Nisiand (defmed here not including the atoms in which a = 0. 2133 eV, b =0.0310eV, and c =

in the wetting layer region below the island base), thus8.30 eV; Vigana = 3 lelandaée where age = 5.659 A

ranged from 1734 to 53942. Including the atoms ofis the bulk Ge lattice constan#’ = 26.6 meV/A?, and

the wetting layer and Si substrate to depths of up ta’ = 0.17 meV/A3. Remarkably, the excellent fit pro-

98 atomic layers, the total number of atoms allowed tovides evidence for the first time that the functional form

follow molecular dynamics correspondingly ranged fromof the total island energy can indeed be well represented

~1.29 X 10°to ~1.35 X 10° atoms. Conjugate gradient by a sum of a surfacelike contribution and a volumelike

energy minimization is employed to obtain a locally stablecontribution, hitherto and unsubstantiated assumption in

state such that the net force on each atom is less thasontinuum theory based analyses, even down to rather
~+ eV/A. For such stable configurations the energiessmall sized islands. (Note that the smallest size in Fig. 1

stresses, and strains are calculated. The atomic levid a base of 107 A, i.e20a, wide wherea, is the Si

stress components are calculated utilizing the followingconventional lattice constant, and 7 atomic layers high.)

expression [15]: The presence of the constamin Eq. (3) indicates that,
' 1 [ pf p,B 8 8 as expected, at some sufficiently small island size the
Tapli) = oW [ t T D rhife + rf;fij):|, expression will no longer be adequate. The results also
oL M J show, however, that the coefficients of the surface and

(1) volumelike energy contributions cannot be reliably given
in which (a, 8) = (x,y,z), m; and p; are the mass and by the continuum elasticity theory descriptions. The
momentum of atom, 7;; is the distance from atomto j,  value a’ is markedly smaller than the surface energy of
fij is the force on atom due toj, and(), is the average the SW Ge(001)2 X 1 surface(~80 meV/A?), which
atomic volume. is also a good estimate of the (105) surface due to the

In Fig. 1 is shown the behavior of the island energy agebonded(2 X 1) nature of this surface [7]. Likewise,
a function of the number of atoms in the island. Herethe value ofs’ is also significantly smaller than the range
Eislang is defined as 0.8 to 1.5 meVA?3 obtained from the continuum theory
. based expressions in Ref. [12], using the relevant elastic
Eistana = EWL + 3D) = E(WL) = Nistana€ce - (2)  coefficients of the SW Ge. The significant renormali-
where E(WL + 3D) is the energy of the fully relaxed zation of the coefficients’ and b’ is, as anticipated in
state of the 3D island witfl1 05} sidewall atoms rebonded Ref. [12], a consequence of the relaxation of atoms of the
on a 3 ML Ge wetting layer havin€2 X 1) reconstruc- island (including surface reconstruction and rebonding),
tion on Si substrate as shown in the insB{WL) is the the wetting layer, and the substrate.
energy of a system with no island but only the 3 ML thick Next, we discuss the behavior of the atomically
(2 X 1) Ge wetting layer relaxed to its own lowest energyresolved stress and strain distributions. In Fig. 2 we
state, anckg, is the cohesive energy per atom of the bulkshow the atomically resolved hydrostatic streps, =
SW Ge. TheEisana SO defined is thus not simply the Tr(o,pg), alongzatx = 0, y = 0 (i.e., along the vertical
energy of the atoms in the geometrically defined islandine passing through the island base center and apex) for
part, but rather accounts also for the changes in energgn island with/ = 326 A and 4 = 23 ML. The strain
associated with the atoms in the wetting layer and the Ssomponents e,, = Aqfio0)/a0 and e,; = Aajoo11/ao,
substrate affected most by the presence of the atoms imhereaqy is the bulk lattice constant of Si and Ge in the
the geometrically defined island. Clearly, the synergetiSi and Ge regions, respectively, are also shown. The
nature of the particle interaction behavior does not allowbehavior of the strain componemt,, = Aagio/ao is
a clean conceptual separation or partitioning of energiesery close toe,,. Note the tensile and long ranged
among particles, but th&;;.,q as defined here appears nature of the decay of the hydrostatic stress and the strain
to have appeal as it represents mainly the strain and sucomponentse,, (and e,,) into the Si substrate. The
face energy due to the existence of the island. Hence,, component in this region is seen to be compressive
Eislana 1S the mathematical construct that we expect willat the interface and then cross over to tensile behavior
come closest to the concepts of bulk (volume) strain elassefore decaying to zero. The strgss changes abruptly
tic energy and surface energy traditionally employed inand dramatically from tensile to compressive over the
assumed partitioning of the island energy in macroscopithree Ge atomic layers constituting the wetting layer,
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) ] on a line passing through the base center and another at the
FIG. 2. The hydrostatic stregs, and the strain components jsland edge.

e, ande_, alongz for a line passing through the island apex.
N, = 0 denotes the uppermost Si atomic plane. For clarity, the

scale for positiveV, values is expanded. (N. = 0) and Ge(N, = 4) atomic planes and essentially
flat profile at the island edge. The behavior of the

going through near zero at the topmost Si atomic plan&orresponding hydrostatic streps. is plotted in Fig. 4.
(N, = 0) and reaching a maximum value of1.27  Note the highly compressive and spatially varying nature
(eV/Qo) (i.e., 10.2 GPa) in the third Ge atomic plane. Of p» on the first Ge island atomic lay&V. = 4) through
Correspondingw’ the strain Componem%, Eyy,s and the center of the island. By contrast, at the island edge,
e.. also show an abrupt change, including reversal inPo is highly tensile and essentially uniform along the
sign across this boundary. Continuing up into the islandge. Interestingly, the Si substrate topmost atomic layer
towards its apex, the compressipg as well as the strain  (N; = 0) is seen to exhibitompressivérydrostatic stress
components are seen to decrease in conformity wit@long the island center line as well as along the edge.
expected strain relaxation until we reach within a fewThe former shows spatial variation and reaches almost
atomic layers of the 3D island top. In this region, theZero near the island center, whereas the latter is essentially
influence of the specific geometry of the surface atomginiform. The near zero hydrostatic stress at the center of
on the top and thd105} sidewalls in terms of surface the Si atomic planéN. = 0) is accompanied by-0.6 A
atom rebonding and reconstruction manifests itself irdpwards displacement of the atoms (see Fig. 3).
impacting subsurface stresses and strains. This feature!n conclusion, results of the first molecular dynamics
is inherently absent in continuum elasticity theory andexamination of the energetics, and atomically resolved
hence the finite element analyses of stress and strain afesses and strains in coherent 3D islands on a substrate
and near the island surface region (i.e., island top an@re presented utilizing the Ge on Si(001) system repre-
sidewalls). Thus, while the continuum elasticity theorysented by the Stillinger-Weber potentials as a model ve-
may be adequate for considerations of elastic energidycle. Analysis of the island energy as a function of size
of islands, the above results reveal that for the kinetics of
island growth and shape stability the atomistic nature of
the islands must explicitly be dealt with [15,17].

Finally, we turn to the morphology of the atomic layers
under the island and thi, y) spatial dependence of the os |
hydrostatic stresg, for various atomic planes. In Fig. 3

Nz = 4, through base center —a—
Nz =4, through base edge  ---x---
Nz =0, through base center ---%---
Nz =0, through base edge 8-

we show thez position of the atoms along thg00] %

direction in the topmost Si substrate layat (= 0, whose i I
ideal bulk atomic plane is taken as= 0 in these plots) A0

and the fourth Ge atomic laydv, = 4) from the Si st |

substrate, i.e., the first Ge layer of the 3D island. For
an ideal bulk Ge, this layer would b&83 A from the

Si atomic layerN, = 0. Plotted are sections along two
[100] lines, one passing through the island base centqg

. IG. 4. Thex dependence of the hydrostatic stregsfor the
and another along the island edge atoms at the base. NGi&: siomic layer of the Ge islan@V. = 4) and the uppermost

the curved profile through the center reaching a maximung;j supstrate atomic layéi, = 0) along lines passing through
outward displacement of0.6 A at the center of the Si the island base center and along the edge.
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