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Stresses and first-order dislocation energetics in equilibrium Stranski-Krastanow islands
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We numerically determine the state of stress in two-dimensional Stranski-Krastanow islands having equi-
librium shape. These calculations reveal important generic characteristics and quantitative details of the stress
state in equilibrium islands, including stress relaxation and stress concentration. We also use the stresses to
determine the first-order energy of introducing dislocations of different Burgers vectors into Stranski-
Krastanow islands. These results characterize the “energy wells” sought by dislocations to relieve the misfit
stress, and suggest that misfit dislocations in islands segregate according to the orientation of their Burgers
vector. This segregation allows for more efficient relief of the nonuniform strain in misfitting islands.
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I. INTRODUCTION interface induced by the misfitting islaridl.
The rest of the paper is organized as follows. In Sec. Il we

For a number of years there has been much interest in thdescribe the calculation of the equilibrium shape and
“island” growth mode of strained solid films, first as a deg- stresses. In Sec. lll we present the results for the stresses in
radation mechanism during planar film growth, and moreislands .of differen'g sizes. In Sec. IV we _descripe a simple
recently as a means to manufacture quantum dot arrays f&@lculation of the first-order energy of a dislocation and dis-
electronics applications? It is generally understood that is- Cuss the results. Finally, in Sec. V we summarize our main
lands form to reduce the total elastic strain energy in thesfndings.
systems and are a manifestation of a stress-driven morpho-
logical instability of planar layer§-** In recent years much Il. EQUILIBRIUM MODEL
progress has been made in understanding the characteristics
of island formation:>=3% but much of this theoretical work ~ We consider a single-component, two-dimensional, fully
has been based @ssumedimple geometries for the island isotropic, epitaxially strained system with the film/substrate
shape. These shapes include the arc of a cifciecone”®  interface given byz=0 and the film surface described by
full or truncated pyramids®3428 and rectangle® While ~ =h(x) with h(x)>0. The islands we describe in two dimen-
these assumed-shape calculations give valuable informatigiions are equivalent to elongated island “ridges” in three
about how the properties of the island vary as the geometrglimensions. The details of the model are the same as pre-
is varied, they do not allow for the island to assume thesented in Refs. 31 and 36.
actual shapethat minimizes the energy. In contrast to the A difference in lattice parameters between the film and
large number of assumed-shape calculations, there are onlysgibstrate generates a misfit strain in the film. We take the
few papers that have solved the free boundary problem folilm and substrate to be linearly elastic materials and assume
the island shap&:26303136A| of these calculations, like that the film and substrate have identical elastic constants.
those presented here, have been for two-dimensional, isotrdhe elasticity problem for the film/substrate system is there-
pic systems, corresponding to island “ridges” in three di-fore equivalent to that for a stressed, semi-infinite solid
mensions. Both Chiu and GHoand Kukta and Freurdl  [since h(x)>0]. The stressT satisfiesV-T=0, with the
used boundary layer models to account for the wetting of théoundary conditions-T=0 on z=h(x), and T—T, as
substrate by the film and determine island shapes and chag— —. HereTj is the uniaxial(misfit) stress for a uniform
acteristics for small to moderate size islands. In Ref. 26 wdilm, andn is the unit normal to the film surface. The stresses
presented an asymptotic theory for small islands, whichn the film are then given byr=T, and the stresses in the
shows that the island has a minimum width, while in Ref. 31substrate are given by=T—T,,.
we presented results describing the shape of islands as the We assume that mass transport occurs solely by surface
volume is increased from zero to large values. diffusion in response to gradients in a chemical potentiial

In this paper, we detail the stress distribution accompanyEquilibrium morphologies thus correspond to a constant
ing the equilibrium shape of an island. We also use thechemical potential along the film surface. The chemical po-
stresses in a simple calculation to determine the energy déntial has two contributionsy=yx+S (see, for example,
introducing a dislocation into the island based on a first-ordeRef. 3. Here y is the surface energy of the filnk is the
expansion of the energy in the Burgers vector. These resultsurvature of the film surface, arélis the strain energy den-
suggest a segregation mechanism for dislocations isity, S=3Tr(TE), whereE is the strain tensor.
Stranski-Krastanow islands: the Burgers vector of a disloca- The systems studied to date are primarily those for which
tion near the island edge has a preferred orientation that rehe film wets the substrate, leading to islands surrounded by
lieves the misfit strairand the bending of the film/substrate a thin wetting layerthe Stranski-Krastanow growth mode
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The presence of the wetting layer in effect dictates the con- Ill. STRESSES IN EQUILIBRIUM ISLANDS
tact angle at the island edge. To account for the energetics of _. .
the wetting layer, we employ the “glued wetting layer . F!gures. 1a-1(i) show the components .Of the .stress
model.”28 As shown in Ref. 37, this model can be derived within the island and substrate )‘or islands of increasing vol-
from transition layer modef$=° for the material properties Ume (V=0.1,1,10). From the figure, a number of general
across the interface between the film and substrate, and repbservations about the stresses can be made.

resents the limiting case of an abrupt change in the material (1) Relaxation of the misfit stress at the island peak
properties at the film/substrate interface. With this model, théhe island volume increases, the misfit stregsat the top of
Stranski-Krastanow island morphology is described by ~ the island is relaxed from that of the uniform filmr,
=1) towardo,,=0. (The stress actually over-relaxes by a

p=yx+S for h(x)>0 (onthe island, small amount for large enoug¥i and then approaches com-

h'(x)=0 at the island edge plete relaxation for larger island®).
’ (2) Stress in the substrate directly under the islaf-
h(x)=0 otherwisgon the wetting layer (1) laxation of the island occurs in part by deformation of the

. . ) i in th trate of th it
This set of equations for the film morphology corresponds tosubstrate, causing a stress in the substrate of the opposite

. ) sign to the island mismatch stress. As the island volume
constant chemical potentiad everywhere on the surface of : . .
the film and the thin wetting layer. increases, the substrate stress increases. At small island vol-

The strained film has a characteristic strain energy densit}/"'€S this €effect IS ihe sole mechanismiior felaxation in ihe
Sy=THT,E,), whereT, and E, are the stress and strain sland. For large islands, this effect also contributes to strain
tonsors for a uniform film. The eoquilibrium island shape rep-elief, but the bulk of the relaxation is due to the relaxation at

resents a balance between surface energy and strain ene free surface of the |_slan_d. .
terms. As a result, it has a characteristic lengthy/S,. In (3) Stress concentration in the island and substrate near

the resuls that follow, we scale all lengths ball energy % B S aEEE e LR O nraton near
densities byS,, and all stresses by the misfit strégs P 9 9 Y

e : : ; the island edge. The stress concentration is not focused at the
The elasticity problem for the island is solved numerically . land edge i%self but is on the island surface a small dis-

using the boundary integral method developed in Ref. 38, Ir'ﬁmce away from the island edge. For a nonzero contact angle
this formulation, the components of the stress teris@re Y ge. 9

. . : there would be a stress singularity at the coffie8ince the
represented in terms of the complex variaiex+iz, contact angle for the Stranski-Krastanow island is zero, there

where is no singularity and maximum stress does not lie at the
Tyt T,=4Rd ¢' ()] (20 island edge. However, the “effective” contact anglas
q measured a small distance away from the étjgacreases
an

with V and causes the increasing stress near the edge. Figures
_ T o[k g / 1(j)—1(1) show an expanded view of the misfit stress concen-
Tem Toct 2T =2l 1O+ (D], ® tration near the right edge of the island fé=0.1, V=1,
where* is the complex conjugate @f, and () and ({) andV=10.
are complex valued functions that are analytic in the film and (4) Decay of the stresses vertically in the substrate
substrate. For a given island shape the solution to the boundrigure 1 shows that the stresses in the substrate induced by
ary integral equation provides the boundary values)(f) the island morphology become small relative Ttg within
and (¢) along the film surface. The derivatives of theseabout one island height of the substrate surface.
functions are then evaluated numerically along the boundary, (5) Decay of the stresses laterally away from the island
and the interior values of(¢), #({), and their derivatives Figure 1 shows that the stresses at the substrate surface be-
are determined by analytic continuation using Cauchy inteeome small relative td@, within less than one island height
grals of the boundary values. The individual components obf the island edge.
the stresses are determined by taking the appropriate combi- Overall, in small islands the state of stress is characterized
nations of the real and imaginary parts of E¢®.and(3). by nearly uniform misfit in the island with very little stress in
To determine the equilibrium island shage=h(x), the the substrate. The small amount of relaxation that does occur
stress computations are used in an iterative numericas primarily due to the accommodation of part of the mis-
method to determine the island shape that satisfies the framatch by the underlying substrate, leading to an island with
boundary equatiofil). nearly uniformo,, and smallo,,. As the island volume
The details of the island shape are presented in Ref. 3increases, more of the island becomes relaxed, but there is a
There is a family of island shapes parametrized by(tie  sharp focusing of the stress concentrations near the island
mensionlessisland volume per unit lengtl. The main fea- edge, which include relatively large dilatational and shear
tures of these results are that small islands have a fixed widtstresses. In addition, on either side of the island/substrate
and vanishing thickness; the height/width aspect ratio ininterface underneath the center of the island are regions that
creases as the island size increases; and large islands temgnain stressedwith opposite sigh as the island volume
toward a “ball” shape. Here we present the details and conincreases.
sequences of the stress fields associated with these equilib- The implication of the short-range lateral decay of the
rium island morphologies. elastic fields is that any elastic interaction between neighbor-
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FIG. 1. (Color) Stresses and strains of equilibrium islands. All stresses and strains are scaled relative to the misfit stress and strain for a
planar film. Stresses in a small island=£0.1):(a) oy, (b) 0,;, (C) gy,. Stresses in a medium sized island<1): (d) oy, (€) o,,, ()
oy;- Stresses in a large islandV€10): (9) oy, (h) o, (i) o4,. Stress o, near the island edgefj) V=0.1, (k)
V=1, (I) V=10. Strains in a medium sized island£1): (m) E,,, (n) E,,, (0) E,;,.

ing islands farther apart than their height is likely to be weakand the island shapes were monitored as the film was depos-
relative to the energies determining their shape. Consdted. During the initial stages of deposition, the islands were
quently, the island shape should be relatively insensitive t@mall and well separated. During the later stages the islands
the island separation until the distance between neighboringecame larger and began to impinge on one another. It was
islands is smaller than the island height. These results afeund that the elastic interaction due to this impingement
consistent with the recent experiments of Flaal In resulted in a morphology change in the island from “huts”
their experiments, SiGe films were grown on Si substrateso “domes.” While the details of the morphologié€buts in
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particulay are strongly influenced by the anisotropy in the X

surface energy, which we do not take into account in our E(X)Z—f F-dp, (5)

theory, the qualitative feature of a shape transition is consis- S

tent with the short-range decay of the stress fields. Becausgherep is the path from surface poistto interior pointx. It

of the rapid decay, the shape transition due to the elastis straightforward to show that the integral is path indepen-

interaction of neighboring islands occurs only when the isdent if o corresponds to mechanical equilibrium. Thus, a

lands start to impinge. consequence of the path independence is that the surface of
While the above results focus on the stresses, the assoghe film corresponds to a zero energy surfdee,0. There-

ated strains can be determined from the stresses using tliére, the energy per unit length of introducing a dislocation

constitutive laws for isotropic linear elasticity. Figures at the surface and moving it to an arbitrary pointan be

1(m)—1(0) show the strains in the film and the substrate for aevaluated from a vertical path from a point on the surface

moderate size island/=1 (with Poisson ratico=0.25). As = (x,h(x)) to the interior pointx=(x,z) as

expected, the strains mimic the stresses with slight differ-

ences due to the Poisson effect, primarily in Bxg compo- h(x h(x)
nent of the strain due to the necessary verticEa]f%compression/ E(x.2)= b[ bXL TuocdZF bZL Tzdz|.  (6)
stretching of the film to accommodate the tensile/
compressive misfit in the lateral directions. Since the energy is linear mand the stress, we can write the
energy in nondimensional form as
IV. FIRST-ORDER ENERGY OF INTRODUCING _ E
A DISLOCATION E= ﬁ’ (7)

The stress distribution in the island and substrate can be

used to give a first-order estimate of the energy required t : ; ;
introduce a dislocation into the system. In general, the totalength scale introduced earlier. We shall assume without loss

energy of introducing a dislocation into the island consists oﬁ)f generality thaflo ?s positive(tensile misfi} S_O thatE and
a term that is linear in the Burgers vectpand terms that are E are of the same sign. The results Tgynegative(compres-
higher order inb. While including the higher-order terms is sive misfi) correspond tde of the opposite sign t&. We use
essential to understanding when it is energetically favorableur stress calculations to evaluate the integrals in(Eognd
to introduce a dislocation, such calculations require solvingjetermine the energE of moving a dislocation from the
the elasticity problem in the presence of the dislocationsurface to any point in the interior. These results are shown
While these calculations have been carried out for the case @ Figs. 2a)—2(c) for b in the direction of each of the three
islands of prescribed shapg,such calculations have not coordinate axes.
been attempted with the free boundary problem for the actual |n Fig. 2(a) the Burgers vectob=b(1,0,0) corresponds
equilibrium island shape. In the absence of a complete treatp an extra plane of atoms extending vertically downward
ment that includes these second-order contributions, wgelow the dislocation. From Eg6) the energy is due exclu-
present here the contribution of the first-order term whichsjyely to theo,, component of the stress. Consider the stress
gives valuable generic information about the magnitude andjstribution shown in Fig. (). For a tensile misfit, the ten-
distribution of energy available to overcome the nucleationsjle stress in the island tends to push this dislocation up
barrier for dislocations. In particular, we determine the variatoward the surface of the island. On the other hand, the com-
tion of this first-order energy everywhere in the island andpressive stress below the substrate tends to pull the disloca-
substrate to give an energy map for dislocations of differention down into the substrate. Thus, moving a dislocation
types. from the top of the island down into the center of the island
The first-order energy of a dislocation is due to the forcerequires an increasing amount of energy to overcome the
on the dislocation from the stress in the island and substrat¢each-Koeler force. This energy reaches a maximum at the
A dislocation line extending in thd direction with Burgers sland/substrate interface, where the discontinuous change in
vectorb experiences a Peach-Koeler force per unit lefigth the stress from tensile to compressive means that moving the
dislocation further down into the substrate actually lowers
F=b-oXxd, (4) the energy. Far below the island the net energy expended is
zero, as it must be by virtue of the path independence of the
which is linear in the stresgr and the Burgers vectdn.  integral and the decay of the stresses away from the island.
Consider a dislocation line that extends perpendicular to th&he energy required to overcome the adverse stress field in
cross section of the two-dimensional isladirected along the island generates a high-energy “hot spot” for the dislo-
the ridge with d=(0,1,0). Let the Burgers vector be cation centered below the peak of the island and extending
b=b(by,by,b,) whereb is the length ob and (b,,b,,b,) is  along the film/substrate interface.
a unit vector describing the orientation bof If this disloca- Reversing the direction of the Burgers vector to
tion is placed on the surface of the film at painthe energy  b=b(—1,0,0) results in changing the sign of the energy in
per unit length required to move the dislocation line againsFig. 2@. Thus, b=b(—1,0,0) would have an energy
the Peach-Koeler force to any poixt (x,z) inside the film  “well” that lies below the center of the island along the
or substrate is island/substrate interface. Similarly, changing the sign of the

here T, is the misfit stress for a planar film ands the
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FIG. 2. (Color) First-order energy of a dislocation. All calculations are for the dislocationdin€0,1,0) extending perpendicular to the
plane of the figure. The different plots correspond to diffekefur different size islands. The energy for dislocations in the three coordinate
directions for a medium size island/E& 1) is shown in(a) b=b(1,0,0), (b) b=b(0,0,1), (c) b=b(0,1,0). The energetics of the three
fundamental dislocation types listed in Table | are showidjr-(I). The island sizes aré=0.1 for (d)—(f); V=1 for (g)—(i); V=10 for
(i)=(). The dislocation types correspond to an edge dislocation lwith(—1,0,0) in(d), (g), and(j); 60° dislocation withb=b(—1/2,
+1/2,— 1/\/5) in (e), (h), and(k); and 60° dislocation wittb=b(—1/2,=1/2 + 1/\/§) in (f), (i), and(l). The energy scale follows the same
color scheme employed in Fig. 1 with maximum vallkes 0.0655 forvV=0.1, E=0.2111 forV=1, andE=0.5769 forV=10.

misfit would result in a reversal of the signs of the energy.energy. Since a negative shear stress tends to pull the dislo-
Thus, for a compressive misfit, the=(1,0,0) dislocation cation line downward, there is a low-energy “cold spot”
(corresponding to the extra plane of atoms extending downdnderneath the right edge of the island that experiences the
ward has the energy minimum underneath the island whilenegative shear stress. The corresponding high-energy region
b=(-1,0,0) has the energy maximum. Similar transforma-lies under the left edge of the island. As in céak reversing
tions can be made for all the dislocation types discussethe sign ofb results in reversing the sign of the energy in
below. Fig. 2b).

In Fig. 2b) the Burgers vectob=b(0,0,1) corresponds In Fig. 2(c) the Burgers vectob=b(0,1,0) points along
to an extra plane of atoms to the right of the dislocation linethe line of the dislocation. It is therefore a pure screw dislo-
From Eq.(6) the energy is due exclusively to thsg, com-  cation and does not contribute to the relaxation of the misfit
ponent of the stress. Figuréflshows the antisymmetry of stress. This is evidenced by the independencE wifith re-
the shear stress, which results in an antisymmetry of thepect tob,, giving E=0 everywhere.
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TABLE I. Summary of Burgers vectors for misfit dislocations aligned with ridge. For each of the 12
possible(110) crystal directions forb, the correspondingx(y,z) coordinates ob are obtained from the
appropriate coordinate transformation. The column labeled “Energy” indicates how the first-order energy
surface is related to Fig. 2.

b (crysta) b, by b, Type Energy
[110] -1 0 0 pure edge Figs.(@,9.)
[110] +1 0 0 pure edge reverse sign of Figéd,g,)
[101],[011] —1/2 +1/2 —112 60° misfit Figs. 2e,h,K
[101],[011] +1/2 +1/2 -112 60° misfit reverse sign of Figs(&h,K
[101],[011] -1/2 +1/2 +112 60° misfit Fig. Zf,i,1)
[101],011] +1/2 +1/2 +112 60° misfit reverse sign of Figs(f,!)
[110],[110] 0 +1 0 pure screw  E=0

The preceding results are for Burgers vectors in the direc- (3) The energy minimum for the, dislocation is always
tion of one of the three coordinate axes. The first-order endeeper than thé, dislocation(and thus deeper than any
ergetics of anyo=Db(b,,b,,b,) can be determined from the mixed dislocation with the same magnitude Burgers vector
appropriate linear combination of these energies. While it is (4) The relative size and position of the “energy well”

clear that the pure edge dislocatibr-b(—1,0,0) has the structures appear to be insensitive to the change in shape
deepest energy minimum of all possible combinations, enefassociated with varying island size.

getics is not the sole factor that determines which dislocation (5) go° misfit dislocations have an off-centered energy

type is most important for relieving the misfit strain. Another yinimum which extends below one-half of the island and
consideration is the glide plane of the dislocations. For plajog along the island/substrate interface.

nar (.00.1) fi'”‘? with dilamond cu_bic crystal structure, 6,00 The implication of the asymmetrical energy minimum for
misfit dislocations, which can glide at an angle to the film/ggo yisfit dislocations means that dislocations of one orien-

substrate interface, can be more important for relieving straif, iy are preferred on one side of the island while disloca-
(see Ref. 41 and cited referengeBlisfit dislocations have  yions of another orientation are preferred on the other side.

also gg’e” documented in nonplanaé%morphologies_ SUCh 3§y, the basis of this first-order energy calculation, the asym-
ridges” and three-dimensional islands.The energetics of ey in the energies suggests that misfit dislocations in

misfit dislocations in our two-dimensional islands can be desy,anski-Krastanow islands tend to segregate to one side or
termined by the appropriate combination of the energies,e other by type.

from the three components of While energetics alone is not sufficient to determine the
(Consider a fcc-based crystal witli@01] substrate surface yistribytion of dislocations, from examining two limiting
orientation. Misfit dislocations parallel to the substrate sur-5¢es we confirm that the influence of the energetics on the
face will then extend along thel10] and[110] directions.  kinetics of dislocation introduction is such that the kineti-
We take the island ridge to run parallel to {6.0] direction  cally determined distribution of dislocations will exhibit a
and consider the energetics@# [ 110] dislocations that ex- (partia) lateral segregation by Burgers vector consistent with
tend parallel to the ridge. The Burgers vector for the misfitthat suggested by the energetics.
dislocation must then lie in one of the 12 possikELO) In the limit of small driving force, when the island is
directions. By using the appropriate transformation of thebarely large enough to support a dislocation, the asymmetric
crystal orientation to thexy,z) Cartesian coordinates used energetics means that the energy cost associated with the
in the stress calculation, we obtain the equivalentalues  higher-order terms will be exceeded only on the energeti-
for each of the 12 misfit dislocations. These results are sumeally favored side of the island, and thus dislocations will be
marized in Table I. introduced only on that side. This scenario is most relevant
Table | shows that the 12 possilifecorrespond to three when there are ample threading dislocations already in the
nontrivial energy surfaces and their reverses. We plot thessubstrate. Then, for reasonable glide mobilities, the distribu-
three fundamental energy surfaces for a sméH-0.1), me-  tion of dislocations would reflect the energetics. For islands

dium (V=1), and large island\(=10) in Figs. 2d)—2(1). slightly above the critical size the different orientations
From Fig. 2 the following observations can be made reiwould have very different driving forces, leading to strong
garding the first-order energy. segregatiof?

(1) The pure edgeb, dislocation has a lens-shaped The other limit for the kinetics is that of large driving
minimum/maximum that extends along the island/substratéorce. If there are no preexisting dislocations and the island
interface beneath the center of the island. is much larger than the critical size for dislocation introduc-

(2) The pure edgeb, dislocation has an antisymmetric tion, then the distribution of dislocations will be controlled
maximum/minimum that lies slightly inside the island edgeby the kinetics of dislocation formation. If dislocations
but well into the substrate. nucleate as half loops at the island surface, then the nucle-
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FIG. 3. Glide component of force on 60° misfit dislocation
along the surface of the island. Glide force, solid line; island shape, | | 1
dashed line. Energy map for dislocation is Figh)2
(c)

ation barrier depends primarily on the force on the disloca-
tion in the glide direction at the surface. We determine this
force from our calculations for the 60° misfit dislocation and
island volumeV=1. The results, Fig. 3, show a larger glide A 2
force on the side of the island with the more favorable ener-
getics. Since the distribution is controlled by the nucleation
rate, and so depends exponentially on the barrier, a small
difference in first-order energetics can lead to a large degree FG. 4. Deformation and strain relief in equilibrium islanda)
of segregatiorisee, for example, Refs. 44 and)45 _ Unrelaxed configuration for a large islan¥€10) with uniform
Physically, the position preference of dislocations of dif- 2594 compressive misfith) deformations due to strain relaxation in
ferent orientations is consistent with the efficient relief of thethe coherent island, ar(d) deformations in island with mixed-type
strain in the island. Consider an island with a compressivelislocations at “optimal” locationgsee text
misfit. If the island had uniform strain then the atoms of the
film would be compressed laterally and extended verticallyng 1o the left of the dislocation. Similarly, the dislocation
due to the Poisson effect, as shown in Fi@4A uniform  hat is favored on the left side has the extra plane of atoms
strain does not correspond to elastic equilibrium, howeverpointing down and to the right.
and the island relaxes to a state of nonuniform strain. By T4 jjjystrate the deformations induced by these misfit dis-
integrating the strains in our calculation we determine thgocations, we introduce a dislocation at each of the energy
lattice deformations in the island after relaxation, shown inyinima of Figs. 2h,j). To plot the distortions on the simple
Fig. 4(b). (See Ref. 29 for the deformation accompanying asquare lattice of Fig. 4 we choose dislocations with Burgers
circular arc island with a compressive misfiThe island vectors b=by(+1,0—1) and b=by(+1,0+1) as the
relaxes primarily through the atoms along its surface relaxyixed-type square-lattice analog of the misfit dislocations
ing to their original unstrained configuration. This surfaceb:(+1/2 +1/2,—1/y2) andb=(+ 1/2,+ 1/2,+ 1/y/2) in the
relaxation is inhibited within the center of the island, as well¢. . syster'n_ and takia, as the lattice sb_acing’] of the grid. The

center, pushing downward on the underlying substrate ne 3 with _ .
the island edges and causing a significant “bulging” oraHOdy‘1 with component= (b,,0b,):
bending of the film/substrate interface underneath the island.

As illustrated by Fig. 2, the strain energy of the system U,=—% tan (—z'/x")— 'z
can be reduced by introducing the appropriate misfit disloca- X2 2(1—v)r?
tion at an energy well. In particular, Fig(K indicates that
(reversing the sign of the energy twjder compressive mis- b, | (1-2v) ) (2')%2—(x")?
fit the optimal location for a 60° misfit dislocation with T on m'”r 21— | (8)
=(+1/2+1/2~1/\/2) is along the film/substrate interface
under the left side of the island. Similarly, the energy in Fig.
2(I) shows that for compressive misfit the optimal location b, [(1-2v) (x')2=(2')?
for a 60° misfit dislocation witth=(+1/2,+1/2+1/y/2) is U=5— Fln r2+ —21
along the film/substrate interface under the right side of the T 4(1-v) 4(1-w)r
island. The dislocation with an energy minimum underneath b .,
the right side of the island has a Burgers vector that corre- +—Zltan {(x'/z')+ Xz , (9)
sponds to an “extra plane of atoms” which extends down 2m 2(1—w)r?

205424-7
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wherex’ andz’ is the point position relative to the disloca- relaxation is not complete. In addition to the focusing of the
tion andr?=(x")2+(z')2. The resulting distortions caused stress concentration near the island edge, there are also re-
by the two dislocations when placed in the island are showigions of stress adjacent to the film/substrate interface which
in Fig. 4(c). The placement of these dislocations on oppositecorrespond to partial relaxation of the stress in the film and
sides of the island results in optimal strain relief through thecompliance by the substrate to accommodate the misfit. The

relaxation in directions tangential to the island surfées. a
relaxation of the “hoop strain” along the island surfacas
well as an unbuckling of the film/substrate interface.

short-range lateral decay of the stresses away from the is-
lands is a factor in the changes in island shapes as neighbor-
ing islands impinge upon one another.

The calculations presented here for two-dimensional is- We have also used the stresses in a first-order calculation
lands demonstrate that misfit dislocations have minimumef the energy of introducing a dislocation anywhere in the
energy positions that depend on the orientation of the Bursystem. These calculations demonstrate that the pure edge
gers vector. This suggests that misfit dislocations in a twodislocation is the most energetically favorable with an en-
dimensional island ridge will segregate by type, as in Fig.ergy minimum lying directly underneath the center of the
4(c). The segregation mechanism for dislocations also apisland. On the other hand, 60° misfit dislocations have an
plies for fully three-dimensional islands, but the energetics oenergy minimum that lies under one side of the island or the
introducing dislocation lines need to be modified by the threether, depending on the orientation of the Burgers vector.
dimensionality of the stress field as well as the fact that thé'his orientation dependence of the position of the energy
length of the dislocation line varies with its position in the minimum suggests that dislocations are segregated in the is-
island cross section. land by orientation, and we confirm that the predicted segre-
gation is consistent with kinetic and glide constraints of dis-
location introduction in the limits of small and large driving

forces. Physically, this segregation can be explained in terms

We have presented detailed results for the stresses thgf gistributing the dislocations most efficiently to relieve the
accompany isolated equilibrium Stranski-Krastanow islandsyisfit and shear stress in the island.

in two dimensiongridges. These island shapes and stresses

are determined by numerical solution of the coupled stress
and free boundary problem. These results show that as the
island size increases the overall trend is for relaxation of the This research was supported by NSF Grants Nos. DMS-
misfit strain over most of the volume of the island; however,9622930 and DMS-0072538.J.S.

V. SUMMARY
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