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Atomic-scale imaging of strain relaxation via misfit dislocations in highly mismatched
semiconductor heteroepitaxy: INAs/GaA$111)A
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Strain relaxation in InAs/GaA%11)A heteroepitaxy has been studied on the atomic scale by scanning
tunneling microscopy. The coalescence of small islands and the formation of a dislocation network are iden-
tified at the critical layer thickneg€LT), and no three-dimensional growth is observed, even beyond the CLT.
The atomic displacement around the threading segments and the strain fields induced by the misfit dislocations
are both identified. The measured density of the misfit dislocations indicates that the strain is not fully relaxed
at the CLT, but is instead gradually relieved with the additional growth of I186163-1827)03503-0

The influence of strain on the epitaxial growth of lattice subangstrom scale so that their imaging by STM is often
mismatched systems is a subject of significant current interebscured by larger scale effects. These include the formation
est both from a fundamental understanding of crystal growtlof three-dimensional3D) islands as a result of total surface
mechanisms and also the technologically important requireenergy minimization of strained layers and/or strain-induced
ment for the growth of materials with compositionally abrupt modification of step barrier€. Their size is at least two or-
interfaces and defect free layers. Provided that the latticders of magnitude larger than the displacement, so its prac-
mismatch is not too large, the initial layers are strained elastical observation is difficult in view of the dynamic imaging
tically so that pseudomorphic two-dimensioriaD) growth ~ range required. A second possibility is the existence of a
occurs up to some critical layer thickne&SLT). Beyond  surface reconstruction which may result in a surface corru-
this point, the strain energy is reduced by nucleation andgation with a depth of more than one angstrom. In addition,
propagation of dislocations at the interface between the twithe presence of phase boundaries further degrades the iden-
materials: Transmission electron microscopffEM) has ftification of dislocations in the STM image.
been the primary technique used for identifying misfit dislo- The heteroepitaxy of InAs on GaMsIDA is an ideal
cations. However, scanning tunneling microsc¢gyM) of-  system for the study of dislocations by STM. In contrast to
fers a unique atomistic perspective of the strain relaxatiothe (001) surface, the growth mode remains 2D for all InAs
processes in highly mismatched heteroepitaxy. Previousoverages despite the larger lattice mismatety 2%9.23 In
STM studies of misfit dislocations have been restricted tcaddition, the InAs surface exhibits @X 2) reconstruction
metal system$-® and a corrugation of only 0.2 A. We have therefore used

STM studies of strain relaxation in semiconductor het-STM to study the strain relaxation during the early stages of
eroepitaxy have largely focused on morphologicalheteroepitaxy in this system. The strain field induced by the
aspects; ¥ and only two groups have reported on strain re-misfit dislocations, located at the interface, has been resolved
laxation in ultrathin films by misfit dislocations. One was at the atomic scale.
with the EuTe/PbTe systéfhbased on large scale imaging A purpose-built STM/molecular beam epitaxy growth
of surface steps, while the other concerned the observation sf/stem was used for imaging the grown surfaéemAs
a strain field caused by a dislocation in Si/Bélhe strain  films of different thicknesses were grown at 450 °C with a
field results in the displacement of lattice positions on thegrowth rate of 0.077 ML/s, and an As/In flux ratio of 15. A
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1.2x 1.2 nm triangle. These features disappear in empty state
images suggesting that they are three As atoms forming a
local (3% 3) structure adsorbed on the surface. In contrast,
the central region of the larger islands is undecorated. The
decorated and undecorated regions correspond to strained
INAs and unstrained GaAs surfaces, respectively. While
some part of InAs growth occurs in a step flow mode propa-
gating from the larger islands, there is also a contribution
from 2D nucleation in the form of small islands.

With increasing deposition, the adsorbed regions increase
in size at the expense of the undecorated regions and the
surface becomes a fully strained InAs film at 1 ML coverage.
With an additional 1 ML of InAs, the inner parts of the large
islands maintain the same characteristic of a strained surface
while the outer parts develop a different feat{iFéy. 1(b)].
These appear as partially coalesced islands, each 5—-10 nm in
diameter. The boundary between any teaalesced islands
displays a dark contrast band with a depth-00.5 A, a
value considerably smaller than the actual 1 ML step height
of 3 A. In addition, the characterist{@x 2) reconstruction is
uninterrupted over this dark band. The implication is that it is
not an actual gap between two islands, but rather is associ-
ated with the strain field induced by misfit dislocations at the
heterointerfacé® The same observation has also been re-
ported for CoSj/Si (Ref. 16 and Si/Ge"! This suggests that
the InAs layer starts to relax by forming misfit dislocations at
a thickness between 1 ML and 2 ML, without forming 3D
islands and that the first stage of dislocation formation pro-
ceeds by the coalescence of small, initially coherent, 2D is-
lands. This mechanism of dislocation formation by island
coalescence has also been observed with the Si/Ge system,
although there the islands are higher than for the
InAs/GaAg111)A system considered here.

When three islands coalesce to form three short misfit
dislocations between each island parl ML deep hole is
formed at the center of the islands. With increasing InAs
coverage, the hole reduces its size by additional growth, and
the three dislocations for each island pair extend and meet to
form ajunction At 2 ML [Fig. 1(b)], two different features

FIG. 1. STM surface topographs of GaA$DA after the Can be seen at the junction. One is a small hole about 1 ML
growth of (@ 0.5 ML, (b) 2 ML, and (c) 5 ML of InAs obtained  deep (labeled C), and the other has a contrast of 0.8 A
with sample voltages of-1.5—3.5 V, and tunneling currents of (D) which is deeper than the dislocation. This is not a real
0.08— 0.2 nA. The inset irfa) shows a magnified image of a deco- hole, but can be assigned todéslocation node The misfit
rated region displaying loc#Bx 3) structures adsorbed on the sur- dislocations are if112) directions and can form two differ-
face. The inset inb) shows two possible types ginctionon the  ently directed junctionglabeledA and B). Hole C is pre-
same surface while the dashed line(@ shows the position of the dominantly observed for junctioA and the dislocation node
misfit dislocations. D occurs at junctiorB. At higher InAs thicknesses, a third

feature appears at the junctipRig. 1(c)]. This is a small
streaked(2x 2) reflection high-energy electron diffraction triangle formed by three dislocation lines, each side of which
pattern was maintained throughout the growth regardless a$ aligned in(110 directions and the contrast gives a depth
the InAs layer thickness. The absence of transmission difof 0.5 A (E). This feature is only seen for junctighand the
fraction features is consistent with the lack of 3D islafitls. number of previously observed holes decreases. This sug-

STM images of the(111)A surface after the growth of gests that the triangle is formed after the hole is filled by new
0.5, 2, and 5 ML InAs films are shown in Fig. 1. Two sizes material, and its formation is preferred to the unstable dislo-
of island(5—20 nm and 50—200 nncharacterize the surface cation node at junctioA. In contrast, the dislocation node at
after 0.5 ML depositioffFig. 1(a)]. The large islands were junction B appears stable, as no triangles are observed.
also observed on the Gafi4 DA surface before the deposi- For InAs coverages 3 ML, the entire surface is covered
tion of InAs. Small bright features decorate the small islanddy the relaxed regions and no holes are observed even at
and the perimeters of the larger islands, which detailed STMunction A, and only the large islands 50—-200 nm in size
observation with atomic resolutiofthe inset of Fig. a)] were present. A typical STM image obtained f@ 5 ML
revealed to consist of three atoms forming an isolatednAs film is shown in Fig. {c). At this InAs thickness the
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FIG. 3. Strain relaxation calculated from STM images and TED
patterns as a function of InAs layer thickness. The error bars indi-
cate the standard deviation obtained statistically at several different
positions on the same surface.

at the two junctions. This may occur if the formation energy
of the dislocation node is higher for the triangle at junction

Type -l Type -l A than at junctiorB. The transformation from a dislocation
node to the triangle of a stacking fault bounded by partial
OIn oAs @ Ga [12] { [170] dislocations needs only the displacement of atoms along the

(11DA interfaces. Once hol€ is filled, the dislocation node

FIG. 2. (8 A model for the atomic structure at the evolves quCkly to form trianglE when this energetic con-
INAs/GaAg11A interface. Oper(closed circles show the posi- dition is satisfied. The formation energy of a triangle at junc-
tion of G&ln) atoms just below(abové the interface.F and U tions A and B is expected to be different as the formation
indicate faulted and unfaulted interfaces, respectively. Gray linegnergy of the dislocation nodes at these junctions should be
and bands display the positions of partial and perfect dislocationsslightly different, due to the structure of their corresponding
The thin solid line is a guide to the eye for the trigonal lattice partial dislocations. Three partial dislocations referred to as
formed by the In atoms(b) The atomic structures of two possible type-1 form a triangle at junctiod and three referred to as
partial dislocations. The shaded circle shows an As atom at thgype-I| form one at junctiorB [Fig. 2(b)]. There are two
interface. The solid lines and arrows indicate chemical bonds angqgssihilities for the type-1l structure, one involving an As
the position of dislocations, respectively. vacancy (lower arrow and the other without the vacancy

(upper arrow. For both cases, the line density of dangling

misfit dislocations form a periodic network. The adsorbedbonds along the dislocation is 1.5 times higher in type-Il than
arsenic which was observed on the strained InAs I@y&g.  type-l, suggesting a higher formation energy for the type-l|
1(a)] is not present on the relaxed surface. This suggests thaislocation.
As adsorption is activated by the strain in InAs layers. The To relax fully the InAs epilayer, i.e., to make the epilayer
dislocation network disappears completely after 20 MLform a zinc-blende lattice with an average lattice constant
deposition presumably because the strain field is screened by7.2% larger than the substrate, the period of the network
a layer of this thickness. [labeledd in Fig. 2(a)] has to be~6.0 nm. The average

Since the dislocation network is not a simple hexagonabkpacing between the centers of two neighboring hexagons
structure(i.e., a honeycomb structutethe interface must seen in the STM images is larger than this, suggesting that
contain a proportion of partial dislocations. Partial disloca-the InAs layer is not fully relaxed and Fig. 3 shows the
tions occur at the boundary of faulted and unfaulted domainamount of strain relaxation calculated from the average spac-
and the interface must also contain stacking faults. Figuréng. It is clear that beyond the CLT of 1-2 ML’s, the strain
2(a) shows a possible model for the atomic arrangements ag gradually relieved up to about 10 ML. Transmission elec-
the InAs/GaA§11DA interface. The sides of the triangles at tron diffraction (TED) measurements have also been per-
junction A form partial dislocations giving rise to stacking formed for several of the InAs/Gafkl])A samples with
faults at the InAs/GaAs interface. Upon completion of athicker InAs layers. The amount of strain relaxation obtained
single-crystal relaxed InAs epilayer, both the dislocationsirom the shift in the transmission diffraction spots is also
and stacking faults are buried at the interface. plotted in Fig. 3 and very good agreement exists between the

A similar network structure has been reported for misfitSTM and TED data obtained from the 10 ML InAs sample.
dislocations in sputtered PtNi alloysnd for the surface No study of strain relaxation is complete without discuss-
atomic arrangement at domain walls in AdMtl) ing the threading segments of the misfit dislocations. These
heteroepitaxy.In both cases, trigonal stacking faults of dif- surface terminating segments can be resolved by STM and
ferent size were observed at both junctiohsand B. For  appear as bright spots with a dark shaddwg. 4(a)]. The
InAs/GaAg111)A, only junction A has a trigonal stacking magnified image in the vicinity of one spidfig. 4(b)] shows
fault, suggesting an energetic difference in triangle formatiora phase boundaryindicated by a closed arrgwin the
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because of residual thermal drift. It can be clearly seen that
one atomic row(indicated by the open arrgws terminated

by the bright spot, and the left-hand side of the phase bound-
ary is displaced upwardgn [110]) by a surface lattice con-
stant of 0.4 nm, but no displacement[it12] is apparent
indicating that the spot is indeed a threading dislocation with
Burgers vector;[110]. This result coincides with that for
one of the perfect misfit dislocations in our mogeig. 2(a)].

Plan-view TEM images of InAs/GaAsl1)A samples
confirm the presence of threading dislocations as projected
lines in the transmission image, indicating that the disloca-
tion are not normal to thél11)A surface. Their angle from
the normal to the surface calculated from the average length
of the line in the TEM image was 51°8°. Similarly, the
accompanying shadow with a depth of about 0.5 A in the left
hand side of the threading dislocation in Figh¥can be
assigned to the strain field induced by a threading segment
moving towards the surface.

In conclusion, the precise control of 2D growth of InAs
FIG. 4. STM surface topogra_p_hs (_)f a 20-ML-thick InAs layer on ggoiatfj\iéé lzlﬁe\?vae?j efﬂialeedaigfnzglt;ilaslfgfﬁ eOfeesltr:)a/ur;t;egIgXof
Ga.As(lll)A'. (.b) shows a.magn'f'ed image of the same S.urface %5elaxation is the formation of misfit dislocations at the
(& in the vicinity of one bright spot. See text for a discussion of theboundaries of coalescing strained islands. The misfit disloca-
alignment of In atom rows indicated by the solid lines(m. . . : ;

tions form a trigonal network with anisotropy between
_ [110] and[110] maintaining the threefold rotational sym-
(2X2) reconstruction running in thgl10] direction, termi-  metry of the(111)A surface. The strain is gradually relieved
nated by the bright spot. Solid lines on the figure indicatewith increasing InAs thickness and no 3D islands are
atomic rows of surface In atoms in two orthogonal direc-formed. Detailed STM imaging of the threading segments
tions, [110] and [112], based on a vacancy-buckling allows the Burgers vectors of the dislocations to be identi-
model*"*8 The angle between them is not 90° in the imagefied.
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