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A configuration of misfit dislocation dipoles is observed in g &y 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 thgBgP epilayer. ©2000
American Institute of Physic§S0003-695(00)02528-9

Dislocations are the most frequently observed crystal dewith the lateral composition modulation in the GalnP epil-
fects in epitaxial semiconductor heterostructur@eometri-  ayer.
cally, they are generally categorized as threading and misfit The lattice matched GaAs/GalnP structures were grown
dislocations. A threading dislocation, taking its line directionon (001) GaAs wafers at a rate of1 um/h in a standard
approximately parallel to the growth direction essentiallythree-chamber Riber MBE system with solid source effusion
makes no contribution to relaxation of the misfit strain thatcells using As as the arsenic species. The whole structure
may possibly be present at the interface. In homoepitaxy andonsists of about nine layers. In this study, we focus only on
lattice-matched epitaxy, it has been shown that threading dighe interface of the GaAs buffer and the GalnP barrier layer,
locations are replicated into the epilayers from the substrateso only the growth conditions for these layers are given here.
Therefore, the dislocation density in the epilayer is princi-A 200 nm thick GaAs buffer was grown at 873 K with an As
pally determined by that of the substrate. Misfit dislocationsheam equivalent pressufBEP) of 6x 10~ ¢ Torr. A 40 nm
are generated during the epitaxial growth and they are comhick GalnP layer was grown at 793 K with P-BEP of 5
mon features for lattice mismatched epitaxial films. In mostx 10~ Torr. Electron microscopy ana|y5is was carried out at
cases, threading dislocations are concomitantly generategho kv using a JEOL 4000 EX and at 200 kV using a Hita-
with misfit dislocations:* It has been well established that chi HF-2000.
dislocations considerably influence the electronic and optical  Figure 1 shows TEM images of GalnP layer on GaAs
properties of semiconductor heterostructures and device
performancé~’ The way in which misfit dislocations are
introduced is intimately related with the actual epitaxial  $a
growth mechanism=1° Therefore, study of dislocations is an | %
important field in molecular-beam epitagylBE) grown het-
erostructures. -

It is generally believed that misfit dislocations will not 51 o
be introduced until a critical epilayer thickness is reached, aty. « . -
which formation of misfit dislocations is favorable as com- P
pared with elastic accommodation of the misfit str&iThe
linear misfit dislocation density is, to the first order approxi-
mation, 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 homoepitaxia
and lattice matched heteroepitaxial structure although othe
kinds of lattice defects can also be introduced under some
particular conditiond”*8 In this letter, we report a misfit
dislocation array: dislocation dipoles, observed in the lattice-
matched GalnP/GaAs heterostructure grown by the solii b 0,254 .
source molecular beam epitaxy. The introduction of this dis- S — pinl

location dipole configuration is considered to be associated

FIG. 1. Cross-sectional TEM images of the GalnP—GaAs heterostructure.

(a) The (002 DFI showing different overlayer€GalnP: bright; GaAs: dark

dAuthor to whom correspondence should be addressed; electronic maifray); (b) multibeam BFI andc) the (220) DFI showing the contrast modu-
zhong.wang@mse.gatech.edu lation in the GalnP overlayers.

0003-6951/2000/77(2)/223/3/$17.00 223 © 2000 American Institute of Physics
Downloaded 12 May 2004 to 130.207.165.29. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



224 Appl. Phys. Lett., Vol. 77, No. 2, 10 July 2000 Wang et al.

FIG. 2. HRTEM image showing dislocation dipoles distributing along the
lattice matched interface between the GaAs buffer and GalnP epilayer.

buffer layer under different imaging conditions. The first two
GalnP epilayers with a 5-nm-thick-GaAs layer are shown in
the images. The composition-sensiti@®2) dark field image
(DFI) shows a well-defined interface between the GalnP
overlayer and GaAs buffdiFig. 1(a)]. No significant undu-
lations have been observed along the interface. Interestingly,
the interface between GaAs buffer and GaAs substrate cafig. 3. Typical misfit dislocation dipole configurationg) extrinsic, (b)
also be revealed by the DFI. Figurdbl is a bright field intrinsic, (c) null (d). The arrows indicate the interface position. The inset is
image (BFI) by using seven beams. Although the Galnpthe Fourier transform of the dislocation dipole areas.
overlayers show a uniform contrast in the DFI, some fine
contrast modulation normal to the growth direction can beserved, as illustrated in Fig.(®. Formation of these three
seen. When the interface is inclined and imaged under twotypes of dislocation dipoles seems to be nonequally probable.
beam conditions, the contrast modulation can be revealeth a total of 50 dislocation dipoles we observed, about 50%
more clearly, as shown in Fig(d which is a(220) BFI. The  are extrinsic, 30% are null, and the rest are intrinsic.
contrast modulates with a period of about 12.0 nm. A com- A dislocation dipole basically has no long-range strain
prehensive analysis indicates that this contrast modulation ield. However, there exists strong interaction between its
due to the lateral compositional modulation in the GalnPtwo dislocations, which can be described quantitatively in
overlayer'® terms of the force acting on them. Assuming the material is
Figure 2 is a HRTEM image of the interface betweenisotropic, the interacting force in the directiontmf between
GalnP overlayer and GaAs buffer. It can be seen that therghe two parallel 60° dislocations can be writterias
are a number of misfit dislocations distributed along the in-
terface, although the GalnP overlayer has been expected to Gﬁ L1 Gﬁu 1
be lattice matched to the GaAs substrétetice constant: F=- 2m(1—v) T Cosé cos 9+ 5— - cos,
0.5653 nm. However, no obvious increase in threading dis-
location density has been observed. As compared to that afhere the first term on the right-hand side of the equation
conventional misfit dislocations present in the lattice-represents the force between the two edge components and
mismatched heterostructures, the dislocations appear in paitise second between the two screw components. The plus
with opposite signs, forming a special configuration—sign is chosen for the screw components of the same sign
dislocation dipoles. The distance between the dislocation diand the minus sign for the opposite signss the distance
poles averages-3.5 nm. The dislocations are not exactly between the two dipole dislocations afdds the angle be-
located at the interface. They are actually distributed in aween the distance vector and the Burgers vector of the
zone of 3—5 nm in width in the GalnP epilayer. Furthermore,edge component, as shown in Figa@ In the case where
the distribution of the dislocations along the interface is notthere is no external stress, the stable relative position of the
uniform. Lengths of up to several tens of nanometers aréwo dislocations is determined by settifig=0. For the spe-
often dislocation free. cial case of two pure edges of the opposite sign, e.g., two
Based on the geometry of the dislocation dipoles, theyromer dislocationsg is found to be 45°. Considering that
are classified into three types: null, extrinsic, and intrinsic.0.5>v>0, there is correspondingly a limiting range over
When the two dislocations are aligned vertically above onavhich 6 can vary, i.e., 35%0<<40° or 50°<#<55°. The
another, they will combine and annihilate each other. We calpredicted stable arrays of the dislocation dipoles are shown
this type to be the null-type dislocation dipole, as shown inin Fig. 4. In principle, thed angle can be used to determine
Fig. 3@). If the two extra half planes associated with thethe Burgers vectorb;, andb, of the two dipole dislocations.
dipole dislocations overlap and combine into a new extrdf >45°, the two screw components have the same sign.
half plane, the dislocation dipole is extringeee Fig. 8)].  They repel each other and tend to separate the two 60° dis-
Otherwise, it is called intrinsifFig. 3(c)]. It should be noted locations. The Burgers vectors of the two dipole dislocations
that the screw components are not taken into consideration iwill be a/2[101] anda/2[011], respectively. Alternatively,
the above classification although the dipole dislocations aré@<<45° indicates that the two screw components attract each

mostly of 60° type. Lomer dislocations have also been obother, 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 GalnP overlayers. Composi-
tional modulation brings the single uniform GalnP phase de-
composed into two phases that have the same crystal struc-
ture but different compositions, one of which is Ga rich and
the other is In rich. Due to the atomic size difference, the
(Ga-rich 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 den-
sity is very low in the substrate and no obvious increase of
threading dislocations is observed, the formation of disloca-
tion dipoles cannot be accounted for solely in terms of the
Matthews modef? in which misfit dislocations are formed

by bending the treading dislocations into the interface.

(a)

Slip plane normal

(b)

J 10 =145° 0 =45°
©
A 35°<0<40°

d

L 50°<0<55° é 50°<9<55°
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