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High-resolution electron microscopy has been used to study the distnibution of defects in a heteroepitaxial system with
high lattice mismatch (InAs/GaAs, (dpas — AGaas)/ @Gaas = 7 2%), grown by atomic layer molecular beam epitaxy The
study has been carried out on cross-section samples A high density of dislocations, mainly of the Lomer type, has been
found m a region of the epilayer near the interface Banding contrast 1s observed n the interfacial region, possible

explanations for this contrast are given

1. Introduction

Highly mismatched heteroepitaxial systems are
of mcreasing importance for the realization of
advanced semiconductor devices The interest in
the successful growth and characterization of lat-
tice-mismatched III-V semiconductor systems
stems from the considerable flexibilities in the
design of itegrated optoelectronic devices and
light waveguides which are available when com-
pound semiconductors are used [1] If lattice-mus-
matched heterostructures are to be used 1n device
applications, the role of dislocation generation
and propagation in these materials must be un-
derstood The difference n lattice constants in
these structures leads to strain in the epilayer,
and 1t 1s mmportant to measure this stramn for
several reasons (a) the strain 1s related to the
formation of musfit dislocations, (b) strammed lay-
ers are inherently interesting matenals, and (c)
the electrical and optical properties are strongly
dependent on the amount of strain In fact, one
can utilize the stramn to “fine-tune” the device
properties [2]

In this study we have characterized the struc-
ture of defects i the mterfacial region of InAs

layers grown on (001) GaAs substrates (72%
lattice musmatch) by atomic layer molecular beam
epitaxy (ALMBE) Observations are reported
based upon high-resolution electron microscopy
(HREM) We have observed lattice relaxation 1n
the {001) growth direction existing over a wide
region at the InAs/GaAs interface, visible 1n the
HREM mmages from the periodic bands of image
contrast which 1t causes Until recently, the con-
sequences of elastic relaxation in HREM studies
of thinned materials have usually been 1gnored
This work has taken into account the fact that
when relaxation due to sample preparation domi-
nates, specimen properties measured from
HREM mmages will not reflect the properties of
either the stressed bulk or the fully relaxed mate-
nals [3] It 1s important, however, to realize that
this type of strain contrast 1s not necessarily an
impediment to the correct mterpretation of
HREM micrographs

2. Experimental details

Highly musmatched InAs layers with thick-
nesses of 250 nm have been grown directly on
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(001) GaAs substrates by ALMBE at the Spanish
National Center for Microelectronics at Madrnd
[1] The lattice mismatch 1s 7 2%

The cross-sectional specimens for electron mi-
croscopy were prepared in the standard fashion
Two cross-sections were glued face-to-face with
M-bond 600 glue, prethinned using mechanical
thinning and polishing, dimpled to 40 um and
then finally thinned to perforation using low-an-
gle (179, 4 kV, Ar* 1on-milling at hqud N,
temperature The thin TEM specimens were then
examined using either a JEOL 2000EX (at Cadiz
Umversity) or a JEOL 4000EX (at Oxford Uni-
versity) Movement or formation of dislocations
did not occur during observation in the micro-
scopes

3. Results and discussion

3 1 Interface dislocation structure

Careful analysis of a number of HREM 1mages
of (110) cross-sectional specimens of the InAs/

GaAs nterface showed that Lomer dislocations
domiated (75% were of the Lomer type) In
addition, undissociated 60 ° dislocations were ob-
served (25%) Screw dislocations dissociated nto
two 30° partials were rarely observed Fig 1 shows
a typical (110) cross-section micrograph The 1m-
age clearly shows that the Lomer dislocations are
evenly distributed over a region of the InAs epi-
layer up to 30-40 nm from the interface, and that
most of the dislocations are out of the plane of
the interface Karasev et al [4] reached a simlar
conclusion for InAs layers with thicknesses of
t > 10 nm that were formed 1in multilayered het-
erosystems of alternating InAs and GaAs layers

It has been suggested that each Lomer disloca-
tion 1s formed as the result of the interaction of
two 60° dislocations with Burgers vectors 1n the
(111) and (111) ghde planes ntersecting at the
iterface [5], as follows

a[101]/2 + a[011] /2 = a[110] /2 (1)

This would be a reasonable description for the
material observed in this study, since it 1s ob-

Fig 1 HREM mage of [110] cross-section showing InAs/GaAs nterface Note the distribution of dislocations mn the region close
to the mterface
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served that the Lomer dislocations are near the
mterface plane, having remained 1n this location
following interaction (fig 1) The 60° dislocations,
however, are farther away, which could be due to
the fact that they have not interacted and so have
moved

This maternial was studied during growth by
RHEED (1] and 1t was found that total relaxation
occurred after the growth of eight monolayers
This result means that the musfit dislocations
were 1nitially concentrated 1n the region close to
the interface, and must therefore have moved
during growth

Fig 2 shows an mmage obtamed with only the
(000) beam contributing, diffraction contrast 1s
observed due to a 60° dislocation which has its
core 1n the interfacial region (InAs; 1n the figure)
This mterpretation was confirmed by diffraction
contrast measurements Analysis of larger regions
of the sample revealed very few of these disloca-
tions

As shown by Merwe and Ball [6), and by
Matthews [7], the dislocations serve to relax the
mismatch-induced strain between a heteroepitax-
12l film and its substrate [8], although several
processes can impede dislocation formation It 1s
mteresting to note that, by assumung the mus-
match to be completely relaxed by musfit disloca-
tions, the mean distance d,, between those dislo-
cations is given by

dn=b,/f", (2)
where
f"=msmatch = (a1 o, — AGans) /Bmas = 0 068

b, = edge component of the Burgers vector of the
dislocation projected over the interface

In the present case, we have estimated a value
for b, taking into account the number of ob-
served dislocations (75% Lomer type and 25%
undissociated 60° type) The resulting value for b,
would then be

bp = bp60°d|sl/4 + 3bLomerd1sl/4 =0 3498 nm (3)

d,,, calculated from eq (2), has a value of 51441
nm The mean value measured from the images

Fig 2 Bright-field [110] TEM 1mage obtained using only (000)
beam Contrast due to one 60° dislocation which has 1ts core
n the InAs; region can be seen
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for the separation distance between dislocations
1s equal to 541 nm This implies that the relax-
ation of strain at the InAs/GaAs interface occurs
mainly by generation of the observed dislocations
This measurement was made 1n a region less than
40 nm from the interface plane, and we can thus
deduce that relaxation of the mismatch occurs n
a zone close to the mterface

3 2 Banding in the epitaxial layer

Periodic bands of image contrast perpendicu-
lar to the {001) growth direction are visible 1n fig
1, extending 30-40 nm imto the InAs layer from
the InAs/GaAs interface It 1s difficult to analyze
the lattice constant component (a,,) parallel to
{011), but no fluctuations m a, larger than
2 5% were observed 1n any specimen in the InAs
layer

An mmage recorded with the electron beam
parallel to the (110) direction 1s shown m fig 3b
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A detailed analysis 1s very fruitful for determining
varations 1n the lattice constant component per-
pendicular to the mterface () from a region of
the InAs layer extending about 40 nm from the
interface The measured a,,, lattice constant for
InAs fluctuates over the 40 nm of the InAs layer
closest to the InAs/GaAs interface (the region
referred to as InAs;) The measurements of the
lattice constant components a_,, parallel to (001)
are tabulated in fig 3a It 1s of interest that this
plot shows that most of the values of a,, for
InAs; were

(aggans = 0 565 nm) <a,,, for InAs,;

per

< (@gmas = 0 606 nm)

The plot shows several mmima (imaged as white
banding contrast on fig 3b), at 2, 20, 42, 62, 76
monolayers (ML) and also maxima (imaged as
dark banding contrast), suggesting that both te-
tragonal dilatations and contractions are present
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Fig 3 (a) Vanation 1n lattice parameter in growth direction, a

per> Measured from HREM micrograph shown 1n (b), versus the

number of monolayers 1n the [001] direction (b) HREM micrograph of the region InAs; Note correlation between banding
contrast in HREM 1mage and change 1n lattice constant
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in the InAs; layer The tetragonal distortions
described above provide an adequate description
for the black and white banding contrast ob-
served

In addition to tetragonal distortion, changes in
lattice plane orientation were also seen 1n the
InAs, region Other workers [4,9,10] have re-
ported similar observations of this kind for InAs
The change 1n orientation can be seen by compar-
g the {111} planes n the dark contrast regions
of fig 3b with those in the white contrast regions
In the present study, the relative plane inchina-
tion caused by these deformations ranged from 1°
to 3°, which corresponds to a tetragonal contrac-
tion with varniations for a . of the InAs; layers
between 4 and 10% (calculated by neglecting the
deformation 1n a;)

It was orniginally suggested that the origin of
the banding contrast lay in the presence of
Ga,In,_, As alloys located 1n the interfacial re-
gion This suggestion has, however, been rejected
because the temperature (400°C) of the GaAs
substrate during epitaxial growth 1s not high
enough for Ga diffusion to occur We therefore
suggest the possibility that the banding 1s caused
by elastic relaxation The “strain supression”
method of Timoshenko and Goodier [11] has
been used, applying the approach of Gibson and
Treacy [3] to calculate the effect of surface relax-
ation 1 thinned superlattice specimens in the
presence of a single interface (thickness/super-
lattice period — «) These calculations give val-
ues for e perpendicular to the interface plane
that are three orders of magnitude lower than
those obtammed experimentally The observed
strain can therefore only be explamned by consid-
ermng additional factors such as the presence of
steps 1n the interface [12] (present in this mate-
nial), and the interaction of the strain fields of the
high density of dislocations at the interface

4. Conclusions

The mismatch in InAs/GaAs heterostructures
has been analyzed The presence of Lomer and

60° undissociated dislocations, which appear to
relax a large part of the mismatch, has been
observed The stresses are high in the InAs layer
up to a distance of about 30-40 nm from the
GaAs/InAs mterface, displaying a complex inter-
play between strains and dislocations in this re-
gion The fact that not all of the specimen strain
fields are necessarily inherent to the original ma-
terial has been taken mnto account
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