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Abstract

In this work we study the influence of the composition (strain) and the layer thickness of InGaAs grown on (111)B GaAs substrates on
the surface morphology and defect distribution (strain relief). Samples of uniform (x = 0.13 or 0.22) and graded ( X;z = 0.10 for each
sample; Xy = 0.17 and 0.25) composition have been studied by scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and high resolution electron microscopy (HREM). The relaxation mechanism for the two series of samples is the same. SEM
observations reveal a surface roughness with a triangular structure, where the ‘ cross-hatch pattern’ distribution is more isotropic and
homogeneous as the thickness and In composition increase. Misfit dislocations and deformation twins (band twins), anisotropically and
inhomogeneously arranged, are observed in al the studied samples. Deformation twins are formed by the nucleation of partial
dislocations from the film surface. A mechanism of the observed band twins formation is proposed. © 1998 Elsevier Science S.A.

Keywords: Compostion; InGaAs; Surface morphology

1. Introduction

InGaAs/GaAs heterostructures grown on polar orienta
tions exhibit advantages respect to the (100) one, as they
permit new optoelectronic applications. Such improve-
ments are due to the large internal electric fields generated
by the piezoelectric effect (PF) in coherently strained
layers. Among all the polar orientations, the (111) gives
the highest PF component perpendicular to the layers[1,2].

To avoid the stacking fault formation during the growth
of these structures, it is necessary to tilt the GaAs sub-
strates between 1-4° towards the [112] direction [3].

To achieve device structures grown on (111)B sub-
strates, it is important to understand the mechanism and
stages of mismatch relaxation. This goal requires an accu-
rate control of strain relief, a low threading dislocation
density and a flat surface. While for the ‘standard’ (100)
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orientation there are many studies performed, little work
has been done for the [111] orientation [4—6].

In this work, we study the influence of In composition
(x) and layer thickness ( z) on the surface morphology and
defect distribution generated when the strain due to the
lattice mismatch between the In, Ga, _, As epitaxial layers
and the (111)B GaAs substrates is relieved.

2. Experimental procedure

Two series of samples have been studied: Series I,
uniform composition singles layers of In, Ga, _, As grown
on (111)B GaAs, with x=0.13 and x = 0.22 with differ-
ent thickness. Series I, graded composition layers with
Xinitia = 0.10 and X,y = 0.17 and 0.25.

The growth has been performed by molecular beam
epitaxy (MBE). The substrates were disoriented 1° towards
the [112] direction. The remaining growth details for each
sample are included in Table 1.

Specimens were prepared to be studied by transmission
electron microscopy (TEM) by mechanica thinning fol-
lowed by Ar* ion milling for cross-sectional observations
and by chemica etching (H,SO,+ H,0,+ H,0 or
Br,/methanol) for plan-view orientation. Two of the three
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Table 1

Growth details of the studied samples

Sample Thickness measured by XTEM (nm) % In
Uniform composition single layers (series 1)

A 150+ 4 13
B 260+8 13
C 400+ 6 14
D (470-500) 15
E 76+5 21
F 160+ 6 21
G 240+5 19
H (270-300) 17.4
Graded composition layers (series 1)

| 240+ 6 10-17
J 430-460 10-25

possible cross-sections for each sample have been studied.

The techniques used to study the samples were TEM
using cross-section (XTEM) and plan-view (PVTEM) ori-
entations, high resolution electron microscopy (HREM)
and scanning electron microscopy (SEM). TEM and HREM
studies were carried out in the transmission electron micro-
scopes JEOL 1200EX a JEOL 2000 EX, whereas the SEM
work was performed with a scanning electron microscope
JEOL 820 SM.

3. Experimental results
3.1. Surface morphology

Surface morphology has been studied by SEM. Series |
samples with the lowest thickness (A and E) have a
smooth surface, but random roughness is observed. A tiny
cross-hatch triangular pattern with an asymmetric distribu-
tion appears, though one of the three expected sets of lines
(corresponding to the three (110) directions contained in
the (111) growth plane) is barely visible (Fig. 1a). As the
thickness increases (samples B, C, F and G) a stronger
cross-hatch pattern is formed, its distribution is asymmetric
and quite inhomogeneous, and there are flat areas sur-
rounded by hatched regions. For samples with the highest
thickness (samples D and H) the pattern disposition is
more homogeneous, the third set of lines appears, and the
ridges run shorter lengths and have complex profiles (Fig.
1b).

Series Il samples present a worse surface than the
others. A strong triangular cross-hatch pattern visible
through the naked eye is observed. The ripples distribution
is very asymmetric in sample | as two sets of lines
dominate over the third one, but the distribution is more
homogeneous. As the In composition and thickness in-
crease (sample J) the pattern is more uniform, the ridges
are higher and shorter, and have more complex profiles
(Fig. 1c).

3.2. Defect microstructure

XTEM micrographs of the series | samples with the
lowest thickness (samples A and E) only show misfit
dislocations at the interface and a defect free layer. Sam-
ples with thickness h > 4h, (samples B, C, D, F, G and H)
have misfit dislocations and they show some additional
characteristics.

(1) Wide straight contrasts, forming 110° with the inter-
face, which come from the free surface, through the layer
and extend deeply into the substrate, and loops of disloca
tions that look to emanate from the end of these straight
lines, connecting and bending towards the interface (Fig.
2a). An adequate contrast diffraction analysis, using large
tilt angles, shows that these straight contrasts are disloca-
tion pile-ups, which lie in the same {111} plane (Fig. 2b).

(2) Pile-ups of dislocation half-loops have been ob-
served working with other cross-section orientation. These
come from the surface and penetrate deeply into the
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Fig. 1. SEM micrographs from the surface of samples A (@), H (b) and J
(c). Micrograph of sample H has been registered tilting the detector 40°.
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Fig. 2. XTEM images of sample I. (&) Bright Field (BF) image with
g = 220. Didocations emerging from the twin are arrowed. (b) BF image,
g =111. Sample has been tilted around the growth direction. (c) BF,
g = 220. This image corresponds to a cross section different from that of
@ and (b).

substrate (1-2 um). Standard diffraction contrast experi-
ments have alowed to determine that these dislocations
are partial dislocations with the same Burgers vector and
lie in the same {111} plane (Fig. 20).

Plan-view observations on these samples have aready
been published [4,5]. These works describe the dislocation
microstructure and their development as thickness in-
creases, for two uniform composition layers (x = 0.12 and
0.21). Didocations that lie inside the layer (‘interna’
dislocations) are observed to have the form of complex
pile-ups lying on the same inclined {111} plane.

The XTEM experimental results of the series || (graded
samples) are similar to those of series | (uniform composi-
tion samples), but the density of the above explained
defects associated to wide straight contrasts is much larger
for series Il. In this case, it is clearly observed that the
straight contrasts are originated at superficial steps, near
the troughs of the cross-hatch, formed in the surface.
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crotwin width changes are arrowed.

The plan-view results are also similar to those obtained
on uniform composition layers but the density of misfit
and ‘internal’ dislocations and stacking faults is higher for
series |1. For this series the defect density increases as the
In composition and thickness layer rise. A pile-up of
dislocation haf-loops, forming a band, and with others
half-loops connecting with it, has been detected.

Both groups of samples have been studied by HREM.
This study reveals that the straight contrasts observed by
XTEM are microtwins. These begin at the surface and
penetrate into the substrate. Changes of the twinned plane
number into the microtwins are observed along their prop-
agation directions, that is, along the straight contrasts that
are extended from the surface up to the interface. Frank
partial didocations are observed to be located just on the
zones of change of microtwin widths, as indicated in Fig.
4,

Fig. 4. PVTEM image of sample I, g =2 20. The observed dislocation
pile-up corresponds to a twin band.
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It is worth noting that layer thickness changes of about
30 nm have been measured in samples D, H and J. Thisis
in agreement with the ridge formation at the surface.

4, Discussion

In low lattice-mismatch systems, where coherency
stresses can be very large in the strained films, twins may
be formed by nucleation of partial dislocations in a {111}
plane from the surface, particularly in surface steps. This
faulted half-loop increases the step height by a third of the
lattice parameter and this step makes the adjacent {111}
plane a low energy site for the nucleation of the next
partial dislocation half-loop. This process continues until
the stress is relieved up to a value below that required for
the formation of a critical-size dislocation half-loop. In this
way, partial dislocation half-loops with the same Burgers
vector form on n adjacent {111} planes and expand to form
a twin band with a thickness n-d,;,, where d,;, is the
{111} interplanar spacing. These twin bands have been
observed by Ning et a. [7] in indented films and by Pirouz
[8] in heteroepitaxial semiconductors using (001) sub-
strates. These types of twin bands correspond to some of
the defects observed by XTEM, PVTEM and HREM (see
Fig. 1 Fig. 2—4) in the present work.

Perfect dislocations can be emitted from the incoherent
part of an advancing twin front to relieve the long-range
stress field of the front [9]. This would explain why we
have observed loop dislocations emanating from the twin
bands.

On the other hand, the asymmetric distribution of the
misfit dislocations[4], and the cross-hatch pattern observed
in the first stages of relaxation (this corresponds to sam-
ples with the lowest thickness) could explain the asymme-
try observed in relation to the twin formation. Neverthe-
less, more work must be done to confirm this hypothesis.

5. Conclusions

The strain relaxation in uniform and graded composi-
tion layers of InGaAs grown on GaAs (111)B substrates

happen by the formation of an asymmetric and anisotropic
distribution of misfit dislocations and twin bands. These
twin bands are originated by the successive nucleation of
partial dislocations in superficial steps and troughs of the
cross-hatch pattern. These defects appear for samples with
thickness higher than 4h,.

The surface roughness pattern depends on the thickness
and In composition of the InGaAs epilayer. The roughness
increases with the epilayer thickness and In composition
up to obtain a strong triangular ‘ cross-hatch pattern’. The
asymmetry and the homogeneity of this pattern have also
been found to be dependent on these parameters.
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