VOLUME 78, NUMBER 25 PHYSICAL REVIEW LETTERS 23UNE 1997

Interaction of Dislocations on Crossed Glide Planes
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The full three-dimensional Peach-Koehler formalism is implemented numerically and used to
investigate encounters between threading and misfit dislocations in a strained epitaxial layer. The
possible outcomes of such interactions are found to include blocking, binding, repulsive passage,
and attractive instabilities. We show that blocking is a weak effect, and that the peculiar substrate
pileup structures previously attributed to a “modified Frank-Read mechanism” are actually a natural
consequence of having sources operating on intersecting glide planes. [S0031-9007(97)03439-X]

PACS numbers: 61.72.Lk, 68.55.Ln

The movement and interaction of dislocations overlead to relatively uninteresting corrections, however, and
mesoscopic distances are fundamental to many phenomeimaparticular there is no experimental evidence of Peierls
in crystalline materials, ranging from the work hardeningstress effects at the high stress and temperature levels char-
and fracture of bulk solids to strain relaxation processescteristic of this system. Similarly, although Gosling and
in semiconductor heterostructures. Although the study oWillis [6] have recently shown how one can in principle
dislocations has been actively pursued for many decadeagccount for the effect of a free surface, we avoid this very
with both theory and experiment reaching a high degreeomplicated formalism either by treating capped layers, or
of sophistication, quantitative comparisons between theorlpy using an approximate image construction. On the other
and experiment are often lacking, and even many qualitahand, once the core regions of dislocations in SiGe come
tive observations are not well understood. This gap is dugery close to each other, the fact that they are substantially
to the complicated nature of dislocation dynamics, whichdissociated is likely to have a strong effect on their be-
makes both analytical prediction and intuitive reasoninghavior. Thus, a more complete treatment of the attractive
difficult. instabilities discussed below will require an extension of

A promising tool for establishing the desired qualitativethe program to include dissociation [3]. Similarly, an ex-
and quantitative links between theory and experiment ipansion to include the effects of intrinsic point defects on
numerical simulation. While considerable computationalthe dislocation motion is planned to enable us to address
effort has been devoted to studying, e.g., dislocation coressues involving climb.
structures at the atomic level, attempts to calculate the be- An elementary calculation [7] of dislocations moving
havior of dislocations on the micron scale have been surin a strained layer on an unstrained substrate is displayed
prisingly few [1-3], and have been confined to the simplesin Fig. 1. In general, dislocations can move easily only
of problems. This has motivated us to develop a muclton the crystal planes of closest packinglide plane$,
more ambitious computational approach capable of dealingnd can have only one of a small set of Burgers vectors,
with arbitrarily configured, interacting dislocations charac-corresponding to the shortest lattice vectors in the glide
terized by any allowed Burgers vector and moving on anyplane. To orient the reader, the Burgers vectors and
allowed glide plane [4]. In the present paper, we applyglide planes appropriate to the particular problem we will
this approach to a problem of both fundamental and techdiscuss are shown in Fig. 1(a). The behavior of a single
nological interest, namely, the dynamics of dislocations inFrank-Read source on a particular glide plane is then
a strained epitaxial layer. Although the discussion heras shown in Fig. 1(b). As expected, a short segment
emphasizes the fundamental problem of how to predict thef dislocation, pinned between two points [8] and under
evolution of a pair of interacting dislocations, we also ob-applied stress, grows around until it reconnects to itself,
tain two specific results that are of immediate interest ileaving an outwardly propagating loop and the original
that they call into question previous ideas of how a straineghinned segment. This process repeats to produce a series
epitaxial layer relaxes. of propagating dislocations. The particular features that

The program in its present form implements the fullarise in the strained-layer environment include generation
three-dimensional Peach-Koehler formalism [5] to simu-of a misfit dislocation pileup(M) as new loops push
late glide of perfect dislocations described by isotropicthe earlier ones into the unstrained substrate, and the
linear elasticity theory. Such a generic model is widelyformation of the characteristic outwardly propagating
applicable and can be modified to apply more quantitathreading dislocationgT) as the loops reconnect to the
tively to any particular system. For the special case ofree surface.

SiGe layers it is, for example, possible to take account of The circumstances which lead us to investigate this type
anisotropy and of the Peierls stress. These are expecteddb problem are as follows. Layers ¢fi;—.Ge, grown
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[001] of grading the Ge concentration has led to relaxed layers
with threading densities below0® cm™2. This remark-
able result has been produced both by a process in which
weakly graded layers are grown at hi¢s900 °C) tem-
peratures [12], and by a process in which more strongly
graded layers are grown at much lower500 °C) tem-

(010] peratures [13,14]. In either case, it is not really clear
what happens in the layers, and why such a remarkable

[100] improvement in layer quality is obtained. To our knowl-
(o) edge, the program described here is the first which allows
one to study the interactions between threading disloca-
tions and between threading and misfit dislocations on the

various glide planes, and thus to approach this kind of

problem from a fundamental point of view.

The present paper reflects our initial focus on the inter-

action between dislocations moving on intersecting glide

[110] planes, like the two shown in Fig. 1(b). Such disloca-

tions will interact strongly only in the neighborhood of

the edge formed by the intersection of the glide planes,

with the situation most likely to occur being that in which
(b) a threading arm tries to propagate across a misfit disloca-

FIG. 1. (a) The pyramid shows the crystallographic directionstion left behind in the substrate by a threading arm that

appropriate to the fcc structure of Si. The base of the pyramichas previously passed by on the other glide plane. Even

is parallel to the plane of the layer, which coincides with theassuming that only stress-relieving®@fislocations are in-

[001] plane of the crystal. The faces of the pyramid define e ; ;
the {111} set of glide planes, while the edges coincide with volved, there are still sixteen possible encounters of this

the (011) set of allowed Burgers vectors. (b) Same-perspectivetype’ depending on which glide planel the misfit line is
view of a particular calculation showing the dislocation patternon, on the Burgers vectors of the two dislocations, and on
generated by a Frank-Read source on [thel] glide plane. the direction from which the threading arm is approach-
The source generates threading dislocations which travel awayqag the glide plane edge. Each case differs in detail, and
leaving behind misfit dislocations in the substrate. Dots markpare gre a variety of possible outcomes. These are not

where the source ends are pinned, and where the dislocation% . d b | donlvint f the kind of
terminate on the free surface at the top of the layer. Also showPVIOUS, and can be analyzed only In terms of the Kind o

for later reference is the intersectifigl 1] glide plane, and the ~calculations that are presented here.
glide plane edge (dashed line) formed by the intersection. One possibility that has been extensively discussed in

the literature is thélocking of the threading arm motion
by the misfit line [15,16]. Half of the encounters are
epitaxially on a crystalline Si substrate (and other simi-characterized by a repulsive long-range interaction, so
larly mismatched epitaxial layers) are rapidly increasingthat it requires a strain greater than the critical strain
in technological importance, and are currently the objecf17] for the threading arm to approach the misfit line.
of intense study [9—-11].Si;-,Ge, having a different lat- If a fixed misfit line and a constant shape for the
tice constant from pure Si, such a layer will grow underapproaching threading dislocation are assumed, one finds
strain if deposited on a Si substrate. When the mismatcthat it requires a strain two or three times the critical strain
is sufficiently great and the layer sufficiently thick, this to overcome this repulsion. This has led to the general
strain will in general give rise to dislocations which move impression that such blocking is a significant impediment
so as to reduce the strain. Ideally, dislocations such a® the movement of threading dislocations, and hence to
those shown in Fig. 1(b) would be nucleated individuallythe relaxation of strained layers. Our results indicate that
and travel to the edge of the sample along the variouthis is never the case. The misfit line is readily pushed
glide planes, leaving behind a two-dimensional array ofdown into the strain-free substrate, and there is in fact no
misfit dislocations in the interface, and relaxing the strairblocking effect at all unless a restoring force is applied
in the SiGe layer without significantly degrading its elec-to prevent this from happening. Since there is usually
tronic properties. In practice, large numbers of dislocasome small restoring force, e.g., from image effects,
tions tend to be nucleated at once all over the sampldylocked stationary states can occur. However, even if the
travel a relatively short distance, and become immobilizednisfit line is held fixed, the approaching threading arm
by various mechanisms which at present are only poorlyleforms readily in order to pass over it. This result was
understood. The result is a technologically useless layasbtained previously [4] by means of the two-dimensional
filled with threading dislocations, with areal densitiesBrown formalism, and it provides a valuable check on
reaching10'2 cm™2. In recent years, however, the ideathe calculations to note that the results obtained with the
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three-dimensional formalism are in this instance identical.

By calculating this deformation process for the various

types of encounters, we find that blocking never occurs

at strains greater than about 1.15 of the critical strain,

and is thus a far weaker effect than has been estimated
previously.

To see what can happen when blocking is over-
come, we study the long-term outcome of the encounter
T+[111] 5 [101] — M*[111] 5 [101] at higher strain lev-
els [18]. In this particular case, the threading arm passes
over the preexisting misfit dislocation, pushing it down
into the substrate [Fig. 2(a)]. Eight of the sixteen possi-
ble encounters have this general outcome, although each
differs in detail. The other eight types of encounter ex-
hibit a different behavior. To illustrate this, we discuss
the important case" [1T1]4 [T01] — M*[111]4 [101]
in some detail. Here the long-range interaction is at-
tractive, and there is no impediment at all to the incom-
ing threading arm. Nevertheless, as one raises the stress
above the critical value, one first finds that the approach-
ing dislocation also stops in a stationary state [Fig. 2(b)]. \
This is now aboundstate in which the two dislocations G. 2. Threading arm on théIT1] plane approaching a
tract, Dt are Kept o approAching more losely )t rsocsion on n 1 e, For (b and () e

¢ - : egion shown is ax10 magnification of the region where the
own glide plane. Such a state is somewhat different fron110], [110], and[101] (glide plane edge) directions intersect at
a blocked state, in that the misfit line is not everywherehe bottom of the layer, as shown in Fig. 1(b). Figure 1(c) is
being pushed into the substrate, and no restoring forc@agnified_ by a further factor of _20. This set of calculations
needs to be applied for the state to exist. Like blocke h"?‘:k (Egirtliigl C;E[’rtai‘;?i g‘ 3f)y>r?T(?Eglfall{a)caRpeppiclisiigerzaigggeA
states, however, bound states are stable only up to _abobltf the threading arm over the misfit. The calculation is for
20% above the critical stress. At higher stresses, the integ strain 0f3.80 X 1073. Blocking (not shown) occurs only
acting threading-misfit pair experiences aftractive in-  for strains below abouB.60 X 1073. (b) Stationary bound
stability [Fig. 2(c)], the mutual deformation being such asstate formed when the threading arm approaches the misfit line

L : . 3
to inevitably bring the two dislocations together at a point'o™ the opposite direction. The strain here3is0 > 10~.
A sequence of states separated by equal time steps is shown.

on the glide plane edge. . . (c) Development of an attractive instability from the situation
It is of course clear that the final stages of an attractiveshown in Fig. 2(b) when the strain is increased 0 x 1073,

instability cannot be treated in terms of perfect disloca-The two dislocations rush to meet at a point on the glide
tions and the continuum approximation. As the instabil-Plane edge, and arrive oriented in opposite directions. The

ity develops and the cores move closer together, the faactyal points representing the dislocation in the calculation are
indicated for the threading arm. A sequence of states separated

that the lines are substannally_ d|ssomgted must eventys, equal time intervals is shown. (d) Rapid separation which
ally be taken into account, while the final stages of theoccurs when a reconnection is made at the final configuration
instability must presumably be resolved at the atomistishown in 2(c). The reconnected dislocations now pass from
level. What one can do in the present context, howeveene glide plane to the other, and form cusplike structures at the

is to enact the allowed topological transition, and therg!ldé-plane edge as they move apart. Again, equal time steps
separate the configurations shown.

to look at the subsequent evolution of the system. In
the case of the [111]5[101] — M*[111]5[101] en-
counter, where the two Burgers vectors are the sameonfigurations that differ drastically from simple disloca-
the instability illustrated in Fig. 2(c) is expected to re- tions pileups such as the one shown in Fig. 1(b).

sult in a reconnection. Figure 2(d) then shows that, if Further discussion of the many different kinds of en-
such a change is enacted, the subsequent effect is oBgunter is deferred to a later paper. Instead, we con-
of strong dynamical repulsion and the formationawf-  cjude by illustrating how the type of basic considerations
ner misfit dislocations of various characteristic shapesillustrated in Figs. 1 and 2 are essential for understand-
Thus, our computations predict that encounters of the typgg the more complicated phenomena that are expected to
T[111] % [101] — M*[111] % [101], at more than about be important in strained layers. Consider two arbitrarily
20% above the critical stress, lead to a reconnective insta&thosen Frank-Read sources on intersecting glide planes
bility which is expected to eventually produce substratgFig. 3). The dislocations emitted by such sources interact
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