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The formation, interaction, and propagation of misfit dislocations in molecular-beam epitaxial
InGaAs/GaAs heterointerfaces have been studied by transmission electron microscopy. With
the lattice mismaich less than 2%, most of the interfacial dislocations are found to be 60°
mixed dislocations introduced by glide processes. Sessile edge-type dislocations can also
originate from the combination of two 60° mixed dislocations. The ratic of densities of edge
dislocations to 60° dislocations was increased during the later part of the elastic strain
refaxation. These sessile edge dislocations may be generated in appreciable numbers through a
climb process. For large lattice-mismatched systems, the majority of the misfit dislocations are
pure edge dislocations and high threading dislocation density is generally found. The
interfacial dislocaticn network is found to contain regions of dislocations with the same
Burgers vector that extend over several micrometers. The results support a mechanism that
involves misfit dislocation multiplication during the molecular-beam epitaxial growth process.

L INTRODUCTION

Strained hetercepitaxial growth of semiconductors has
been extensively studied in recent years. The accommoda-
tion of misfit strain during mismatched heterostructure epi-
taxy is of great importance for electronic device applications.
At the same time, the generation and bowing of dislocations
in thick strained layers has a critical effect on the quality of
optical devices. [t is generally accepted that during strained
layer epitaxy the limit of coherent growth, or the pseudo-
morphic regime, is defined by a critical thickness. Matthews
and Blakeslee® suggested that misfit smaller than 7% can be
accommodated by elastic strain until a critical thickness is
reached. Above this critical thickness, it is energetically fa-
vorable for the misfit to be shared between dislocations and
remnant elastic strain in the neighboring undisiocated por-

ions of the crystal. It is generally believed that when misfit
dislocations are generated at a hetercinterface, most, but not
all, of the strain is relaxed,*® such that smail residual elastic
strain still exists at the misfit interface. This postulate has
been confirmed by annealing experiments where it is seen
that the dislocation density increases with the duration of
anuealing.” Recently, many of the variables involved in the
analysis of strain relaxation have been examined.®® The epi-
taxial growth temperature, dislocation line tension, lattice
parameter mismatch, as well as the thickness of the over-
layer, are very important factors in the generation of misfit
dislocations.

Matthews proposed that substrate dislocations can act
as sources of interfacial misfit dislocations through a glide
process.'® The threading dislocations can bow at the heter-
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ointerface under the influence of misfit strain. As a result,
the segments of the threading dislocation in the epilayer and
the substrate will then be separated by a length of misfit
dislocation within the interface 1o balance the stress and the
dislocation line tension. [t has also been suggested that dislo-
cation multiplication processes at or near the epitaxial sur-
face are responsible for the observed misfit disiocation sub-
structure. For example, the formation of a dislocation
half-loop near the epitaxial surface can reduce the surface
steps and then grow into the misfi{ interface during strained
epitaxial growth.'™"* The surface reconstruction of semi-
conductors, together with the atomic growth steps, have also
been considered as the possible sites for surface strain relaxa-
tion.'*"'¢ In support of the former theory, a low dislocation
density in the substrate {10°~10° em™?) reduces the occur-
rence of threading dislocations.” Moreover, if threading dis-
locations were the only source, the strain relaxation would
be limited by the dislocation glide velocity.!” In the latter
theory, the rather small value of the misfit and large activa-
tion barriers oppose the nucleation of new dislocations at
typical InGaAs growth temperatures ( 7, = 450-350 °C) by
molecular-beam epitaxy (MBE).*”!" The generation of new
dislocations is impeded by the necessity to overcome the nu-
cleation barrier. Therefore, dislocation multiplication from
sources formed by the interaction of the misfit dislocations
could be as important as the threading dislocations and dis-
location half-loops for interfacial elastic strain relazation.”
The aim of this paper is to study the origin of misfit
dislocations during strained InGaAs layer growth on GaAs
by MBE. We present results on transmission electron mi-
croscopy { TEM ) investigations of misfit dislocation interac-
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tion at the strained InGaAs/GaAs heteroepitaxial interface.
Dislocation propagation from the heterointerface has also
been studied by cross-sectional TEM. The results support a
mechanisim involving dislccation multiplication during
MBE growth process.

il EXPERIMENT

Molecular-beam epitaxial growth was performed in a
three-chamber RIBER 2300 system. The strained InGaAs
layers were grown on (001) undoped GaAs substrates, The
substrates were initially solvent degreased. Mechanical
damage resulting from polishing was removed by etching in
amixture of H,80,:H,0:H,0,(5:1:1). Surface oxides on the
substrates were removed by a quick etch in concentrated
HCY (1:1 with water). The substrates were removed by a
quick etch in concentrated HC! (1:1 with water). The sub-
strates were then rinsed in deicnized water and mounted on
molybdenum sample holders with indium. Prior io growth,
oxides were desorbed at 600 °C under an As, flux. Reflection
high-energy electron diffraction (RHEED) was used to
momnitor desorption of the oxides. A 0.25-um GaAs buffer
layer was first grown at 600 °C, followed by 150 nm of
In,Ga, _  As, wherex = 0.1-0.5, grown at arate of 1.0 um/
h and at various substrate temperatures.

Specimens for cross-sectional TEM analysis were pre-
pared by gluing together six 5 X 5 mm’ GaAs wafers face-to-
face with epoxy, with the center two wafers containing the
MBE grown structures. The wafer blocks were shiced by a
diamond saw along (110} cleavage directions. The cross-
sectional slices were ground, dimpled and then thinned to
electron transparency by ion milling. Plan-view samples
were dimpled from the substrate side before ion thinning,
The specimens were examined in a JEGL 2000FX transmis-
sion electron microscope operating at 200 kV.

ifi. RESULTS AND DISCUSSION
A. Misfit dislocation networks

The general nature of the misfit dislocation network at
the In, ;s Gay .5 As/GaAs interface is an asymmetrical or-
thogona! array as shown in Fig. 1. This asymmetry is due to
the absence of inversion symmetry in the zinc-blende lat-
tice.”® Bragg refiections responsible for the misfit dislocation
image contrast are 220, 400, 250, and 040. The dislocation
lines are straight because they lie at the intersection of {111}
stip planes and the {001) heterointerface and are in [110]
and [ 110] directions, Although pure edge dislocations with
the Burgers vector lying in the heterointerface can accom-
modate the maximum elastic strain,” most of the misfit dislo-
cations are found to be mixed dislocations with Burgers vec-
tors of a/2(110) type at 60° to the dislocation line. This
configuration occurs because the 60 ° mixed dislocation can
easily glide to the elastically strained interface on {111} slip
planes. The Burgers vectors of pure edge disloccations are

+a/2[110} or + a/2[110] which lie on the (001) inter-
face, while the Burgers vector of 60 ° mixed dislocations are
+a/2[101], +a/2[101], +a/2[011}, or + a/2{011]
which are inclined from the (001) interface by 45 °. Weak
residual contrast of 60 ° mixed dislocations can be seen under
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FIG. 1. Plan-view TEM micrographs of generai misfit dislocations network
at the InGaAs/GaAs hetercepitaxial interface formed by molecular-beam
epitaxy: (2)gs50,(5) 7005 (18230, 208 () Loap

the (g*b) = Oinvisibility condition. Also, the TEM observa-
tions from a variety of sampie tilts confirm that most of the
misfit dislocations in the network are at the same heteroin-
terface.

It is found that when two parallel dislocations with
Burgers vectors inclined to each other by 60 °are parallel as a
pair, they can attract each other. Two examples of parallel
dislocations, (A,B) and (C,D), areshownin Fig. 1. In Fig. 2
it is clear that some of these paired dislocations can recom-
bine to form sessile type 90 ° dislocations according to the
following reaction:

a/2{101} + a/2{011] - a/2[110]. (1)

FIG. 2. Plan-view TEM micrographs of pairs of parallel mixed disiocations
which recombine to form sessile edge-type dislocation. The Burgers vectors
of these two mixed dislocations are inclined to each other by 60 °. The mi-
crographs also show the interaction between the pure edge disfocation and
the two 60 ° mizxed dislocation. A new 60 ° mixed dislocation segment, Y, is
formed at the crossing point. No reaction occurs at the intersection X. The
diffraction conditions are (2)g400 (B) €220, (€)Za20s a0d (d) goss -
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FIG. 3. Plan-view TEM micrograph of misfit dislocation network at
In,,Ga, As/GaAs heteroepitaxial interface highlighting pure edge dislo-
cations {between E and F and between H and I): (3)g,,, and (b)g,3,.

This reaction has also been observed by others using TEM
and cathodoluminescence techniques.'®'®?° Usually these
edge dislocations, generated from two mixed dislocations,
were found at the early stage of strain relaxation and for
relatively low mismatched systems ( < 2% ). The details of
the dislocation interactions between the pure edge and the
two perpendicular mixed dislocations showsn in Fig. 2 will be
discussed later.

With the increase of misfit between the substrate and the
epilayer, more sessile type edge dislocations are found in the
interfacial dislocation network. Figure 3 shows that irregu-
lar sessile type edge dislocations are formed between two
glissile 60° mixed dislocations (E,F) and (H,I) at the
Ing s Ga; 45 As/GaAs interface. In order to understand the
generation of these pure edge dislocations, strain relaxation
inthe In, Ga, _ . Aslayer of various thicknesses was studied.
Figures4(a) and 4({b) show the interfacial misfit dislocation
network of Ing,, Ga, . As/GaAs at different layer thick-
nesses. The pure edge misfit dislocations are found when the
strained layer thickness is below 1000 A. As shown in Fig,
4(b) the sessile edge dislocations are generally formed in the
iater part of the strain relaxation process. This phenomenon
has also been observed in the GaAs/5i heteroepitaxial sys-
termn by Sharan et ¢l.** Therefore, the irregular edge disloca-
tions shown in Fig. 3 might be generated individually after
the formation of the straight 60 ° mixed dislocations for local
strain relaxation. It is apparent that these edge dislocations
are introduced by climb processes, instead of the recombina-
tion of two 60 ° mixed dislocations.”? Some of these edge
dislocations can cross through the mixed dislocations and
interact with them.

If all the elastic strain is accommodated by the misfit
dislocations at the heteroepitaxial interface, the mean spac-
ing d between the dislocations would be «b/ €, where € and
b are the misfit fraction and Burgers vector, respectively.
The factor « is 1 for edge dislocations, and 0.5 for 60 ° mixed
dislocations.’*> For complete strain relief in the
Ing s Gag s As layer by all 60 ° dislocations or alf edge dislo-
cations, the mean spacing d is approximately 200 or 400 A,
respectively, The average disiocation spacing in Fig. 4(b) is
larger than 500 A. This means the layer is not fully relaxed,
and pure edge dislocations may be favored to accommodate
the residual strain.
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FIG. 4. Weak beam images show the interfacial misfit dislocation network
of In, ,, Gay 5, As/GaAs heteroepitaxial interface at epilayer thicknesses of
(a) 1000 A and (b) 2000 A.

In the case of In, ; Gay s As on GaAs, which has about
3.5% lattice mismatch, the majority of the misfit disloca-
tions were found 10 be sessile type edge dislocations. This is
not only because pure edge dislocations can accommodate
twice as much the elastic strain compared to 60 ° mixed dis-
locations, but also because island growth is favored during
MBE of such layers.” For the case of island growth, pure
edge dislocations are generally formed by the coalescence
between two islands during the epitaxial growth.™

B. interfacial dislocation interactions

Figure 5 shows several different dislocation interactions
at the InGaAs/GaAs heteroepitaxial interface grown by
MBE. A schematic diagram of these reactions is shown in
Fig. 6. As mentioned by Abrahams er ¢l.%, if Burgers vectors,
B,, combine in a way that results in an increase in elastic
energy, that is

B +83<bh3, (2)

no reaction will occur. At the crossing points J and X in Fig.
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FIG. 5. Weak beam images of the dislocation intersctions at the InGaAs/
GaAs heteroepitaxial interface. As showing at crossing points J and K, no
reaction occurs for two dislocations with perpendicular Burgers vectors.
Interaction between two dislocations with 60 ° inclined Burgers vectors gen-
erate new screw character segments L, M, and N. The crossing point O
shows two dislocations with identical Burgers vectors interacting with each
other. The diffraction conditions are (a)gug, (8830, (€853, and

{d)gic0-

3, no reactions are found for the two 60 ° mixed disiocations
with perpendicular Burgers vectors. The same is also true for
two orthogonal pure edge dislocations. A related configura-
tion with an attractive dislocation junction, a triple node,
can occur by the interaction of two 60 ° mixed dislocations
with the Burgers vectors inclined to each other by 60 °. Fig-
ure 5 alsc contains several interactions of two orthogonal
60 ° mixed dislocations crossing through each cther. The
three new dislocation segments L, M, and N generated at the
intersections have screw character. Their origin is explained
by Ameclinckx® and Vdovin et ¢l by the reaction

a/2[i01] + a/2[011} ~a/2{110], (3)

a/21 101} + a/2[011] - a/2{ 110}, (4)
and

a/2[011] + a/2[101} —a/2{110] (5)

=173

b1t}
n={110}

b={013] N

7

b={10T]

FIG. 6. Schematic illustration of the different dislocation interactions
shown in Fig. 5.
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for L., M, and N dislocation segments, respectively. In the
case when one 60 ° mixed dislocation interacts with an edge
dislocation, a different triple node can occur. This is seen in
Fig. 2, where a new 60 ° mixed dislocation segment, Y, is
formed by the interaction of one 60 ° mixed dislocation and a
S0 ° edge dislocation by the following reaction:

a/21011] + a/2[110] -a/2[ 1011 (6)

In the case of the 220 reflection, the edge disiocation is prac-
tically invisible under a {(g-bAu) = O criterion. On the other
hand, no interaction cccurs at intersection X. Thisis because
the Burgers vector of the left 60 ° mixed dislocation bas the
opposite sign to the one on the right, and the reaction

a/2i0111 + @/2[110} »a/2[ 121}, (73

is not favored in the zinc-blende structure.

Asshownin Fig. I and also by other workers in different
material systems,”'” misfit dislocation networks exhibit a
grouping behavior for dislocations with the same Burgers
vector. It is most likely that the dislocations in each group,
typically covering an area of at least several gem?, are genera-
ted from the same source. It is found that at the intersection
point O in Fig. 5 two €0 ° mixed dislocations, each having the
same Burgers vector, interact with each other to eliminate
the crossing point and reduce the line energy of the disloca-
tion.””?% A suitable explanation of this dislocation multipli-
cation process has been given by Hagen and Strunk.?” These
authors have reported that there can be a sizable repulsive
interaction of two orthogonal 60 ° mixed dislocations with
identical Burgers vectors. This repulsive reaction can lead to
the formation of two angular dislocaticns in an asymmetric
configuration. As can be seen in Fig. 7, the tip of one of the
angular dislocations glides toward the film surface under the
acting image force” and the dislocation line tension.” After
the film surface is reached, two split dislocations (P and
Q1) with inclined screw segments at the tip are generated
and can cross-slip down to the unrelaxed interfacial re-

FIG. 7. TEM image of the repulsive reaction between two 60 ° mixed dislo-
cations with the identical Burgers vectors. Two split dislocations with in-
clined screw segments arc generated after the glide dislocations reach the
film surtace.
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FIG. 8. Weak beam image of Hagen-Strunk-type dislocation multiplication
through cross-slip processes.

gion.”*® Figure 8 shows that new misfit dislecations (P2 and
QQ2) are then formed through a second cross-slip event. This
mechanism may be repeated if the new tip of the dislocation
Q1-Q2 glides to the surface.

C. Bislocation propagation from the hetercepitaxial
interface

In Fig. 9(a) cross-sectional TEM micrograph reveals
that few threading dislocations propagate in the
In, s Ga,qs As epilayer region. Matthews er ¢/.*® suggested
that the misfit strain could drive the tails of threading dislo-
cations and dislocation half-loops to the edge of the epitaxial
film to improve the fayer quality. However, from the calcula-
tion of Abrahams er al.®, the linear density of misfit disloca-
tions emerging from the edge of the heterointerface is about
2% 10° em™ ! with ~ 1.0% misfit. If each of these misfit dis-
locations came from either the substrate threading disloca-
tions or the dislocation haif-loops, most of the tails of these
dislocations would have to glide to the edge of the wafer
without any interruption. From the disiocation interaction
analysis discussed in Sec. I B, such a hypothesis seems un-
likely.

a b

FIG. 9. Cross-sectional TEM micrograph of In, Ga, ,As/GaAs hetero-
epitaxial structure for (a)x == 0.15 and (b)x = 0.3C.
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With a low dislocation density substrate and a two di-
mensional layer-by-layer growth mode, the multiplication
by dislocations interacting with each other at the misfit in-
terfaceis probably the dominant process of misfit disiocation
generation. Instead of the gliding process of the dislocations
from the substrate and the surface, the elastic strain relaxa-
tion could also be due to an interfacial disiocation multiphi-
cation mechanism. It was pointed out by Frank® many
years ago that dislocations may be formed by dynamic multi-
plication processes. Classical Frank-Read sources either at
the growth surface or at the heteroepitaxial interface were
proposed as the mechanisms responsible for the dislocation
multiplication.'>!%33! N¢ evidence of this raechanism has
been found in the InGaAs/GaAs single heterostructure or
InGaAs/GaAs strained multi-guantum wells® grown by
MBE in our laboratory. The current results suggest that the
multiplication model proposed by Hagen and Strunk is the
most probable mechanism for the formation of the InGaAs/
GaAs interfacial misfit dislocation network.

The split of the ¥ -shape mixed dislocation by gliding, as
shown in Fig. 7, has rarely been seen for In, ,, Ga, 45 As layer
thickness above 1500 A. Therefore, as the Ing s Gag s As
layer thickness increases, the Hagen-Strunk dislocation
multiplication mechanism may become inoperative. The ses-
sile-type dislocations are then favored because they are more
efficient in the accommodation of misfit strain. It may be
suggested that the process of forming these sessile edge dislo-
cations is probably controlled by the gliding velocity of the
60 ° mixed dislocations.

Figure 9(b) shows that numerous grown-in threading
dislocations are in the In,, Ga, , As epilayer. Most of these
threading dislocations are screw type or 60 ° dislocations and
the propagating directions are found to be close to the nor-
mal to the favored over layer-by-laver growth for large lat-
tice mismatched systems. In addition to the gliding process
of mixed dislocation and operation of the Hagen-Strunk dis-
location multiplication mechanism, pure edge dislocation
generation through the merging of islands become impor-
tant during MBE growth. The interfacial strained relaxation
process becomes much more complicated and the relaxation
rate increases significantly. The completion of a dislocation
gliding process at the interface and a Hagen-Strunk multi-
plication mechanism become very difficult. The tails of the
dislocation half-icop and the transition dislocation segments
of the multiplication process then thread up along the
growth front.”’ Sessile-type edge dislocations can also thread
up through the climb process. Therefore, as the mismatch
percentage increases, more and more threading dislocations
are found in the strained epitaxial layers.

V. SUMMARY AND CONCLUSIONS

We have shown by detailed TEM analysis the forma-
tion, interaction and propagaticn of misfit dislocations at an
MBE-grown InGaAs/GaAs heteroepitaxial interface. With
the strain systems less than 2% lattice mismatch, the major-
ity of the misfit dislocations are confined at the same heter-
ointerface after the elastic strain relaxation. Most of the mis-
fit dislocations are found to be mixed dislocations with
Burgers vector of a/2{(110} type at §0° to the dislocation
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Line. Sessile type edge dislocations can also originate from
the combination of two 60 ° mixed dislocations. Numerous
sessile edge dislocations were generated during the later part
of the elastic strain relaxation through climb or interaction
processes. The interfacial dislocation network is found to
contain regions of dislocation with the same Burgers vector
that extend over several micrometers. The interfacial dislo-
cation multiplication process proposed by Hagen and
Strunk is the most probable mechanism for this grouping
character of the misfit dislocations.

For large lattice-mismatched systems (€>2% ), the ma-
jority of the misfit dislocations are pure edge dislocations.
This process occurs because island growth is favored over
two-dimensional layer-by-layer growth, and the edge dislo-
cations are often formed by island coalescence at the initial
epitaxial growth. A high threading dislocation density ir: the
InGaAs layer is generally found in the large mismatched
systems. We believe this may be due fo the threading of the
tails of the disiocation half loop and the transition disloca-
tion segments of a Hagen-Strunk multiplication process. In
conclusion, it is apparent that very low threading dislocation
density In _Ga,_  As films with x <0.2 can be grown on
GaAs by MBE when the dislocation multiplication mecha-
nism operates. From the understanding of the interfacial dis-
location muitiplication process, new growth parameters can
be developed, which will be useful for realizing heterostruc-
ture devices with large mismatch.
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