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Misfit Dislocation Sources at Surface Ripple Troughs in Continuous Heteroepitaxial Layers
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The present work examines ordered surface ripple arrays exhibited by continuous epitaxial InGaAs
on GaAs and, for the first time, demonstrates directly that ripple trough locations are sources for misfit
defects at the heteroepitaxial interface. Defect nucleation can take place due to the enhanced stress at
such troughs. The first stress-relieving defects observed to form are faulted dislocation half-loops on
inclined (111)planes.

PACS numbers: 68.35.8s, 68.55.Bd

The growth of heteroepitaxial semiconductor layers is
of considerable importance for advanced electronic device
technology. However, misfit stress relief by the introduc-
tion of interfacial dislocations degrades the quality of the
epitaxy, and limits the performance of devices fabricated
in the layers. Therefore, for many years a large amount of
work has been directed toward the identification of misfit
dislocation sources in the layers. Following the derivation
[1,2] of the basic misfitting layer energy expressions, the
way in which misfit dislocations can enter a layer by the
glide of existing threading dislocations was examined [3—
6]. Furthermore, in addition to the operation of specific
heterogeneous dislocation sources [7,8], it has been found
[9,10] that misfit dislocations can be formed by nucleation
of half-loops at the overlayer free surface, and the stability
of such loop nuclei has been analyzed [11,12]. In general,
it is clear [13] that the kinetic barrier to such nucleation
at a perfect, flat surface is predicted to be so large that the
process is unlikely to commonly occur.

The surfaces of epitaxial layers can exhibit important de-
viations from planarity under a number of circumstances.
Randomly positioned growth nuclei can form, especially
for high strain systems, and local strain relaxation at the nu-
cleus location can then take place [14—16]. Furthermore,
it has recently been demonstrated that arrays of ordered
ripples can be produced [17—21] upon the surfaces of con-
tinuous epitaxial layers, especially in systems of large mis-
fit prepared at high growth temperatures [19,20,22]. Such
undulations form as a result of energy minimization in the
epitaxial system [23], and yield substantial elastic strain
relief. The latter is due to lattice relaxation in the ripple
crests, as can be directly measured by transmission electron
microscope (TEM) imaging [21]. There is a corresponding
increase in stress at the ripple troughs which, based upon
studies describing dislocation generation in the stress fields
of depressions [24], is expected to promote the nucleation
of misfit dislocations. A particularly detailed analysis of
the increased probability of dislocation nucleation at un-
stable cusps in the growth surface has been made [25].
However, experimental evidence for the operation of this
generic dislocation formation mechanism in epitaxial sys-
tems has not been available until this time. It is the purpose

of this paper to present the first direct evidence for dislo-
cation nucleation at ripple troughs in continuous epitaxial
layers. It is demonstrated for InGaAs epitaxial alloy on
GaAs that there is a direct correlation between the posi-
tions of the troughs and individual dislocations injected to
relieve the misfit stress.

In these investigations, In Ga],As layers were grown
by molecular beam epitaxy on (100) GaAs substrates at
a growth rate of 1.0 mls ' which was corrected for any
In desorption at growth temperatures employed. Depo-
sition rate and alloy composition were measured from
group-III-induced refIection high-energy electron diffrac-
tion (RHEED) oscillations immediately prior to growth.
The V/III beam equivalent pressure ratio was main-
tained at 5:1 for the alloy growth. Substrate temper-
atures were set with reference to the (4 && 2)-(2 X 2)
RHEED reconstruction change at the substrate surface
immediately prior to growth. Each wafer had 200 nm
of GaAs grown as a buffer layer, followed by a pause,
before continuing with alloy growth. Layers were stud-
ied ex situ using a JEOL JEM 4000EX TEM operated
at an accelerating voltage of 400 kV; specimens were
thinned to electron transparency in plan view and cross-
sectional configurations using sequential mechanical pol-
ishing and Ar+ ion milling. Atomic force microscope
observations were carried out using a Nanoscope III in-
strument with silicon nitride stylus.

It has been found that, although In Ga],-As layers with
low x values exhibit excellent planarity at an x value ap-
proaching 0.25, a dramatic structure transition occurs to
morphologically undulating growth [26,27]. The rough-
ened layers give the opportunity to study details of the role
of surface undulations in the misfit dislocation introduction
mechanism. It is especially instructive to examine a rough-
ened In Ga& As alloy with the lowest possible x-value
(composition close to the transition value) since this maxi-
mizes the thickness of continuous undulating layers which
may be found in substantially dislocation-free condition.
Growth at a relatively high temperature also promotes the
formation of well-ordered ripple arrays [20].

Following these considerations, Fig. 1(a) shows a
cross-sectional view of an In025Ga075As layer on GaAs
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(mean strain 1.8%), grown at 580 C, with a mean thick-
ness of 20 nm. It is evident that the layer is continuous
and exhibits ripples of amplitude -20 nm, with crests of
—30 nm and troughs of —10 nm thickness. The ripple
slopes are generally faceted at —12 —16 (or occasionally
higher angles) so that, while the crests are rounded, the
troughs often take the form of relatively sharp grooves.
This general morphology exhibits many similarities [21]
with that of rippled SiGe layers on Si. Examination
of a plan-view TEM image [Fig. 1(b)] of the layer just
described shows the array of interacting ripples very
clearly, the black or white strain contrast being surface
slope dependent [19]due to lattice relaxation at the ripple
crests and additional compression at the troughs. The
surface undulations take the form of an interlocking array
of ridges and mounds resulting, in part, from ripple inter-
ference, with the angularity of the contrast features being
due to the ripple faceting. The ripples, of wavelength
—100 nm, are generally aligned along orthogonal (001)-
type directions, as in the case of SiGe alloy layers on
Si, although sometimes local [011] alignment is evident.
The variation of TEM ripple contrast with sample tilt
[26], interpreted using an Airy stress function analysis
by direct analogy with the SiGe case [21], indicates that
compressive stresses at the trough minima are several
times the basic misfit stress. Therefore, it is anticipated
that misfit defect nucleation at these locations would be
especially favorable.

Close inspection of Fig. 1(b) indicates that misfit defect
segment generation has just begun (typical short segments
are arrowed). However, to determine their relationship to
the ripple requires careful image contrast analysis in or-
der to unambiguously distinguish peaks from troughs. It

FIG. 1. (a) Cross-sectional [011]TEM image showing profile
of surface ripples on Ino25Ga075As epitaxial layer on GaAs,
and (b) plan-view, strong-beam, g = 022, TEM image showing
ordered ripple array and misfit defects (arrowed).

is possible to circumvent this problem with the present
sample since the layer is at the very edge or morphologi-
cal stability and, toward the periphery of the wafer, slight
temperature depression caused the formation of ordered
but discontinuous ripple arrays. At the edges of such
arrays, it is then possible to determine the local surface
slope unambiguously. Such an area is shown in Fig. 2,
which illustrates the initial formation of local domains of
ordered ripples with, in this case, dominant [011] align-
ment. The manner in which the surface instability fluc-
tuates from region to region is itself interesting, but this
will be discussed elsewhere [26]. However, it is most im-

portant in the present context that misfit dislocation gen-
eration has specific relationship to the periodicity of the
remaining ordered ripples.

Figure 2(a) presents an image recorded using a 022 g
vector: This shows the ripple domains and groups of
misfit defect segments, which occur only in rippled ar-
eas. Furthermore, the defects occur primarily along only
a preferred [011]-type in-plane direction, a previously ob-
served asymmetry [28]. In order to display the segments
more clearly, Fig. 2(b) shows a weak-beam image of the
same area, such that the ripples are almost out of contrast,
while the defect segments are clearly visible (and indi-
cated by arrows). Where the segments are present in pairs,
triples, etc. , their local spacing is essentially the [011]rip-
ple wavelength of —120—130 nm. To locate precisely the
defects within the ripple undulations, it is necessary to
eliminate the contrast interactions between the structures
while maintaining the visibility of both. This is achieved
in Figs. 2(c) and 2(d) [areas centered on the labeled defects
in Fig. 2(b)], which were recorded using a 022 g vector.
Although almost all of each defect is out of contrast, the
surface terminations of the defects are still visible as con-
trast points due to strain-field surface relaxation.

In Fig. 2(c), relatively isolated ripple feature 1 and rip-
ple features 2—10 all give bright or dark contrast with in-

version boundaries normal to the direction of the g vector
of the operating reflection. Careful analysis of the sym-
metry of the contrast unambiguously demonstrates [29]
that all such features are crests (ridges) in the undulating
surface. It is immediately evident that the misfit defect
segments are almost always present only in the troughs
between ripple ridge sections. For example, segment A-
A' extends from the upper edge of ridge section 10 (be-
tween sections 8 and 9). Segment B B' extends from the-

upper edge of ridge section 7 (between sections 4 and 5).
Occasionally, dislocation segments can cut across ridges,
as in the case of C-t ', which extends from the upper edge
of ridge section 6 (between sections 3 and 4), underneath
2, and out into a planar region ( at C'). The same be-
havior is exhibited in the layer area of Fig. 2(d). Misfit
defect segments D-D', E-E', F-F', G-G', H-H', I-I', and
J-J' are present between the ripple ridge sections marked
with circles. Thus it is clear that, as predicted [21,25),
misfit defect segments nucleate preferentially in the high
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The invisibility of misfit defects for an operating
022 Bragg reliection indicates that their Burgers (dis-
placement) vectors lie perpendicular to their lengths.
However, it has also been found that the defects are in
contrast for all 111-type reflections at —35 to the sub-
strate plane. This indicates that the misfit defects are
most likely to be faulted Frank dislocation half-loops with

(a/3) (111)-type Burgers vectors inclined to the foil plane,
which is analogous to defect formation in heteroepitaxial
metal layers [10]. This deduction has been substantiated
by direct high resolution imaging of InGaAs/GaAs cross
sections showing the structure of these defects. A typi-
cal high resolution lattice image is shown in Fig. 3, where
intrinsic stacking fault P extends from near the base of a
ripple trough down to Frank partial dislocation Q, which
is close to the InGaAs/GaAs interface. Another fault (R)
originates in the trough but, in this case, terminates in
an (a/6) (011)-type stair-rod partial dislocation 5, from
which additional fault T extends back up to the layer sur-
face. Defects in these cross sections were overwhelm-
ingly present at ripple trough locations.

The work of the present paper shows that, for nucle-
ation of misfit defects in high strain epitaxial systems,
intrinsic Frank partial dislocations can be produced first.
The mechanism is probably by aggregation of vacancies,
which may diffuse in from the layer surface and provide
partial local stress relief by the effective removal of ma-
terial from the compressed region. It is proposed that the
observed fault pair formation can then occur by emission
of a suitable Shockley partial dislocation on the appropri-
ate intersecting (111)-type plane,

(a/3) tl 1 1] ~ (a/6) [011]+ (a/6) [211].

Furthermore, it is often stated [28] that the formation

FIG. 2. Plan-view TEM images showing misfit defects among
discontinuous ordered ripple arrays (a) strong-beam, g =
022, (Bragg deviation positive) with a selection of misfit
defects arrowed; (b) weak-beam, dark-fie1d g = 022 with misfit
defects arrowed; (c), (d) strong-beam g = 022 (Bragg deviation
positive) showing misfit defect terminations A-A' to J-J' and
selected surface ripple ridge sections numbered in (c) and
marked with circles in (d).

stress regions at ripple troughs. In this way, the defect
arrangement and spacing conform to the pseudohexagonal
symmetry of the ripple arrays.

FIG. 3. Cross-sectional high resolution TEM image, [011]
surface normal, showing misfit defects nucleated at surface
ripple trough: stacking fault (P) bounded by Frank partial
dislocation (Q, note terminating lattice fringe parallel to fault
plane) and stacking fault (R) bounded by stair-rod dislocation
(5) leading to secondary fault (T).
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of edge misfit dislocations of sessile Lomer type (which
were seen in thicker, high-strain InGaAs layers) is not
understood, but probably involves a climb process. It
is now proposed that such Lomer dislocations may be
produced by the reaction of an initially formed Frank
partial dislocation with a Shockley partial dislocation,
which moves in from the surface and annihilates the
fault,

(a/3) [111]~ (a/6) [211] + (a/2) [011].
This formation mechanism accounts for the occurrence of
sessile Lomer dislocations well beneath the surface of an
epitaxial layer.

In, summary, the present work has demonstrated exper-
imentally, for the first time, that misfit dislocations in rip-
pled, continuous InGaAs/GaAs layers are nucleated pre-
dominantly in the high stress regions at ripple troughs, as
predicted previously [21,25]. The so-formed defect ar-

rays conform to the ripple symmetry and spacing. This
nucleation mechanism is likely to be of importance for
all high-strain heteroepitaxial systems which exhibit sur-
face nonplanarity (including SiGe/Si). The first defects
observed to form in the present high misfit system appear
to be faulted Frank partial dislocation half-loops. Disloca-
tion reactions by which other common misfit defects (fault
pairs and Lomer dislocations) can be formed have been
given and, again, may be generally applicable to other epi-
taxial systems.
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