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Dislocation Patterns in Strained Layers from Sources on Parallel Glide Planes
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(Received 27 May 1997)

The interaction of dislocations on parallel glide planes in a strained epitaxial layer is investiga
nu-merically. It is found that if two dislocations approach closely enough they will form an immob
bound complex. If a third dislocation now comes near such a complex, it will knock one of t
partners forward and in turn bind with the survivor. The repetitive action of this simple proce
leads to the growth of elaborate network structures in the substrate. The network geometry pred
by the calculation is remarkably similar to previously unexplained dislocation structures observe
transmission electron microscopy images. [S0031-9007(97)03990-2]

PACS numbers: 61.72.Lk, 68.55.Ln
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The growth of thin epitaxial layers on a crystallin
substrate such as silicon is a process of considerable im
tance in the manufacture of semiconducting heterost
tures and devices. Since the equilibrium lattice const
of the layer material (hereSi12xGex) differs from that of
the substrate, the layer will grow in a highly strained sta
Beyond a critical thickness, however, such a strained la
becomes unstable and relaxes through the nucleation
motion of dislocations, or through some other more co
plicated mechanism. Under ideal conditions, the rela
layer provides a new crystalline substrate with a latt
constant differing from that of silicon, and therefore su
able for growing new kinds of devices. Not surprising
a great deal of attention has been focused on the prob
of how a thin, highly strained layer can be made to re
in a well-controlled way [1,2].

An idealized relaxation process for a uniformly strain
Si12xGex layer on Si(001) is illustrated in Fig. 1. Dislo
cation loops are nucleated and grow by glide [Fig. 1(b
As the threading armsT move outward on the glide plane
misfit dislocationsM are left behind in the interface [or a
the top and bottom interfaces in the case of the capped l
shown in Fig. 1(b)]. To the degree to which just enou
dislocations are nucleated on the various glide planes,
all threading arms can propagate unimpeded to the ed
of the layer, an array of misfit lines is created [Fig. 1(c
which relieves the strain, with no threading arms rema
ing in the layer to degrade its properties. In actuality, n
ther the nucleation or the propagation of the dislocatio
is ideal, and a certain density of threading arms is inva
ably observed to remain after a layer has relaxed. Lay
with threading-arm densities below106 cm22 are currently
achieved using a strategy of graded layer growth, in wh
the Ge concentration is increased, gradually or stepw
as the layer becomes thicker. Similarly high-quality r
sults have been produced both by growing weakly gra
layers at highsø900 ±Cd temperatures using molecula
beam epitaxy (MBE) [3] and rapid thermal chemical vap
deposition (RT-CVD) [4] and by growing more strong
graded layers at much lowersø500 ±Cd temperatures us
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ing ultrahigh vacuum chemical vapor deposition (UHV
CVD) [5,6].

Observations of dislocation pileup structures in the su
strates of relaxed epitaxial layers suggest that repeti
(Frank-Read or spiral) sources are an important nuclea
mechanism, at least when the low temperature UHV-CV
process is used to grow the film. Thus it is tempting to co
sider a particular model of layer relaxation: One place

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
(001) plane of the crystal. The faces of the pyramid defi
the h111j set of glide planes, while the edges coincide wi
the k011l set of allowed Burgers vectors. (b) Same-perspect
view of two intersecting glide planes,s11̄1d and (111), in the
capped epilayer. A Frank-Read source located at the ce
of the s11̄1d plane has produced two dislocations which a
propagating away, and is in the process of growing a th
loop. (c) Plan view of an idealized relaxed layer, showing t
typical cross-hatched pattern of misfit dislocations that relie
the strain.
© 1997 The American Physical Society 1877
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certain density of such sources into a strained layer,
lets the resulting system of dislocations evolve to its
nal state. Despite its attractive simplicity, the implicatio
of this model are not clear. On the one hand, one
imagine that, as the threading-misfit complexes are p
duced, the threading arms will propagate outward un
peded until all of the strain is relaxed. In this limit, th
remanent threading-arm density will depend on the den
of sources. In particular, a high density of sources will i
ply a high density of threading arms, unless some annih
tion or recombination mechanism is invoked. On the ot
hand, one may suppose that, as the moving threading
encounter dislocations produced by other sources, they
perience strong local forces which lead to immobilizatio
For sufficiently low source densities, the remanent den
of threading arms would then presumably be determi
by the dislocation interactions. Since strong interacti
between arbitrarily configured dislocations have not p
viously been accessible to investigation, it has not b
clear which of these limits is more to the point, or, i
deed, whether the model itself is sufficiently realistic
be useful. An intriguing sidelight is provided by the o
servation of elaborate, characteristically organized st
tures (Fig. 2) deep in the unstressed substrate when
low-temperature UHV-CVD process is used to grow
film [6]. Although the significance of these structures h
been a matter of some controversy, we shall assume
they are a by-product of the layer relaxation processes,
should therefore be predicted by a realistic model.

The strong interactions that dislocations are likely
experience are conveniently divided into two categor
On the one hand, a threading arm propagating on its g
plane is certain to encounter misfit dislocations left beh
on intersecting(crossed) glide planes. Such interactio
have recently been investigated [7]. Here we focus on
quite different situation which arises when threading ar
propagating on one glide plane have close encounters
dislocations moving on aparallel plane. In the limit
where threading arms can propagate for long distan
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FIG. 2. f110g cross-sectional TEM picture of a graded SiG
layer grown on Si(100) by UHV-CVD at a temperature
550±C. The top SiGe layer contains 30% Ge.

this kind of encounter is likely to be experienced by eve
dislocation, and may be the mechanism which accou
for the existence of remanent threading dislocations.

Numerical simulations were carried out using a progra
that implements the full three-dimensional Peach-Koeh
formalism [8] on a parallel computer. The force actin
to move a dislocation elementd$l in the glide plane is
sbisijnjd sn̂ 3 d$ld, where$b is the Burgers vector,s is the
stress tensor, and̂n is the glide plane normal. The stres
tensor includes stresses due to the applied strain, stre
generated by the presence of dislocations, and additio
corrections arising from the presence of boundaries (s
as the layer surfaces). For a uniformly strained, isotro
epitaxial layer lying in the xy plane, sxx  syy 
2e0ms1 1 ndys1 2 nd, where e0 is the strain,m is the
shear modulus, andn is Poisson’s ratio. This field
provides the mechanism driving the motion of the dis
cations. We avoid dealing with the difficult free-surfac
problem by considering the symmetrical capped lay
shown in Fig. 1(b). It remains to determine the cont
butions to the stress tensor generated by the dislocat
themselves. For an isotropic crystal, the contribution
the stress at$r due to an elementd$l at $r 0 is
dsab  smy4pR3d fs $b 3 $Rdadlb 1 s $b 3 $Rdbdlag 1 fmy4ps1 2 ndR5g sd$l 3 $bdg

3 fR2sdagRb 1 dbgRa 2 dabRgd 2 3RaRbRgg , (1)
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where $R  $r 2 $r 0, dab is the Kronecker delta, and th
index g is summed over. The form (1) can be integrat
analytically over a straight line segment. To evaluatesij

at a particular point, the dislocations are approximated a
chain of sufficiently short straight segments, and the re
vant expression summed numerically. Additional info
mation concerning the method of calculation can be fou
in Ref. [7], and a detailed exposition of the computation
approach and physical approximations underlying th
simulations is in preparation.

We first describe the computed behavior of two threa
ing arms encountering each other [9]. Since they are
positely oriented, they attract. Since, however, they
d
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on different glide planes, and cross slip is not conside
here, they cannot reconnect. The outcome is a bo
state which immobilizes the two dislocations as seen
the center of Fig. 3(a). This result is hardly surprisin
and the idea that two dislocations can immobilize ea
other in this way is well appreciated by workers in th
field. What makes the numerical approach more int
esting, even on this simple level, is that it provides d
tailed information of the type required to develop realis
models of the layer-relaxation process. This is illustrat
by Fig. 4, which shows the calculated properties of t
binding process for a 100 nm thick capped layer. We s
that, for a given glide-plane separation, dislocations w
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FIG. 3. Encounter of a third dislocation with a bound disloc
tion pair, time increasing from (a) to (c). This particular ca
culation was done on a 100 nm layer, with glide planes spa
eight glide-plane spacings apart, ande0  0.009. One glide-
plane spacing equals 0.326 nm. The view is along thef 1̄10g
direction. The dislocation on the plane in front is shown a
solid line; the one on the back plane is dotted. The top
bottom interfaces are not shown, but their location is obvio
The high quality of the computation can be judged from the f
that the dots are the actual mesh points used in the calcula

pass by each other without binding if the applied str
driving their motion is greater than a certain value. As t
separation increases, this binding limit decreases rap
and becomes only a few percent of the critical stress o
the separation becomes comparable to the layer thickn
More unexpectedly, perhaps, we find that there is als
lower limit to the applied stress for which binding occur
If the stress is reduced below the critical stress, a poin
reached where the line tension pulling the threading a
backwards overcomes their attractive interaction, and
two dislocations are pulled apart.

Some general aspects of layer relaxation can be ded
from Fig. 4. At high stress levels, only lines that pa
very near each other (compared to the layer thickne
will bind. Although the trapping range increases as
stress is lowered towards the critical stress, the trapp
process itself becomes weaker and more subject to s
fluctuations in the local stress levels. Thus, as a hig
strained layer relaxes, it will pass from a regime domina
by short-range encounters producing strongly bound st
to a more complicated regime dominated by long-ran
interactions resulting in weakly bound states which m
feel the effects of several dislocations at once, and wh
are easily disturbed by other perturbations such as
effects arising from misfits on the intersecting glide plan

An entirely new kind of information, illustrative of the
qualitative new insights that numerical experiments c
provide, is illustrated in Fig. 3. Suppose that a seco
threading arm produced by a Frank-Reed source on
back plane approaches the bound pair as in Fig. 3(a).
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FIG. 4. Limits of trapping in a 100 nm capped layer. Th
circles represent the values of the strain above which
trapping occurs, while the triangles represent the values be
which the bound state is pulled apart by the line tension. T
dashed line is the computed critical strain for which an isolat
threading arm is stationary.

calculations show that as it propagates to the left, t
new dislocation pushes the initial one on the back pla
into the unstrained regions. As it approaches the bou
pair, it repels the dislocation on its own glide plane, b
attracts the one on the front plane [Fig. 3(b)]. Eventual
the initial dislocation on the back plane is pushed forwa
[Fig. 3(c)] and moves on, while the incoming dislocatio
binds in turn with the one left behind on the front glid
plane. The dislocation which was displaced continues
propagate on the back plane unless it in turn encounters
coming in the other direction on the front plane. In th
event a second bound state is formed. Figure 3(c) exhi
another unexpected new feature—the formation of loca
bound sections where the misfits that have been pus
into the unstrained regions pass near each other. At th
crossing points, the dislocations arrange themselves
locally antiparallel states.

To our knowledge, the simple mechanism depicted
Fig. 3 has not previously been identified. Its apotheo
is illustrated in Fig. 5, which depicts a structure creat
by two Frank-Read sources situated some distance a
on parallel glide planes. The repeated application
the mechanism is seen to create a sequence of bo
threading-arm pairs in the strained layer, accompan
by an elaborate and beautiful structure in the unstrain
regions. This structure has the nature of an elastic netw
the nodal points being regions where there is bindi
across the two glide planes.

The importance of our finding is best illustrated by com
paring Fig. 5 with the transmission electron microsco
(TEM) image of Fig. 2 showing actual substrate stru
tures typical of those frequently observed. Although re
structures cannot be expected to match the idealized c
puter simulation exactly, there can be little doubt th
much of the observed substrate structure consists of e
tic networks formed by Frank-Read sources on para
glide planes. Aside from the striking qualitative similarit
1879
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FIG. 5. Dislocation structure built by two Frank-Read source
on parallel glide planes. Threading arms are propagating
from both sides of the figure, and the structure results from t
repetitive action of the mechanism illustrated in Fig. 3.

between observed and computationally predicted netwo
patterns, the size scale of the observed networks (wh
is roughly proportional to the strained-layer thickness)
also in reasonable agreement with our predictions. Most
the remaining structure takes the form of simple pileup
and of corner pileups, which have been shown recen
[7] to arise from the interaction of Frank-Read source
on intersectingglide planes. Historically, these pileup
structures have been the exclusive focus of attentio
while network patterns have been ignored. Our prese
results indicate that the networks are of equal significan
and (together with the results of [7]) demonstrate th
essentially all of the striking structures observed in th
substrates of high-quality buffer layers (at least in tho
grown by low temperature UHV-CVD) can be understoo
in terms of a low density of Frank-Read sources th
emit dislocations which travel along the layer, and whic
interact strongly when they encounter each other. Th
model therefore appears to be the proper starting point
further studies.

Finally, it has not been clear if the other processes us
to produce high-quality buffer layers involve relaxatio
mechanisms that differ in some important way from tho
which we have just ascribed to the low-temperature UHV
CVD process. In particular, the characteristic substra
structures exemplified by Fig. 2 have not been clea
identified for layers prepared by high-temperature MB
or RT-CVD. It is therefore very interesting to note that
predicted secondary (and perhaps more robust) signatur
having Frank-Read sources interacting across parallel gl
planes is the generation of sequences of bound disloca
1880
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pairs, threading the layer and stringing out along a gli
direction with a spacing on the order of the layer thicknes
These kinds of structures have, in fact, been shown to
plentiful in RT-CVD films (see particularly Figs. 4 and 5
of Ref. [4]). One is therefore encouraged to hope that t
basic physical mechanisms that determine the reman
density of threading dislocations will not depend great
on the process used to grow the layers.

To summarize, we have used numerical simulation
explore the strong interactions between threading dislo
tions approaching each other on parallel glide planes.
is found that for glide planes a certain distance apart, th
is a range of strains over which the two dislocations bin
in an immobile state. Above this range, the dislocatio
move past each other; below it, they unbind and retre
towards their original source. The range of applied stra
over which two dislocations are bound is large at small se
arations, but becomes negligible at separations compara
to the layer thickness. A bound pair can also be separa
by the arrival of a third dislocation. In this case, the ne
arrival will displace its predecessor (which continues
move forward), and will in turn form a bound state with th
dislocation left behind. Through this mechanism, repe
tive dislocation sources on parallel glide planes will crea
a row of bound dislocation pairs in the layer, along wit
elaborate dislocation networks in the unstrained substra
Both of these phenomena have been observed experim
tally. Thus we conclude that the mechanism identified he
is important for layer relaxation and accounts for much
the substrate patterns observed.

The authors gratefully acknowledge illuminating dis
cussions with J. Tersoff and P. M. Mooney.
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