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The full three-dimensional Peach-Koehler formalism is implemented numerically and use
investigate encounters between threading and misfit dislocations in a strained epitaxial layer.
possible outcomes of such interactions are found to include blocking, binding, repulsive pas
and attractive instabilities. We show that blocking is a weak effect, and that the peculiar subs
pileup structures previously attributed to a “modified Frank-Read mechanism” are actually a na
consequence of having sources operating on intersecting glide planes. [S0031-9007(97)03439-X
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The movement and interaction of dislocations ove
mesoscopic distances are fundamental to many phenom
in crystalline materials, ranging from the work hardenin
and fracture of bulk solids to strain relaxation process
in semiconductor heterostructures. Although the study
dislocations has been actively pursued for many decad
with both theory and experiment reaching a high degr
of sophistication, quantitative comparisons between theo
and experiment are often lacking, and even many quali
tive observations are not well understood. This gap is d
to the complicated nature of dislocation dynamics, whic
makes both analytical prediction and intuitive reasonin
difficult.

A promising tool for establishing the desired qualitativ
and quantitative links between theory and experiment
numerical simulation. While considerable computation
effort has been devoted to studying, e.g., dislocation co
structures at the atomic level, attempts to calculate the b
havior of dislocations on the micron scale have been su
prisingly few [1–3], and have been confined to the simple
of problems. This has motivated us to develop a mu
more ambitious computational approach capable of deali
with arbitrarily configured, interacting dislocations charac
terized by any allowed Burgers vector and moving on an
allowed glide plane [4]. In the present paper, we app
this approach to a problem of both fundamental and tec
nological interest, namely, the dynamics of dislocations
a strained epitaxial layer. Although the discussion he
emphasizes the fundamental problem of how to predict t
evolution of a pair of interacting dislocations, we also ob
tain two specific results that are of immediate interest
that they call into question previous ideas of how a strain
epitaxial layer relaxes.

The program in its present form implements the fu
three-dimensional Peach-Koehler formalism [5] to simu
late glide of perfect dislocations described by isotropi
linear elasticity theory. Such a generic model is wide
applicable and can be modified to apply more quantit
tively to any particular system. For the special case
SiGe layers it is, for example, possible to take account
anisotropy and of the Peierls stress. These are expecte
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lead to relatively uninteresting corrections, however, a
in particular there is no experimental evidence of Peie
stress effects at the high stress and temperature levels
acteristic of this system. Similarly, although Gosling a
Willis [6] have recently shown how one can in princip
account for the effect of a free surface, we avoid this v
complicated formalism either by treating capped layers
by using an approximate image construction. On the ot
hand, once the core regions of dislocations in SiGe co
very close to each other, the fact that they are substant
dissociated is likely to have a strong effect on their b
havior. Thus, a more complete treatment of the attrac
instabilities discussed below will require an extension
the program to include dissociation [3]. Similarly, an e
pansion to include the effects of intrinsic point defects
the dislocation motion is planned to enable us to addr
issues involving climb.

An elementary calculation [7] of dislocations movin
in a strained layer on an unstrained substrate is displa
in Fig. 1. In general, dislocations can move easily o
on the crystal planes of closest packing (glide planes),
and can have only one of a small set of Burgers vect
corresponding to the shortest lattice vectors in the g
plane. To orient the reader, the Burgers vectors
glide planes appropriate to the particular problem we w
discuss are shown in Fig. 1(a). The behavior of a sin
Frank-Read source on a particular glide plane is th
as shown in Fig. 1(b). As expected, a short segm
of dislocation, pinned between two points [8] and und
applied stress, grows around until it reconnects to its
leaving an outwardly propagating loop and the origin
pinned segment. This process repeats to produce a s
of propagating dislocations. The particular features t
arise in the strained-layer environment include genera
of a misfit dislocation pileup(M) as new loops push
the earlier ones into the unstrained substrate, and
formation of the characteristic outwardly propagati
threading dislocations(T) as the loops reconnect to th
free surface.

The circumstances which lead us to investigate this t
of problem are as follows. Layers ofSi12xGex grown
© 1997 The American Physical Society 4785
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FIG. 1. (a) The pyramid shows the crystallographic directio
appropriate to the fcc structure of Si. The base of the pyram
is parallel to the plane of the layer, which coincides with th
f001g plane of the crystal. The faces of the pyramid defin
the h111j set of glide planes, while the edges coincide wi
the k011l set of allowed Burgers vectors. (b) Same-perspect
view of a particular calculation showing the dislocation patte
generated by a Frank-Read source on thef111g glide plane.
The source generates threading dislocations which travel aw
leaving behind misfit dislocations in the substrate. Dots ma
where the source ends are pinned, and where the dislocat
terminate on the free surface at the top of the layer. Also sho
for later reference is the intersectingf111g glide plane, and the
glide plane edge (dashed line) formed by the intersection.

epitaxially on a crystalline Si substrate (and other sim
larly mismatched epitaxial layers) are rapidly increasin
in technological importance, and are currently the obje
of intense study [9–11].Si12xGex having a different lat-
tice constant from pure Si, such a layer will grow und
strain if deposited on a Si substrate. When the misma
is sufficiently great and the layer sufficiently thick, thi
strain will in general give rise to dislocations which mov
so as to reduce the strain. Ideally, dislocations such
those shown in Fig. 1(b) would be nucleated individual
and travel to the edge of the sample along the vario
glide planes, leaving behind a two-dimensional array
misfit dislocations in the interface, and relaxing the stra
in the SiGe layer without significantly degrading its ele
tronic properties. In practice, large numbers of disloc
tions tend to be nucleated at once all over the samp
travel a relatively short distance, and become immobiliz
by various mechanisms which at present are only poo
understood. The result is a technologically useless la
filled with threading dislocations, with areal densitie
reaching1012 cm22. In recent years, however, the ide
4786
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of grading the Ge concentration has led to relaxed lay
with threading densities below106 cm22. This remark-
able result has been produced both by a process in wh
weakly graded layers are grown at highsø900 ±Cd tem-
peratures [12], and by a process in which more strong
graded layers are grown at much lowersø500 ±Cd tem-
peratures [13,14]. In either case, it is not really cle
what happens in the layers, and why such a remarka
improvement in layer quality is obtained. To our know
edge, the program described here is the first which allo
one to study the interactions between threading dislo
tions and between threading and misfit dislocations on
various glide planes, and thus to approach this kind
problem from a fundamental point of view.

The present paper reflects our initial focus on the inte
action between dislocations moving on intersecting gli
planes, like the two shown in Fig. 1(b). Such disloc
tions will interact strongly only in the neighborhood o
the edge formed by the intersection of the glide plane
with the situation most likely to occur being that in whic
a threading arm tries to propagate across a misfit dislo
tion left behind in the substrate by a threading arm th
has previously passed by on the other glide plane. Ev
assuming that only stress-relieving 60± dislocations are in-
volved, there are still sixteen possible encounters of t
type, depending on which glide plane the misfit line
on, on the Burgers vectors of the two dislocations, and
the direction from which the threading arm is approac
ing the glide plane edge. Each case differs in detail, a
there are a variety of possible outcomes. These are
obvious, and can be analyzed only in terms of the kind
calculations that are presented here.

One possibility that has been extensively discussed
the literature is theblockingof the threading arm motion
by the misfit line [15,16]. Half of the encounters ar
characterized by a repulsive long-range interaction,
that it requires a strain greater than the critical stra
[17] for the threading arm to approach the misfit line
If a fixed misfit line and a constant shape for th
approaching threading dislocation are assumed, one fi
that it requires a strain two or three times the critical stra
to overcome this repulsion. This has led to the gene
impression that such blocking is a significant impedime
to the movement of threading dislocations, and hence
the relaxation of strained layers. Our results indicate th
this is never the case. The misfit line is readily push
down into the strain-free substrate, and there is in fact
blocking effect at all unless a restoring force is applie
to prevent this from happening. Since there is usua
some small restoring force, e.g., from image effec
blocked stationary states can occur. However, even if
misfit line is held fixed, the approaching threading ar
deforms readily in order to pass over it. This result w
obtained previously [4] by means of the two-dimension
Brown formalism, and it provides a valuable check o
the calculations to note that the results obtained with t
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three-dimensional formalism are in this instance identic
By calculating this deformation process for the variou
types of encounters, we find that blocking never occu
at strains greater than about 1.15 of the critical stra
and is thus a far weaker effect than has been estima
previously.

To see what can happen when blocking is ove
come, we study the long-term outcome of the encoun
T 1f111g 1

2 f101g ! M1f111g 1
2 f101g at higher strain lev-

els [18]. In this particular case, the threading arm pass
over the preexisting misfit dislocation, pushing it dow
into the substrate [Fig. 2(a)]. Eight of the sixteen poss
ble encounters have this general outcome, although e
differs in detail. The other eight types of encounter e
hibit a different behavior. To illustrate this, we discus
the important caseT 2f111g 1

2 f101g ! M1f111g 1
2 f101g

in some detail. Here the long-range interaction is a
tractive, and there is no impediment at all to the incom
ing threading arm. Nevertheless, as one raises the st
above the critical value, one first finds that the approac
ing dislocation also stops in a stationary state [Fig. 2(b
This is now aboundstate in which the two dislocations
attract, but are kept from approaching more closely by t
fact that each dislocation is constrained to move on
own glide plane. Such a state is somewhat different fro
a blocked state, in that the misfit line is not everywhe
being pushed into the substrate, and no restoring fo
needs to be applied for the state to exist. Like block
states, however, bound states are stable only up to ab
20% above the critical stress. At higher stresses, the int
acting threading-misfit pair experiences anattractive in-
stability [Fig. 2(c)], the mutual deformation being such a
to inevitably bring the two dislocations together at a poi
on the glide plane edge.

It is of course clear that the final stages of an attracti
instability cannot be treated in terms of perfect disloc
tions and the continuum approximation. As the instab
ity develops and the cores move closer together, the f
that the lines are substantially dissociated must even
ally be taken into account, while the final stages of th
instability must presumably be resolved at the atomis
level. What one can do in the present context, howev
is to enact the allowed topological transition, and the
to look at the subsequent evolution of the system.
the case of theT2f111g 1

2 f101g ! M1f111g 1
2 f101g en-

counter, where the two Burgers vectors are the sam
the instability illustrated in Fig. 2(c) is expected to re
sult in a reconnection. Figure 2(d) then shows that,
such a change is enacted, the subsequent effect is
of strong dynamical repulsion and the formation ofcor-
ner misfit dislocations of various characteristic shape
Thus, our computations predict that encounters of the ty
T 2f111g 1

2 f101g ! M1f111g 1
2 f101g, at more than about

20% above the critical stress, lead to a reconnective ins
bility which is expected to eventually produce substra
al.
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FIG. 2. Threading arm on thef111g plane approaching a
misfit dislocation on thef111g plane. For (a), (b), and (d) the
region shown is a310 magnification of the region where th
f110g, f110g, andf101g (glide plane edge) directions intersect
the bottom of the layer, as shown in Fig. 1(b). Figure 1(c)
magnified by a further factor of 20. This set of calculatio
was carried out for a symmetrically capped layer 1000
thick (critical strain­ 3.30 3 1023). (a) Repulsive passage
of the threading arm over the misfit. The calculation is f
a strain of 3.80 3 1023. Blocking (not shown) occurs only
for strains below about3.60 3 1023. (b) Stationary bound
state formed when the threading arm approaches the misfit
from the opposite direction. The strain here is3.60 3 1023.
A sequence of states separated by equal time steps is sh
(c) Development of an attractive instability from the situatio
shown in Fig. 2(b) when the strain is increased to4.50 3 1023.
The two dislocations rush to meet at a point on the gli
plane edge, and arrive oriented in opposite directions. T
actual points representing the dislocation in the calculation
indicated for the threading arm. A sequence of states separ
by equal time intervals is shown. (d) Rapid separation wh
occurs when a reconnection is made at the final configura
shown in 2(c). The reconnected dislocations now pass fr
one glide plane to the other, and form cusplike structures at
glide-plane edge as they move apart. Again, equal time s
separate the configurations shown.

configurations that differ drastically from simple disloc
tions pileups such as the one shown in Fig. 1(b).

Further discussion of the many different kinds of e
counter is deferred to a later paper. Instead, we c
clude by illustrating how the type of basic consideratio
illustrated in Figs. 1 and 2 are essential for understa
ing the more complicated phenomena that are expecte
be important in strained layers. Consider two arbitrar
chosen Frank-Read sources on intersecting glide pla
(Fig. 3). The dislocations emitted by such sources inter
4787
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FIG. 3. Typical configuration produced by two Frank-Rea
sources on intersecting glide planes. The calculation w
carried out for a film 5000 Å thick, under a strain of4.00 3
1023. Dots denote the terminations of dislocations on the fr
surface of the layer or on the pinning sites defining the sourc
[8]. (a) Perspective view similar to Fig. 1(b). (b) View alon
the f110g direction. (c) View along thef110g direction.

as they pass the glide plane edge, combining the phen
ena shown in Figs. 1 and 2 with other more complicat
processes to form corner misfit pileups structures of va
ous kinds. Such substrate structures have been wid
observed, and have been attributed to the action of a s
cial “modified Frank-Read mechanism” [13,14,19]. Th
results shown in Fig. 3 demonstrate rather strikingly th
they are instead a natural consequence of having sou
on intersecting glide planes.

In summary, a numerical study has brought out se
eral new features of dislocation interactions which a
expected to be important in understanding strain rela
tion in epitaxial layers. We find that interacting threadin
arms and misfit lines can undergo a variety of fates
cluding blocking, binding, repulsive passage, and attra
tive instabilities. The attractive instabilities will lead to
reconnection, kink creation, and jog creation, dependi
on the Burgers vectors involved. Although many deta
will need to be sorted out to fully understand how a lay
relaxes, two specific results already illustrate the usef
ness of such calculations. First, we find that, contrary
previous claims, blocking effects are generally negligib
Secondly, we have computed the substrate dislocati
patterns produced by two simple Frank-Read sources
intersecting glide planes, and find that they closely rese
ble certain experimentally observed patterns. The mo
fied Frank-Read mechanism that had been proposed
explain such patterns is thus seen to be unnecessary.

The author gratefully acknowledges illuminating dis
cussions with J. Tersoff and P. M. Mooney.
4788
s

e
es

m-
d
i-
ly
e-

t
ces

v-
e
a-

-
c-

g
s
r
l-
o
.
ns
on

-
i-
to

-

[1] M. S. Duesbery and K. Sadananda, Philos. Mag.63, 535
(1991).

[2] M. S. Duesbery, N. P. Louat, and K. Sadananda, Philo
Mag. 65, 311 (1992).

[3] M. S. Duesbery, N. P. Louat, and K. Sadananda, Act
Metall. Mater.40, 149 (1992).

[4] K. W. Schwarz and J. Tersoff, Appl. Phys. Lett.69,
1220 (1996). A more detailed description of how the
computations are carried out is in preparation.

[5] See, for example, J. P. Hirth and J. Lothe,Theory
of Dislocations (Krieger Publishing, Malabar, Florida,
1992).

[6] T. J. Gosling and J. R. Willis, J. Mech. Phys. Solids42,
1199 (1991).

[7] The parameters used in the calculations are those app
priate to SixGe12x on Si. Specifically, unit cell dimen-
sion a ­ 5.65 3 1028 cm, shear modulusm ­ 6.77 3

1010 Pa, and Poisson ration ­ 0.218. Our conclusions
are not sensitive to these values. The strain is related
the Ge concentration bye ø 20.042x, although we have
framed our discussion in terms of response to a positiv
strain. All calculations were done on 8 or 16 nodes of a
IBM SP2 supercomputer.

[8] It is understood that the dislocation does not stop a
the pinning site, but continues on some other glid
plane.

[9] R. Beanland, D. J. Dunstan, and P. J. Goodhew, Adv. Phy
45, 87 (1996).

[10] F. K. LeGoues, Mater. Res. Soc. Bull.21, 38
(1996).

[11] P. M. Mooney, Mater. Sci. Eng.R17, 105 (1996).
[12] E. A. Fitzgerald, Y.-H. Xie, D. Monroe, P. J. Silverman,

J. M. Kuo, A. R. Kortan, F. A. Thiel, and B. E. Weir,
J. Vac. Sci. Technol. B10, 1807 (1992).

[13] B. S. Meyerson, K. J. Uram, and F. K. LeGoues, App
Phys. Lett.53, 2555 (1988).

[14] F. K. LeGoues, B. S. Meyerson, J. F. Morar, and P. D
Kirchner, J. Appl. Phys.71, 4230 (1992).

[15] L. B. Freund, J. Appl. Phys.68, 2073 (1990).
[16] V. T. Gillard, W. D. Nix, and L. B. Freund, J. Appl. Phys.

76, 7280 (1994).
[17] Critical strain (or stress) is defined as the value o

strain (or stress) above which the threading arms w
propagate so as to make the misfit dislocation grow
See F. C. Frank and J. H. van der Merwe, Proc. R. So
London A 198, 205 (1949); A198, 216 (1949); J. W.
Matthews and A. E. Blakeslee, J. Cryst. Growth27, 118
(1974).

[18] A heuristic notation is adopted to classify the vari
ous kinds of encounters. ThusT1f111g 1

2 f101g !

M1f111g 1
2 f101g denotes a threading dislocation on the

f111g glide plane, with Burgers vector12 f101g, and mov-
ing in the 1s0, 0, 1d 3 s1, 1, 1d direction, encountering a
misfit dislocation on thef111g glide plane with Burgers
vector 1

2 f101g, and pointing in the1s0, 0, 1d 3 s1, 1, 1d
direction.

[19] F. K. LeGoues, Phys. Rev. Lett.72, 876 (1964).


