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A configuration of misfit dislocation dipoles is observed in a Ga0.5In0.5P heterostructure grown by
solid-source molecular-beam epitaxy on GaAs. The dipole dislocations are mostly of 60° type,
separated by ⬃3.5 nm. The dislocations are not produced by conventional lattice mismatch, rather,
they could be the result of lateral compositional modulation in the Ga0.5In0.5P epilayer. © 2000
American Institute of Physics. 关S0003-6951共00兲02528-6兴

Dislocations are the most frequently observed crystal defects in epitaxial semiconductor heterostructures.1 Geometrically, they are generally categorized as threading and misfit
dislocations. A threading dislocation, taking its line direction
approximately parallel to the growth direction essentially
makes no contribution to relaxation of the misfit strain that
may possibly be present at the interface. In homoepitaxy and
lattice-matched epitaxy, it has been shown that threading dislocations are replicated into the epilayers from the substrate.2
Therefore, the dislocation density in the epilayer is principally determined by that of the substrate. Misfit dislocations
are generated during the epitaxial growth and they are common features for lattice mismatched epitaxial films. In most
cases, threading dislocations are concomitantly generated
with misfit dislocations.3,4 It has been well established that
dislocations considerably influence the electronic and optical
properties of semiconductor heterostructures and device
performance.5–7 The way in which misfit dislocations are
introduced is intimately related with the actual epitaxial
growth mechanism.7–15 Therefore, study of dislocations is an
important field in molecular-beam epitaxy 共MBE兲 grown heterostructures.
It is generally believed that misfit dislocations will not
be introduced until a critical epilayer thickness is reached, at
which formation of misfit dislocations is favorable as compared with elastic accommodation of the misfit strain.16 The
linear misfit dislocation density is, to the first order approximation, proportional to the magnitude of misfit strain. It can
be inferred that no misfit dislocation will be introduced if the
misfit strain is negligibly small. Therefore, the major line
defects are generally threading dislocations in homoepitaxial
and lattice matched heteroepitaxial structure although other
kinds of lattice defects can also be introduced under some
particular conditions.17,18 In this letter, we report a misfit
dislocation array: dislocation dipoles, observed in the latticematched GaInP/GaAs heterostructure grown by the solid
source molecular beam epitaxy. The introduction of this dislocation dipole configuration is considered to be associated
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with the lateral composition modulation in the GaInP epilayer.
The lattice matched GaAs/GaInP structures were grown
on 共001兲 GaAs wafers at a rate of ⬃1 m/h in a standard
three-chamber Riber MBE system with solid source effusion
cells using As4 as the arsenic species. The whole structure
consists of about nine layers. In this study, we focus only on
the interface of the GaAs buffer and the GaInP barrier layer,
so only the growth conditions for these layers are given here.
A 200 nm thick GaAs buffer was grown at 873 K with an As
beam equivalent pressure 共BEP兲 of 6⫻10⫺6 Torr. A 40 nm
thick GaInP layer was grown at 793 K with P-BEP of 5
⫻10⫺6 Torr. Electron microscopy analysis was carried out at
400 kV using a JEOL 4000 EX and at 200 kV using a Hitachi HF-2000.
Figure 1 shows TEM images of GaInP layer on GaAs

FIG. 1. Cross-sectional TEM images of the GaInP–GaAs heterostructure.
共a兲 The 共002兲 DFI showing different overlayers 共GaInP: bright; GaAs: dark
gray兲; 共b兲 multibeam BFI and 共c兲 the 共220兲 DFI showing the contrast modulation in the GaInP overlayers.
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FIG. 2. HRTEM image showing dislocation dipoles distributing along the
lattice matched interface between the GaAs buffer and GaInP epilayer.

buffer layer under different imaging conditions. The first two
GaInP epilayers with a 5-nm-thick-GaAs layer are shown in
the images. The composition-sensitive 共002兲 dark field image
共DFI兲 shows a well-defined interface between the GaInP
overlayer and GaAs buffer 关Fig. 1共a兲兴. No significant undulations have been observed along the interface. Interestingly,
the interface between GaAs buffer and GaAs substrate can
also be revealed by the DFI. Figure 1共b兲 is a bright field
image 共BFI兲 by using seven beams. Although the GaInP
overlayers show a uniform contrast in the DFI, some fine
contrast modulation normal to the growth direction can be
seen. When the interface is inclined and imaged under twobeam conditions, the contrast modulation can be revealed
more clearly, as shown in Fig. 1共c兲 which is a 共220兲 BFI. The
contrast modulates with a period of about 12.0 nm. A comprehensive analysis indicates that this contrast modulation is
due to the lateral compositional modulation in the GaInP
overlayer.19
Figure 2 is a HRTEM image of the interface between
GaInP overlayer and GaAs buffer. It can be seen that there
are a number of misfit dislocations distributed along the interface, although the GaInP overlayer has been expected to
be lattice matched to the GaAs substrate 共lattice constant:
0.5653 nm兲. However, no obvious increase in threading dislocation density has been observed. As compared to that of
conventional misfit dislocations present in the latticemismatched heterostructures, the dislocations appear in pairs
with opposite signs, forming a special configuration–
dislocation dipoles. The distance between the dislocation dipoles averages ⬃3.5 nm. The dislocations are not exactly
located at the interface. They are actually distributed in a
zone of 3–5 nm in width in the GaInP epilayer. Furthermore,
the distribution of the dislocations along the interface is not
uniform. Lengths of up to several tens of nanometers are
often dislocation free.
Based on the geometry of the dislocation dipoles, they
are classified into three types: null, extrinsic, and intrinsic.
When the two dislocations are aligned vertically above one
another, they will combine and annihilate each other. We call
this type to be the null-type dislocation dipole, as shown in
Fig. 3共a兲. If the two extra half planes associated with the
dipole dislocations overlap and combine into a new extra
half plane, the dislocation dipole is extrinsic 关see Fig. 3共b兲兴.
Otherwise, it is called intrinsic 关Fig. 3共c兲兴. It should be noted
that the screw components are not taken into consideration in
the above classification although the dipole dislocations are
mostly of 60° type. Lomer dislocations have also been ob-

FIG. 3. Typical misfit dislocation dipole configurations: 共a兲 extrinsic, 共b兲
intrinsic, 共c兲 null 共d兲. The arrows indicate the interface position. The inset is
the Fourier transform of the dislocation dipole areas.

served, as illustrated in Fig. 3共d兲. Formation of these three
types of dislocation dipoles seems to be nonequally probable.
In a total of 50 dislocation dipoles we observed, about 50%
are extrinsic, 30% are null, and the rest are intrinsic.
A dislocation dipole basically has no long-range strain
field. However, there exists strong interaction between its
two dislocations, which can be described quantitatively in
terms of the force acting on them. Assuming the material is
isotropic, the interacting force in the direction of b⬜ between
the two parallel 60° dislocations can be written as20
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where the first term on the right-hand side of the equation
represents the force between the two edge components and
the second between the two screw components. The plus
sign is chosen for the screw components of the same sign
and the minus sign for the opposite signs. r is the distance
between the two dipole dislocations and  is the angle between the distance vector r and the Burgers vector of the
edge component, as shown in Fig. 4共a兲. In the case where
there is no external stress, the stable relative position of the
two dislocations is determined by setting F⫽0. For the special case of two pure edges of the opposite sign, e.g., two
Lomer dislocations,  is found to be 45°. Considering that
0.5⬎  ⬎0, there is correspondingly a limiting range over
which  can vary, i.e., 35°⬍  ⬍40° or 50°⬍  ⬍55°. The
predicted stable arrays of the dislocation dipoles are shown
in Fig. 4. In principle, the  angle can be used to determine
the Burgers vectors b1 and b2 of the two dipole dislocations.
If  ⬎45°, the two screw components have the same sign.
They repel each other and tend to separate the two 60° dislocations. The Burgers vectors of the two dipole dislocations
will be a/2关 1̄01兴 and a/2关 01̄1 兴 , respectively. Alternatively,
 ⬍45° indicates that the two screw components attract each
other, hence the two 60° dislocations are of opposite sign.
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The location of dislocation dipoles in their case is apparently
different from ours. We believe that formation of the three
types of dislocation dipoles must be related to compositional
modulation occurring in the GaInP overlayers. Compositional modulation brings the single uniform GaInP phase decomposed into two phases that have the same crystal structure but different compositions, one of which is Ga rich and
the other is In rich. Due to the atomic size difference, the
共Ga-rich兲 phase or regions experience tensile stress while the
In-rich regions experience compressive stress to match the
GaAs substrate. Furthermore, the Ga-rich regions also need
to match the In regions. When the mismatch at these regions
reaches a critical value, dislocations need to be introduced to
relax the misfit strain. Considering that the dislocation density is very low in the substrate and no obvious increase of
threading dislocations is observed, the formation of dislocation dipoles cannot be accounted for solely in terms of the
Matthews model,25 in which misfit dislocations are formed
by bending the treading dislocations into the interface.

FIG. 4. Relative stable positions of two opposite dislocations in a dislocation dipole. Left-hand side column: extrinsic type; right-hand side column:
intrinsic type.
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Our measurement shows that the distance r between the
two dislocations is ⬃3.5 nm and the angle  is ⬃15° or 75°
for both extrinsic and intrinsic dislocation dipoles. Obviously, the  value is not within the range for the stable configuration. The large discrepancy in  between the experimental value and the theoretical prediction is considered to
result from the presence of high local stress field, which is
evidenced by the considerable local lattice distortions in the
HRTEM images. This viewpoint is further supported by the
presence of the null-type dislocation dipoles. In this case, 
⫽0, the interacting force is always attractive 共negative兲 and
is inversely proportional to the distance r, no matter whether
the two 60° dislocations have like or dislike screw components. Therefore, the two 60° dislocations tend to combine
with each other, resulting in a complete annihilation of the
dislike screw components or a pure screw with a Burgers
vector of 2b cos 60° for like screw components. These combinations are apparently favored energetically. However, we
have observed frequently that the two 60° dislocations are
separated by ⬃1.5 nm, implying that there must be an opposing force to prevent them from combination.
Dislocation dipoles are common microstructure features
of plastically deformed metals and constitute the basis for the
theory of short-range work hardening.21 There are several
mechanisms that have been proposed for the formation of
dislocation dipoles.22 However, all these mechanisms necessitate the preexistence of dislocations and involve considerable movement and interaction of dislocations, and they are
considered unlikely to operate in the present case. Jain et al.
analyzed the dislocation arrays in a capped strained
epilayer.23,24 They point out that if the cap layer is sufficiently thick, relaxation of the misfit strain occurs by introduction of dislocation dipoles, one dipole dislocation being
at the upper interface and the other at the lower interface.
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