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Abstract. The force on a screw dislocation lying parallel to a series of interfaces
separating materials of differing shear moduli is evaluated using the method of
images. On the basis of this calculation, suitable materials systems that are able
to repel dislocations by virtue of their larger elastic constants are suggested. By
using such materials as components of strained-layer superlattices, it may be
possible to divert dislocations into an interface using both the strain field and
the difference in elastic constants. This work will have relevance for highly
lattice-mismatched systems (e.g. GaAs-on-Si) in which ‘dislocation filtering’ is

required.

1. Introduction

The use of strained-layer superlattices to bend over
threading dislocations at an interface is well known
[1, 2], and such techniques have been used to reduce
dislocation densities in GaAs grown on Si(100).
However, the effect that the differing shear moduli of
the layers has on the dislocations has been less
throughly investigated. Head [3] has evaluated the
force on a screw dislocation lying close to a thin oxide
layer using the method of images, and applied his
results to study dislocation movement in aluminium.
For this problem, an infinite number of image disloca-
tions are required to satisfy the boundary conditions at
each interface.

In this paper, the work of Head [3] is extended, and
the results of a preliminary investigation into the effects
that superlattices containing layers of alternating shear
moduli have on screw dislocations are presented. It is
found that, as intuitively expected, thick, stiffer layers
are the most effective at repelling dislocations. Even
thin layers (=50 A thick) whose shear modulus is only
10% larger than that of the underlying layer are found
to be effective at repelling dislocations (this has already
been noted in the experimental work of Gourley et al
[5D-

In § 2, use of the method of images is described for
solving the problem of a screw dislocation parailel to a
series of layers of alternating shear moduli.

In § 3, numerical results are presented for typical
material parameters of interest, and in § 4, the rele-
vance of our results for highly lattice-mismatched semi-
conductor systems is discussed.

By considering the variation of elastic constants
with lattice constant for a variety of semiconductors, it
is suggested that materials such as GaAsP, AlGaP, etc,
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may be more effective at repelling dislocations than
InGaAs. It is noted that these are the types of materials
used by Soga et al [6] in his work on AlGaAs/GaAs
lasers grown on Si(100) substrates.

2. Calculation of the force on a screw dislocation
parallel to a series of layers of alternating shear
moduli

The force on a screw dislocation parallel to an interface
separating two materials of different shear moduli can
be found straightforwardly using one image dislocation
[71, simply by analogy with the electrostatic problem of
a line charge parallel to an interface separating two
different dielectrics. However, for the case of two
interfaces separating three materials of shear modulus
U1, Mo, Y3 (see figure 1), an infinite number of image
dislocations are required.

At first sight, the calculation of the positions and
strengths of the image dislocations appears compli-
cated. Silvester [8], however, has developed an elegant
technique for determining image strengths and
positions based on a ray optics method. Silvester [8]
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Figure 1. Two interfaces separating materials of shear
moduli ., 4, and us. The layer with shear modulus u,
has thickness B.



considered ‘lines of flux’ emanating from a line charge
(although in this work a screw dislocation is more
appropriate). These lines of flux are either reflected or
transmitted at an interface. For a series of interfaces,
many ray paths are possible and the position from
which a given ray path appears to emanate defines the
image position, and the number of reflections and
transmissions undergone by the ray determines the
image strength. The ‘reflection coefficient’ at an inter-
face between layers of shear moduli 4, and y, is given
by ky=(u,— )/ (42+ 1), by analogy with the dielec-
tric case. The image positions and strengths used in
calculating the force on a screw dislocation for the
system shown in figure 1 are presented in table 1. Using
these values, the force per unit length on the screw
dislocation (assumed to lie in material of shear modulus

) is:
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where, in equation (1), k;= (41— #:)/ (41 + ), and
b is the magnitude of the Burgers vector.

If we define N=A/B, then equation (1) can be
rewritten as:
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By setting u; =0, the original result due to Head [3] is
reproduced, i.e.
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Equation (1) (or the more compact equivalent version,
equation (2)) has thus generalised Head’s result [3] to
the case where the last of the three materials has a non-
zero shear modulus.

The generalised results can be used to study the
effect a single layer of shear modulus x, sandwiched
between material of shear modulus 4, has on screw
dislocations (single layers of strained InGaAs sand-

wiched between GaAs have been used as ‘dislocation
filters’ in GaAs-on-Si research).

Table 1. The image positions and strengths used in
calculating the force on a screw dislocation for the
system shown in figure 1.

Position of image

dislocation Image strength
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Figure 2. Three interfaces separating four materials of
shear moduli uy, 4y, u3 and u,. Layers with shear moduli
Uz and uz have thickness B and C respectively.

Equation (1) is the result for a two-interface system.
For three interfaces separating four materials of differ-
ent shear moduli (figure 2), the method of images can
again be used, although the calculation is more cumber-
some. If the force on the dislocation is denoted by F,
and if F,=4xAF/u,b? then

F=k+ Y (1-k)ki kg
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where M is the smaller of n or m. As expected,
equation (4) reduces to equation (1) if either (i) Cis set
equal to o, or (ii) the third and fourth layers have the
same shear modulus.

Numerical results from equations (1) and (4) are
presented in the next section. For more than three
interfaces, the method of images calculation becomes
unwieldy, and an approximate scheme has been imple-
mented to extend the calculation to more than three
interfaces. It makes use of the fact that, in equation (4)
the largest contribution to the summation over j occurs
for j=M for typical reflection coefficients of interest
(i.e.<0.1). By assuming that this term dominates the j
summation, equation (4) can be generalised to an
arbitrary number of layers. Unfortunately, however, as
the number of layers increases, so also does the
computer time needed to evaluate these expressions.
The numerical results of the next section based on
equations (1) and (4) are sufficient to illustrate the
important trends.

In summary, then, the results of this section have
generalised the earlier work of Head [3] to the case of
screw dislocations parallel to three interfaces separat-
ing four materials of differing shear moduli. The aim of
this paper is to use these results to gain insight into the
importance of elastic constant differences in super-
lattices in affecting dislocation movement. To further
this aim, numerical results are presented in the next
section.
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Figure 3. A graph showing the force per unit length on the dislocation as a function
of A for a two-interface system with u,=u, u,=2.2 u, u3=0 and B=40 A (the notation
of figure 1 has been used). Curve A shows the asymptotic curve

L1 B? (102 — )1/ [47Al e, + u4)] (valid for small values of A). Curve C shows the

-0.10

asymptotic curve —u,b%4xA (valid for large values of A), and curve B shows the

numerical result from equation (3).

3. Numerical results

3.1. The two-interface case (see figure 1)

The example chosen by Head [3] in his original calcula-
tion is reproduced here in figure 3. In this case, u,=
2.2uy, and u;=0. For large values of A, the screw
dislocation simply ‘sees’ a vacuum, and is attracted
towards it with force which tends towards the asymp-
totic value ub*4mA, as A tends towards o:.. For small
values of A, however, the dislocation simply ‘sees’ an
interface separating materials of shear modulus u, and
11, and so the force on the dislocation tends towards the
asymptotic value [p;b*(u, — p1 )}/ [47A (1, +p1)]. Thus,
an equilibrium position exists, when the force on the
screw dislocation is zero, and this position depends
upon A/B, and u, u,.

In figure 4(a), the repulsive force on a screw disloca-
tion due to a single layer (which has a shear modulus
12% larger than that of the material it is sandwiched
between—this is about the maximum shear modulus
mismatch between III-V materials of interest [5]) is
shown against distance from the interface for various
values of the layer thickness. In Figure 4(b), the force
on the screw dislocation is shown against layer thick-
ness for three different, fixed, distances from the inter-
face.

3.2. The three-interface case

For the case of three interfaces separating four layers of
different shear moduli (figure 2), numerical results are
presented for the situation where the second layer is
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stiffer (i.e. has a larger shear modulus) and the third
layer is softer than the first-and fourth layer (which are
assumed to have the same shear modulus). An equilib-
rium distance exists, where the force on the dislocation
changes over from being attractive to being repulsive.
This equilibrium distance may be used as a parameter
for estimating the effectiveness of the layersat repelling
dislocations, since a larger equilibrium distance indi-
cates a layer that is more effective at repelling screw
dislocations. Graphs of equlibrium distance versus the
two layer thicknesses are shown in figures § and 6, and
a graph of equilibrium distance versus u, (the shear
modulus of the second layer) is shown in figure 7.

4. Discussion of the possible materials systems
capable of repelling dislocations by virtue of their
elastic constants

In the growth of GaAs-on-Si, a GaAs buffer layer is
grown on a Si(100) substrate’ and, because of the 4%
lattice mismatch, approximately 5x 10" cm™ disloca-
tions are generated. A number of workers have then
proceeded to ‘turn over’ the threading dislocations by
employing the strain fields of thin, strained-layer super-
lattices. It is suggested in this paper that it may be
possible to use elastic constant mismatches, together
with strain fields to repel dislocations more effectively.
Also, there is the possibility that lattice matched stiffer
layers may be capable of ‘dislocation filtering’ action, as
recently suggested by Gourley et al [5].

In figure 8, the variation of shear modulus with
lattice constant is illustrated for a variety of semi-
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Figure 4. (a) A graph showing the force per unit length on the screw dislocation as a function of A for the two-
interface system of figure 1 with u,=us;=u and u, = 1.12y, for three different values of B (shown on the curves). As
expected, the force is a repulsive one for all values of A. (b) A graph showing the force per unit length on the
dislocation as a function of layer thickness B for the two-interface system of figure 1 with y;=u;=u and p,=1.12u

for three different values of A (shown on the curves).

conductors [9]. The shear modulus decreases approx-
imately linearly with lattice constant, although the type
of bonding also has an influence (e.g. Si and Ge are
particularly stiff). Referring to figure 8, we see that it is
preferable to use layers whose lattice constant is
smaller than that of GaAs for dislocation filtering in
GaAs-on-Si. For example, alloys such as GaAsP,
AlGaP, InGaP etc, will be capable of turning over
dislocations due to the strain field, and will also repel
dislocations due to the larger shear modulus.

It is also worth noting that whereas the turning over
of threading dislocations by strain fields is less effective
when large numbers of threading dislocations are inci-
dent upon the strained layer (because as more thread-
ing dislocations are turned over, the strain in the layer
is relieved, rendering the mechanism less effective for
turning over further dislocations) the repulsion of dis-
locations arising from shear modulus mismatch will
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Figure 5. A graph of equilibrium distance as a function

of C for the three-interface system of figure 2 with

Mr=Ha=p, 4z="1.12u and p3=0.9u.

remain just as effective, provided that dislocation—
dislocation interactions  do not alter the qualitative
trends found in the previous section.

Typical values for the force per unit length arising
from shear moduli mismatch are about 1 of the force
per unit length that acts to bend the dislocations into
the interface. However, the force arising from the shear
modulus acts perpendicular to the layer, and increases
indefinitely the nearer the dislocation is to the inter-
face. The model presented here is expected to break
down for screw dislocations very close to the interface,
since details of the bonding arrangements close to the
interface may modify bulk properties such as shear
modulus. The results presented here, though, are
expected to indicate trends.

Finally, a few of the limitations of the model pre-
sented here are pointed out. First of all, isotropic
elasticity theory has been used, and no account has
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Figure 6. A graph of equilibrium distance as a function
of B for the three-interface system of figure 2. The
shear moduli are the same as those in figure 5.
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