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Abstract

Strain release and dislocation distributionin InGaAs/
GaAs double heterostructures, step-graded and linear-
graded buffer layers have been studied. A higher misfit
dislocation density at the inner interface between the
InGaAs layer and the substrate was found in all the sam-
ples. This corresponded to a strain release of the inner
ternary layers much larger than predicted by equilibrium
theories. The residual parallel strain of the external
layers as a function of their thickness was found to fol-
low a curve approximately of slope -0.5, in agreement
with previous investigations on single InGaAs layers.
This result has been interpreted as evidence that the
elastic energy per unit interface area remains constant
during the epilayer growth. The presence of numerous
single and multiple dislocation loops inside the substrate
was attributed to the strain relaxation occurring through
dislocation multiplication via Frank-Read sources acti-
vated during the growth. A comparison with InGaAs/
GaAs step-graded and linear-graded heterostructures is
also shown and briefly discussed.

Finally, lattice plane tilts between epilayers and
substrates have been found due to the imbalance in the
linear density of misfit dislocations with opposite

component of the Burgers vector, b L Sk perpendicular
to the interface.

Key Words: Misfit dislocations, threading dislocations,
strain release, dislocation loops, lattice plane tilts.
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Introduction

The study of plastic relaxation and nucleation of ex-
tended defects in lattice mismatched heterostructures is
important in view, for instance, of integrated optoelec-
tronics that demand the ability of growing buffer layers
in which plastic relaxation provides the change in the
lattice constant. A good buffer layer should be fully
relaxed and should prevent the propagation of threading
dislocations 1nto the active layers of the devices. In the
last couple of years, several groups have revisited the
old idea of growing linearly or step-graded buffer layers
between the substrate and the epilayer in order to reduce
the ¢dislocation density in the active layer, both in
SiGe/Si and InGaAs/GaAs heterostructures [2, 4, 9, 10,
15, 17,19, 20, 21].

In order to study the confinement of the dislocations
in the buffer-substrate interface and the mechanism of
strain release in multiple structures, following our previ-
ous work on InGaAs/GaAs single and superlattice buffer
layers [6, 25], a set of molecular beam epitaxy (MBE)
grown In,Ga; ,As/GaAs double heterostructures, of
nominal In content x; = 0.05 and x, = 0.10 and total
nominal thickness t = 500 nm have been studied. Three
additional specimens of identical compositions and nomi-
nal thickness of the inner layer t; = constant = 120 nm
and of the external one 80 < t, < 185 nm were also
grown for studying the dislocation propagation during
the upper layer growth with respect to the total strain
content in the structures. Further, compositionally step-
graded and linear-graded heterostructures with nominal
composition 0.10 < x < 0.30 and thickness t,, = 1.42
pm and t;; = 1.02 um respectively were also studied.

Experimental

The structures, sketched in Figure 1, have been
grown at Istituto di Chimica dei Materiali ICMAT) in
a conventional MBE system on Si doped GaAs sub-
strates with an average dislocation density of 5.5 x 10?
cm? and on semi-insulating GaAs single crystals with a
dislocation density of about 5 x 10* cm2. All the
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Figure 1. Sketch of the In,Ga,_,As/GaAs double heter-
ostructures investigated. The nominal In content are
X(tp) = 0.10, and x(t;) = 0.05.

substrates were nominally (001) oriented within 0.5°.
A standard wet etching procedure was used for substrate
preparation in order to obtain a thin oxide film as pas-
sivation layer. Before the growth, this was removed by
heating at 580-600°C under arsenic flux. The substrate
temperature was kept constant at 530°C for all the sam-
ples. The buffer and ternary growth rates were deter-
mined by reflection high energy electron diffraction
(RHEED) oscillations. Consequently, the In content in
the alloy was also determined. In order to keep the In
and Ga fluxes, and therefore the In concentration in the
alloy, constant, the Inj5Gaj gsAs layer was grown
first. After the growth of the first layer, each sample
was left in the buffer chamber in high vacuum
conditions (P 5 10?° Torr). Subsequently, the
In, ;Gagy gAs layer was grown on each sample varying
the In flux conditions to obtain the exact In concentra-
tion. The V/III pressure ratio was kept around 27-35.
All the specimens have been studied by comparing
transmission electron microscopy (TEM), high resolution
X-ray diffraction (HRXRD) and Rutherford backscatter-
ing (RBS) and channeling investigations. RBS and
HRXRD techniques have been employed for measuring
the composition, the thickness, and the degree of strain
release of the samples. (110) oriented cross-sectional
TEM (XTEM) and (001) oriented plan view investiga-

~
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tions were carried out for studying the dislocation
nature, distribution and density inside the structures.
Room temperature panchromatic cathodoluminescence
(PCL) in the scanning electron microscope (SEM) and
CrO3-H,O-HF diluted Sirtl-like solution with light acti-
vation (DSL) were also employed for large area investi-
gations of the misfit dislocation planar distribution and
of the threading dislocations density. RBS channeling
measurements were carried out at the Laboratori Nazion-
ali di Legnaro by using a high precision goniometer
sample holder and “He™ beam of 2 MeV energy [7].

TEM analyses were performed at MASPEC in a
JEOL 2000FX microscope operating at an accelerating
voltage of 200 kV on samples mechano-chemically thin-
ned and then finished by room temperature Ar ion
milling. SEM-PCL studies were also carried out at
MASPEC in a 250 MK2 Cambridge Stereoscan, both in
the emission and transmission geometries at accelerating
voltages ranging between 7 and 20 kV.

X-ray measurements were performed at MASPEC
on a double crystal diffractometer in the 117 CuKe
parallel geometry, corresponding to a Bragg angle 6 of
76.64° and an asymmetry angle ¢ = +11.4° or 335
parallel geometry with fg = 63.3 and ¢ = +40.32°.

The 117 reflection gave a large peak splitting, thus
permitting better separation of the layer peaks in the dif-
fraction profile. In order to obtain the lattice mism-
atches parallel, (Ad/d) I , and perpendicular, (Ad/d)*, to
the (100) surface, the measurements were performed
both in the grazing incidence (positive ¢) and the graz-
ing emergence (negative ¢) geometry. For each geome-
try, four independent measurements were repeated after
successive 90° rotations around the surface normal. To
avoid the effect of small deviations of the surface from
the nominal (100) crystallographic plane and to measure
the tilt of the layer lattice with respect to the substrate,
the measurements were repeated after 180° rotations
along the surface normal. In this way, two independent
measurements of the lattice tilts and Ad/d in the scat-
tering planes corresponding to the 0°-180° and 90°-270°
rotations were obtained. The mismatch values Ad/d
have been calculated from the measured values of the
peak splitting, At ;, using the exact formula:

Apy = Ad + Aby =

¢ -t [t {(1+(Ad/d)H)} / {1+(ad/d) )} + sin!

[sinfg {sin>p(1+(Ad/d))? + cos?((1+(Ad/d)+)2}]!/2
O (1)

where A¢ is the tilt of the lattice planes due to the de-
formation of the layer lattice and Afyg is the change of
the Bragg angle.
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Table 1. Experimental values of composition, x; thickness, t; and residual strain, €
The average error values are also reported.

res» Of the specimens investigated.

Sample x(ty) % x(t) % t; (nm) t, (nm) € (t) €res (1)
(£03%) (+03%) (+5nm)  (+5mm) (+ 1x10% (£ 1x10%
$88 6.45 12.1 143 340 0.44x 10°  3.11x 103
S89 6.8 12.3 239 244 0.33x10%  3.49x 103
$90 5.8 11.0 343 145 0.92x 103  4.16 x 107
SS12 6.9 12.5 120 81 4.18x 103 8.12x 107
SS11 7.0 12.9 123 155 3.5 x 103 6.40 x 10
$510 6.5 13 125 180 1323 16° 472 % 107
P-62 (step-graded) 0.11 < x < 0.31 1420 3.7 x10°
P-66 (lin. graded) 0.12 < x < 0.29 1020 6.4 x 107

from the Vegard’s law and the RBS and HRXRD com-
position values.

Residual Parallel Strain vs thickness Results and Discussion
of the specimens investigated
Double layer heterostructures

2E-02 |

E— The results of both RBS and HRXD measurements
are reported in Table 1. The residual strain values ver-
£ sus the layer thickness of the structures investigated are
§ shown in Figure 2. The points corresponding to the
g 2E-03 ¢ deeper ternary layers (filled circles) have been reported
[ b ° considering their individual thickness. The top layers
- ° .show residual strain values much larger than predicted
" by the Matthews and Blakeslee model [22]. On the con-
L trary, despite the lower In content, the deeper InGaAs
2E-04 - — — buffer layers exhibit a much larger strain release and
AEH SEHOe appear nearly completely relaxed. This simply evi-
thickness (nm) dences that the strain release of the first ternary layer
depends on the total thickness of the structure that must
Figure 2. Residual strain versus specimen thickness. be considered as a whole and not as made of two indi-

Continuous line: experimental curve obtained for vidual layers.
InGaAs/GaAs single buffer layers [6]. Open circles cor- In all the samples, plan view room temperature
respond to external InGaAs layers; filled circles to the SEM-PCL investigations in the transmission geometry
inner ternary layers. The vertical arrow shows the de- revealed the presence of both the usual network of misfit
crease of the residual strain by increasing the thickness dislocations (MDs) aligned in bands along the two
of the uppermost layer in structures with constant thick- <110> type directions (Figs. 3a and 3b). Figures 3a
ness of the first InGaAs layer. and 3b represent two samples with dislocations only at
the deeper interface and at both the interfaces respective-
ly; this explains the difference in contrast sharpness
The residual parallel strain values, el , were calcu- between the two images. In Figure 3¢, the correspond-
lated from the composition values determined by RBS ing plan view transmission electron micrograph of the
and HRXRD from the following equation: sample of Figure 3b reveals the presence of curved dis-
locations (loops) and dislocations threading from the first

el = (@l - a% /%), @) to the second interface.

Further, plan view and XTEM investigations
where a0 is the relaxed lattice parameter determined showed a much higher misfit dislocation density at the
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inner interface between the InGaAs layer and the sub-
strate as shown, for example, in Figure 4 for the speci-
men S88. In the structure presenting the lower residual
strain in the first ternary layer, the linear MD density at
the InGaAs/GaAs interface was found to be at least 3-4
times higher than at the InGaAs/InGaAs one.

Besides misfit dislocations, both single and multiple
dislocation loops extending mainly from the deeper inter-
face inside the GaAs substrate were also found. Such a
behaviour has been observed by other groups on SiGe/
Ge [20] and InGaAs/GaAs [18] superlattiées and graded
heterostructures [3, 4, 16] and on InGaAs/GaAs single
layers [8]. In SiGe/Si structures, the presence of these
loops has been correlated to the activation of Frank-Read
(F-R) sources for the generation of misfit dislocations

946
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Figure 3. (a) SEM-PCL
micrographs of a double
layer structure presenting
misfit dislocations only at
the first interface; (b)
SEM-PCL image of a
double heterostructure
with disiocations at the
two interfaces. The dif-
ference in the CL contrast
sharpness is evident. (c)
(001) oriented bright field
plan view transmission
electron micrograph of the
same sample as in (b)
(890); threading disloca-
tions between the first and
second interface and dis-
location loops are ob-
served. Bars = 100 um.

during the strain relaxation process. It is suggested that
this kind of strain relaxation occurs only in very pure
and slowly (1% misfit/um) compositionally-graded
layers [20].

In all our samples, dislocation loops were found to
propagate inside the substrate, even though the composi-
tional gradient at the interface was practically infinite
(step increase in composition). A similar finding was
reported for InGaAs/GaAs single layers with x < 0.17
by Krishnamoorthy er al. [16] who found dislocation
loops in the GaAs substrate and no dislocations inside
the layers. The results were interpreted on the basis of
a balance of forces model and the introduction of a
"critical composition difference" concept. Lefebvre et
al. [18] also observed half-loops extending from the
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Figure 4. (a) (001)
oriented bright field plan
view transmission electron
micrograph of sample
S88; the specimen has
been thinned in the bevel
geometry and the area
with the lower dislocation
density belongs to the
external epilayer.  (b)
(110) oriented XTEM
micrographs of the same
structure as in (a) con-
firming the same ratio
between the linear dis-
location densities at the
two interfaces. g = 004

type.

interface inside the substrate in InGaAs/GaAs super-
lattices. The half-loops, acting as F-R dislocation
sources, are the result of the glide of the inclined tip
formed at the crossing point of two perpendicular dis-
locations. The glide toward the substrate is interpreted
on the basis of misfit stress forces higher than the
mutual interaction elastic forces.

The comparison of our results with the literature
data suggests that an important parameter for confining
dislocations far from the specimen surface in low mis-
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matched heterostructures is the compositional gradient
inside the layers. In case of structures with higher lat-
tice mismatch, the starting compositional limit should be
represented by the composition corresponding to transi-
tion from two-dimensional (2-D) to three-dimensional
(3-D) nucleation [26]. In that case, the island coales-
cence mechanisms will rule the defect distribution inside
the layer, and no defects will propagate inside the
substrate as it is shown, for example, in [5].

XTEM maps obtained from several micrographs
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Figure 5. Bright field zone axis (110) oriented XTEM micrographs of (a) sample S90 and (b) sample S88. The
dimension and penetration of dislocation loops inside the substrate is shown to increase by increasing the strain release
in the inner layer.

948
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Figure 6. (110) XTEM micrograph of dis-
location movement induced by electron
beam irradiation in the TEM. (a) before
irradiation, (b) and (¢) during and after the
dislocation movement.

showed that dislocation loops increased in
dimension, density and penetration inside
buffer layer and substrate by increasing the
strain release inside the first InGaAs layer.
Furthermore, threading dislocations start
penetrating inside the first ternary layer up
to the InGaAs/InGaAs interface as the
residual strain of the inner layer decreases.
Figure 5 shows, for comparison, two typical
XTEM micrographs of the samples S90
(Fig. 5a) and S88 (Fig. 5b); the different
dimension and penetration of the loops in-
side the GaAs buffer layer and substrate is
apparent. Both misfit dislocations and
dislocation loops were of 60° type with
Burgers vector of a/2 [110] type on a
similar {111} glide plane.

The linear dislocation density required
to accommodate the mismatch, as calculated
by HRXRD measurements, is about 2 x 10°
cm’! in the samples presenting the lower re-
sidual strain values. This value is higher
than that one permitted by the number of
available dislocations in the substrates. It
follows that new dislocations must have
been created either by a nucleation or multi-
plication process for releasing the strain. In
these kinds of samples, F-R sources, which
are a well documented way to generate dis-
locations [12, 23], can be provided by the
pinning of dislocation segments due to dis-
location intersections inside the MD net-
work [13]. An example of one or more
possible F-R sources is shown in Figure 6
where three loops are seen to slip and ex-
pand under the electron beam in the TEM.
The slight inclination of the specimen (about
10°) allows us to better observe the points
of intersection of misfit dislocations on the
interface plane that can lead to a F-R
source.

The residual strain of the inner layer
and the dislocation propagation from the
first to the second interface have been stud-
ied as a function of the top layer thickness
by investigating the structures SS10, SS11
and SS12 in Figure 1. Here, the inner
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ternary layer is grown with constant thickness (120 nm)
and composition (x = 0.05), and the top one with varia-
ble thickness (80 < t,, < 185 nm) and constant compo-
sition (x = 0.10). As pointed out by the vertical arrow
in Figure 2, the residual strain of the threg inner layers
decreases by increasing the thickness of the uppermost
layers and approaches the residual strain value of sample
S88. A comparison of XTEM maps of the aforemen-
tioned samples (Fig. 7) shows that only a few single
loops are revealed in the sample SS12, that multiple dis-
location loops are present in sample SS11, and that the
highest density of dislocation loops both inside the sub-
strate and the inner epilayer is found in sample SS10

950

(Fig. 7c). This demonstrates that the dimension, loca-
tion and penetration of multiple dislocation loops depend
on the total amount of elastic energy in the structure and
on the strain release in the inner InGaAs layer.

The residual parallel strain values of the upper
layers are compared in Figure 2 with a unique curve of
-1/2 slope obtained from previous results on InGaAs/
GaAs single heterostructures of similar composition and
thickness [6] and in disagreement with the equilibrium
theories [22]. This result leads to the assumption that,
once the critical thickness is overcome, the elastic
energy per unit interface area remains constant [24].

Our observations also reveal that dislocations first
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Figure 7. Comparison
between the (110) XTEM
micrographs of the struc-
tures SS12 (a), SS11 (b)
and SS10 (¢). As ex-
pected, as the thickness of
the external layer in-
creases, dislocations start
penetrating the  first
InGaAs layer and reach
the second interface.

nucleate and multiply at the inner interface and that only
when the dislocation density has reached the value corre-
sponding to the minimum residual strain of the inner lay-
er do the dislocations start crossing the first ternary
layer. Also, the propagation of dislocation loops inside
the substrate started only after all the dislocation sources
in the substrate were almost exhausted.

From the XTEM micrographs, it can be noticed that
no threading dislocations are visible in the external ter-
nary layers. According to the typical specimen length
and thickness investigated in the cross-section geometry,
this corresponded to a maximum surface dislocation den-
sity of about 6 x 10% cm™. The density of threading
dislocations at the specimen surface was then measured
by SEM-PCL investigations, DSL etching and plan view
TEM maps on beveled samples. A maximum threading
dislocation density of 5 x 10° was evidenced in the most
defective double heterostructures (SS10). This result
can be interpreted on the basis of the operation of pin-
ning mechanisms of threading dislocations by intersect-
ing misfit dislocations [11, 14].

Graded heterostructures

A similar study was performed on MBE grown
InGaAs/GaAs linearly-graded and step-graded buffer
structures. Figure 8a shows a XTEM micrograph of a
linear-graded InGaAs/GaAs sample of nominal composi-
tion 0.1 < x < 0.3 and thickness tj, = 1.02 ym. The
majority of dislocations are distributed across about the
first 600 nm of the layer thickness, leaving a consistent
portion of the structure almost free of defects. The
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threading dislocation density was estimated to be about
4-5 x 10° cm. Similar to the double layer structures,
the highest dislocation density is at the interface between
substrate and graded layer and some loops are present in

the GaAs substrate. After the first critical thickness is
overcome, MDs most likely nucleate from pre-existing
substrate dislocations at the interface and start releasing
the strain. As the growth continues, the number of dis-
locations at the interface increases until the initial misfit
is released. At this time during the growth, there is still
elastic energy inside the structure and more dislocations
are needed to release the excess of elastic energy. Once
a new critical thickness is overcome, new dislocations
nucleate, for example, as a consequence of heteroge-
neous nucleation or from some threading segments com-
ing from the inner portion of the layer, and propagate
from the growth surface toward the interface. A re-
sidual strain of the order of magnitude of 2 x 104 still
remains at the interface. It follows that dislocations can
propagate at a distance that depends on the misfit gradi-
ent inside the structure and, in particular, the distance
from the misfit gradient at the moment of the plastic re-
lease. A minimum distance from the preexisting dislo-
cations of about 18 nm can be calculated by: ¢ = Aft, =
(f/tlg) t,, where € is the residual strain at the interface,
Af is the misfit gradient, f is the misfit, g is the thick-
ness of the linear-graded layer and tg is the distance at
which the new dislocations stop with respect to the pre-
vious ones. Therefore, dislocations almost regularly dis-
tributed inside the layer, in a similar way of a step-
graded structure, should be expected. This is confirmed
by the XTEM micrograph (Fig. 8a). It is worth noting
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that secondary ion mass spectrometry (SIMS) analyses
did not show any step-like behaviour of the composition
inside the layer. Since the higher the misfit gradient is,
the lower the distance is between dislocations generated
at different moments during the growth, the slope of the
misfit curve is also important for the dislocation dis-
tribution inside a linear-graded structure.

A step-graded layer with nominal composition, 0.1
< x <0.3and t; = 1.02 pm and a cap layer of nomi-

952

Figure 8. (a) (110)
oriented bright field zone
axis XTEM micrograph
of the linear-graded het-
erostructure. Dislocation
uniformly distributed in-
side the layer are shown.
(b) Step-graded structure.
Dislocations propagating
from the deeper interface
through the structure are
shown. Dislocation pile-
up is also present in the
substrate.  The highest
MD density 1s at the
InGaAs/GaAs interface
for both the samples; fur-
thermore, the two layers
present a portion of some
hundreds nanometer thick
free of defects in the limit
of the cross-sectional
TEM analyses.

nal composition x = 0.3 and thickness of 400 nm for
simulating a complete buffer for device applications was
also studied by XTEM investigations (Fig. 8b). In this
case also, in agreement with the findings on double and
linear-graded heterostructures, the highest misfit dis-
location density was found at the first heterointerface.
In this case, in contrast to the linear-graded layer, dis-
location pile-up was found in the GaAs substrate at a
depth of ~ 0.5 um. Additional misfit dislocations were
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distributed throughout the layers with different In con-
centration and were mainly positioned at each interface.
Further, their density decreased by increasing the In
concentration, leaving the additional top layer with
x = 0.3 with a dislocation density of about 6 x 10°
cm2. This shows the reliability of the structures as
buffer layers for reducing the dislocation density at the
specimen surface as already found by other groups [2,
4].

The observation of dislocations pile-up together with
the results on the linear-graded specimen confirm that
the compositional step and the strain gradient must be
considered as a whole in low lattice mismatched buffer
layers. Therefore, in a step-graded structure, it follows
that the number of layers necessary to design prefixed
surface lattice parameter and residual strain values is
related to the maximum composition step between suc-
cessive layers, the maximum composition step being
determined by the 2D-3D growth transition regime.
Work is in progress for developing a numerical model
to account for strain release in multiple structures.

Lattice planes tilting in double heterostructures

According to the works of Ayers e al. [1] and of
Kavanagh er al. [15], HRXRD investigations showed
small tilts (300-400 sec. of arc) between the buffer layer
lattice and the substrate lattice in all the samples. These
tilt angles, observed by HRXRD after a 180° rotation
along the sample surface axis with the same diffraction
geometry, were due to the low angle grain boundary
produced by the dislocation network at the buffer layer-
substrate interface. Moreover, this tilting effect did not
appear to be correlated with the asymmetry of the strain
release found in several samples along the two (110)
directions parallel to the interface. The tilt value o is
related to the imbalance, (p* - p7), in the linear density
of dislocations having opposite b 1 *f component of the
Burgers vector perpendicular to the interface [23]:

a=bLM (" -p) 3)
Assuming that only 60° dislocations withb 1 = a/2 are
present, the tilt of 400 seconds of an arc observed in the
sample S88 corresponds to a linear dislocation density
(t -p) = 6.86 x 10* cm’!. The comparison with the
dislocation density determined by TEM and HRXRD,
1.14 x 10° cm’! indicates that the majority of the dis-
locations have the same perpendicular component of the
Burgers vector. A similar result obtained by Kavanagh
et al. [15] in InGaAs/GaAs samples cut 2° off the (100)
planes could be interpreted as due to a preferential gen-
eration of dislocations having the same perpendicular
component of the Burgers vector determined by the dif-
ferent degree of strain release associated to opposite
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components bt. In the present case, the very low sur-
face miscut angle cannot explain such difference. In
most samples, the surface miscut was measured by
HRXRD by comparing the Bragg angle position after
180° rotation. The maximum miscut angle found was
0.2° with no correlation between the layer lattice tilt and
the miscut direction. Since the low dislocation density
for the Si doped GaAs substrate (about 5.5 x 10% cm™?)
can accommodate only a small part of the strain
according to the Matthews model, we conclude that the
dislocation multiplication mechanism is responsible for
such difference and that mainly dislocations of the same
type are generated.

Conclusions

Double InGaAs/GaAs heterostructure buffer layers
were revealed to be effective in confining MDs at the
deeper interface. The strain release behaviour has been
explained on the basis of previous results on single
InGaAs/ GaAs layers, showing that the elastic energy
per unit interface area remains constant. The strain
relaxation occurs through dislocation multiplication due
to Frank-Read source activated during the growth, as
shown by numerous dislocation loops inside the
substrate.  Lattice plane tilts between epilayers and
substrates of the order of magnitude of some hundred
seconds of arc have been found. The tilt is determined
by the imbalance in the linear density of muisfit
dislocations with opposite ch” component of the
Burgers vector perpendicular to the interface. The
possibility of growing buffer layers with prefixed
residual strain and composition has been shown to be
related to the maximum concentration step between
successive layers for step-graded heterostructures and to
the misfit gradient inside the layer for linear-graded
structures.
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Discussion with Reviewers

L. Schowalter: While it may be possible that a particu-
lar defect would tend to punch out MDs which have the
same Burgers vector, without some symmetry breaking
mechanism, the average tilt of a large enough area
would still have to be zero. How big an area do the
authors measure? For different samples, 1s the tilt
always in the same azimuthal direction?

Authors: In the majority of the samples we investi-
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gated, area corresponded to the X-ray beam size, that is
~ 1 mm?. Ina few samples, the uniformity was veri-
fied. Peak shifts lower than a few % were found in
areas of 1 cm? in size. Different amounts of tilt were
found along the two <110> directions in the samples
without any correlation to the strain release.

F. LeGoues: I think that the data presented are com-
pletely consistent with those of Kavanagh et al. [15],
Mooney et al. (1994) and LeGoues et al. (1993). In all
of these, the tilt depends on the mismatch, the growth
temperature and the initial miscut. Without treating all
of these, and comparing with previous theories, the
authors cannot state that "the miscut angle cannot
explain such difference." Indeed, a small tilt such as
observed here is completely consistent with the values
found by Kavanagh, Legoue for a miscut of 0.5°. Fur-
thermore, the multiplication mechanism cannot explain
the tilt by itself. As shown by LeGoues er al., the
miscut results in the reproduction of only one set of
dislocations. Without the miscut, it is impossible to
figure out why one set would reproduce preferentially.
Authors: We do not state that the tilt angle is independ-
ent of the surface miscut for any value of the miscut
angle. We simply say that, in the present case, with
miscut angles lower than 0.5° (0.2° in the samples
tested), the tilt is not determined by the miscut. In fact,
for miscut angles of 0.2°, the increase of the edge
component of the Burgers’ vector of a MD is only 2.5
x 107 which does not seem to be sufficient to explain
the broken symmetry. The existing TDs type in the sub-
strates could be a possible reason for that.
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(1994). Nucleation of dislocations in SiGe layers grown
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LeGoues FK, Mooney PM, Tersoff J (1993). Meas-
urement of the activation barrier to nucleation of dis-
locations in thin films. Phys. Rev. Lett. 71: 396-399.
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