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Abstract. The structure of two GaSb layers, 13 nm and 327 nm thick, grown by metal–organic
vapour-phase epitaxy on a GaAs(001) substrate have been studied by means of high-resolution x-ray
diffraction. The large lattice mismatch is largely relaxed by regular arrays of 90◦ dislocations. The
results show that both layers have orthorhombic crystal structure, and provide detailed quantitative
information about the distortions caused by the dislocations in both the GaSb layers and the GaAs
substrate.

1. Introduction

The growth of high-quality epitaxial thin layers on convenient substrates is a crucial aspect
of many technologies. There is usually a mismatch of the lattice parameters between the
substrate and the layer and so strain is produced at the interface and this must be controlled to
obtain high-quality thin layers. GaSb layers grown on the (001) planes of GaAs substrates are
model systems for studying the growth of semiconducting layers and are convenient substrates
for the growth of GaSb/InAs superlattices and, hence, infra-red detectors. The structure of
the GaSb layers grown either by MBE or by MOVPE has been extensively studied with
electron microscopy (TEM or HRTEM) [1–12]. In contrast, we have used high-resolution
x-ray scattering techniques to study these layers and this paper reports on the complementary
information obtained from x-ray scattering and atomic force microscopy (AFM).

The lattice mismatch between GaSb and GaAs is large, 7.8%, and so the critical thickness
before the onset of dislocations to relieve the strain will be only a few if any monolayers.
Electron microscopy has established that GaSb films with an average thickness less than 5–
10 nm are discontinuous and consist of isolated islands [7, 12]. The GaSb grows as islands
up to thicknesses of about 30–50 nm with lattice parameters close to those of bulk GaSb,
af = 0.609 54 nm. When layers are grown with a thickness of more than 50–80 nm the GaSb
forms a continuous film, and the growth becomes two dimensional [3,12]. For all thicknesses
of the films the GaSb is almost completely relaxed and the residual strain in the layers is only
about 0.3–0.6% [3, 13].

HRTEM has shown that the lattice parameter difference between the GaAs substrate
and GaSb is relaxed by regular arrays of Lomer dislocations (90◦ misfit dislocations) with
Burgers vectors in the plane of the GaAs/GaSb interface and line directions [110] and
[110] [2, 3, 6–10, 13]. The creation of regular arrays of Lomer dislocations appears to be
directly related to the 3D growth [8]. In contrast, 60◦ dislocations are believed to be created
when the islands coalesce [4,7], with growth of big islands of irregular shape [10] or growth at
relatively high (>540 ◦C) temperatures [5]. The measured spacing of the Lomer dislocations,
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D, is typically 5.4–5.8 nm [1–3, 6–10], consistent with what would be expected if most of
the misfit was accommodated by these arrays of Lomer-type misfit dislocations. If most of
the strain was relieved by 60◦ dislocations, the expected average dislocation spacing required
would be about D/2, i.e. 2.75 nm.

The results of our x-ray scattering measurements are consistent with these previous
investigations [1–5] and in addition the high resolution of the x-ray technique has enabled
us to determine new features including the following:

(i) that the crystallographic structure of the layers is orthorhombic even for a 327 nm layer,
(ii) the degree of perfection of the lattice of Lomer dislocations,

(iii) that the 90◦ dislocations are located precisely at the interface and give rise to distortions
of both the GaSb layer and of the GaAs buffer layer,

(iv) that the scattering changes from being characteristic of islands to that characteristic of a
mosaic crystal as the thickness increases.

These results demonstrate the power of high-resolution x-ray scattering techniques for
characterizing thin layers and the way they provide quantitative information about the dis-
locations complementary to that obtained from electron microscopy.

2. Experiments

The layers were grown using the MOVPE growth reactor at the Clarendon Laboratory in
Oxford [14]. Si-doped semi-insulating, (001)-oriented, GaAs slices were used as substrates.
The growth temperature was 520 ◦C and the growth rate was typically 1 µm h−1. Initially 1 µm
of GaAs was grown on the substrate and then layers of GaSb of different thicknesses were
grown by varying the growth time appropriately. A thin layer (sample A) was grown for 40 s
and a thicker layer (sample B) was grown for 1920 s; see table 1. Most of the x-ray scattering
measurements were performed at the XMaS beamline (BM28) at the ESRF. A four-circle
diffractometer was used in a vertical scattering plane with the x-ray wavelength chosen to be
0.112 716 nm. The resolution of the instrument was typically better than 2.5 × 10−3 nm−1 in
the scattering plane and 0.36 nm−1 perpendicular to the scattering plane. The growth direction
[001] was perpendicular to the surface of the sample and the samples were mounted with one
of the 〈110〉 directions perpendicular to the scattering plane. The measurements were made in

Table 1. Properties of the samples.

Measured and calculated parameters A B

Mosaic spread (deg) 0.017 0.19
Layer thickness (nm) 13(1) 327(30)
Growing time in MOVPE reactor (s) 40 1920
Growing temperature (◦C) 520 520
Lattice constant a⊥ (nm) 0.61161 0.61039
Lattice constant a110 (nm) 0.42774 0.43019
Lattice constant a110 (nm) 0.43037 0.43084
Uniform strain in [001] ε⊥ (%) 0.36 0.14
Uniform strain in [110] ε� (%) −0.76 −0.19
Uniform strain in [110] ε� (%) −0.15 −0.04
Spacing between satellites k110 (nm−1) 1.024(3) 1.091(4)
Spacing between satellites k110 (nm−1) 1.105(2) 1.129(1)
D110 (nm) 6.134(18) 5.756(20)
D110 (nm) 5.688(10) 5.565(5)
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the Qz–Qx scattering plane where the Qz-vector was along the [001] growth direction and Qx

was either along the [110] or [110] direction in reciprocal space. The reciprocal-space units are
given in nm−1. In this system of coordinates the positions of the Bragg peaks are given in terms
of two wave-vector-transfer components qx = |Qx | = 2π/d〈110〉 and qz = |Qz| = 2π/d001,
and scans varying the wave-vector transfer along Qz are called longitudinal scans and those
varying it along Qx are called transverse scans. For convenience, Bragg reflections will usually
be given by conventional triple Miller indices HKL rather than by their (qx , qz) coordinates.
The thickness of sample B was determined by extrapolation to qz = 0 of the full width at
half-maximum (FWHM) in qz of the (00L) reflections and was 327 ± 30 nm. The thickness
of sample A was determined much more accurately from the distance between the thickness
(Pendellösung) fringes surrounding the Bragg peaks in scans along the [001] direction and was
13 ± 1 nm, whereas the layer thickness expected from the growth time is only 6.8 nm. The
discrepancy arises because this layer consists of islands, as shown by atomic force microscopy
(AFM), figure 1, and the thickness deduced from the x-ray measurements corresponds to the
average height of the islands. The ratio of the two thicknesses indicates that only about half
of the substrate is covered by the islands.
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Figure 1. An AFM image from sample A.
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3. Scattering from 90◦ misfit dislocations

Figure 2 shows the scattered intensity when the wave-vector transfer was scanned through the
(002) Bragg reflection (qx = 0, qz) along the [110] direction, i.e. keeping qz constant. The
results for sample B (figure 2) show an intense Bragg peak from the bulk of the layer centred
at (qx = 0, qz) and a regular series of satellite peaks at wave vectors with the same qz and
qx = ±n × 1.129(1) nm−1 (where n is an integer). The satellite peaks in figure 2(a) are the
scattering from a regular array of 90◦ misfit dislocations. The wave vectors of the peaks give
the separation between the dislocations D as 5.565(5) nm; see table 1. If the whole of the
misfit strain were relieved by 90◦ misfit dislocations, the spacing |b|/f would be 5.5095 nm,
where f = (af − as)/as is the lattice mismatch and the Burgers vector b = ±(1/2)〈110〉. If
the strain was fully relieved by 60◦ dislocations, the spacing would be 2.755 nm, i.e. much
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Figure 2. The x-ray scattering from transverse scans through the (002) Bragg reflections for GaSb
for samples A and B. The wave vector qx is parallel to the [110] direction.
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smaller than the observed spacing. The widths of the satellite peaks increase with the peak
index and, for example, are 0.032(2) nm−1 for the first-order (n = 1) satellites of the (002)
Bragg reflections and 0.069(2) nm−1 for the second-order (n = 2) satellites. This increase in
the width shows that there is cumulative disorder in the spacing of the dislocations, i.e. the
variation of the spacing, which will then alter the positions of all subsequent dislocations in a
dislocation array. Analysis similar to that of [15] suggests that the disorder in the position of
the dislocations has a full width of 0.16 nm.

When sample B was rotated such that the [110] direction was in the scattering plane,
the results were qualitatively similar but different in detail. The spacing of the satellites
was different, 1.092(4) nm−1, and corresponds to a distance between the dislocations of
5.754(21) nm. This is larger than the spacing in the [110] direction showing that in the
[110] direction less of the misfit strain is taken up by the 90◦ dislocations. The width of the
satellites in the [110] direction was larger than for the other orientation by approximately a
factor of 2 suggesting that the dislocation array is less ordered in this direction.

The x-ray scattering from a thin sample, A, is also shown in figure 2. The position of the
satellites along the [110] direction is 1.106(2) nm−1 and corresponds to a dislocation spacing
of 5.681(10) nm. In contrast to the data for sample B, the widths of the satellites are largely
independent of the order of the satellite. This is characteristic of the scattering from a finite
length of the dislocation array, and the width of 0.08(1) nm−1 for the first-order satellites gives
a correlation length for the array of 76.3±9 nm. The corresponding scattering observed when
the [110] direction was in the scattering plane had a wave vector of 1.024(3) nm−1 giving
a dislocation spacing of 6.136(18) nm. The widths of the satellite peaks are larger than for
the [110] direction and are 0.12(1) nm−1 for the first-order satellites and 0.24(2) nm−1 for
the second-order ones. This is typical for linewidths resulting from cumulative disorder as
opposed to finite-size effects, and the fluctuation in the dislocation position is 0.72 nm.

Further information about the misfit dislocations was obtained from scans of the wave-
vector transfer along the qz-direction while the qx-component was fixed such that the scan
passes through one of the satellite peaks. A typical result is shown in figure 3. There are two
peaks centred at qz = 41.23(1) nm−1 and qz = 44.30(1) nm−1 which are the wave-vector
components qz of the GaSb and GaAs (004) Bragg reflections respectively. The intensities of
the two peaks are similar and the widths of the peaks are 1.80 nm−1 for the GaSb peak and
2.01 nm−1 for the GaAs peak. These results show that both the GaAs and GaSb are distorted
by the dislocations and that their distortions extend about 3.3 nm into both materials. Since
there are similar distortions associated with the two materials the dislocations are located at the
interface. This is in contrast to the conclusions of Mallard et al [9], who suggest that the initial
stages of GaSb deposition may produce a commensurate, defect-free layer of approximately
three or four monolayers (1.5 nm) before the lattice relaxation starts to occur by the nucleation
of misfit dislocations at the epilayer surface, resulting in the creation of a number of islands
of elastically relaxed GaSb. Our data show no evidence for such a layer and suggest that the
misfit dislocations occur at the interface.

Further evidence that this scattering arises from a regular array of 90◦ dislocations was
obtained by calculating the scattering from 90◦ dislocations using the expressions given in the
appendix of Kaganer et al [16]. The scattering from the 90◦ dislocation array was calculated
by assuming that the displacements of the atoms due to the array were the superpositions of
the displacements from the individual dislocations. The ratios of the scattered intensities for
the first and second satellites and for the first and third satellites were then calculated as 14.9
and 52 respectively. The corresponding ratios from the experimental intensities are 11±2 and
38 ± 5. The calculations of the width of the scattering as the wave vector was varied along
the growth direction through the satellite reflections gave 1.2 nm−1 whereas the experimental
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Figure 3. The x-ray scattering from sample A measured in a longitudinal scan through the first-
order satellite shown in figure 2.

width, figure 3, is 1.8 nm−1. These calculations show that a straightforward calculation of the
scattering from the 90◦ dislocation array does produce a reasonably good description of the
scattering, especially as the calculations assumed a rigid substrate whereas the results shown
in figure 3 show that the GaAs substrate is distorted as well as the GaSb.

4. Islands and 60◦ misfit dislocations

The strong scattering from sample B near qx = 0, figure 2, has an approximately Gaussian
shape and the width increases from 0.036 nm−1 at (002) to 0.070 nm−1 at (004) and 0.104 nm−1

at (006). Since the width is increasing in proportion to the wave-vector transfer qz, this
scattering is characteristic of the scattering from a mosaic crystal with a mosaic spread of
0.098(5)◦. When the sample is rotated such that the [110] direction is in the scattering plane,
the width of the Gaussian peak for qx = 0 corresponds to a mosaic spread of 0.19◦, 1.9 times
larger than when the [110] direction is in the scattering plane.

The scattering centred around qx = 0 for a thin sample, A, has very different structures for
the two scattering planes as shown in figure 4. The scattering near the (002) Bragg reflection
when the wave-vector transfer is along the [110] direction shows a very sharp Gaussian peak
centred on qx = 0 and two broader Lorentzian peaks centred approximately at wave vectors
of qx = ±0.027 nm−1 and with a width of 0.039 nm−1. The scattering around the (004) GaSb
reflection is similar except that the width of the two displaced peaks increases to 0.053 nm−1.
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Figure 4. The x-ray scattering from a transverse scan through the (002) reflection of the GaSb
layer, A. The wave vector is along [110] (a) and [110] (b) directions.

In contrast, the scattering along the [110] direction shows a single peak, but detailed analysis
shows that it can be reasonably described by two components: a Bragg-like sharp component
and a broader component whose width is 0.027 nm−1 for (002) and 0.053 nm−1 for (004)
reflections. A two-component line shape is frequently observed for epitaxial systems, but
there is no universally accepted explanation and different mechanisms have been put forward
to explain the two components [17–21].

Many features of the scattering in figure 4 can be understood. The sharp Bragg-like
components from sample A arise from atomic planes that are on average flat over lengths of
over 2.0 × 103 nm. Since AFM measurements, figure 1, show that a thin sample, A, has GaSb
islands that are much smaller than this, the atomic planes in the different islands must scatter
coherently, and consequently the structure of the islands must be quite perfect. The overall
width of the broader scattering increases only slightly from the (002) through the (004) to the
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(006) reflection. Consequently, this width does not arise from a mosaic structure as found for
the thicker sample, but arises from the finite size of the islands. Since the approximate width
of the scattering is 0.1 nm−1 in the [110] direction and 0.05 nm−1 along [110], the average
island size is about 63 nm along [110] and 125 nm along the [110] direction. These estimates
are consistent with the analysis of the widths of the 90◦ dislocation scattering described above
and with the AFM results for [110]. For the [110] direction the AFM measurements give a
size substantially larger than 125 nm. Comparing the x-ray and AFM data one should bear in
mind that the islands are trapezoidal, and that the base of each island is significantly bigger
than the top (seen in the AFM image), and that the difference has a greater impact on the [110]
direction than on the [110] direction.

The displaced peaks shown in figure 4(b) are unusual. Peaks displaced from qx = 0 can be
formed by steps on the surface of the substrate [17] due to the difference in lattice parameter of
the layer and the substrate producing a modulation in the atomic planes of the layer. The peaks
shown in figure 4(b), however, contain most of the intensity of the scan and not just a very
small fraction as found when they arise from steps. Consequently, the displaced peaks must
arise from scattering from a large portion of the GaSb. We suggest that the displacements arise
from islands containing one 60◦ misfit dislocation, and to investigate this we have calculated
the scattering using the experiments given in the appendix of Kaganer et al [16].

The calculation of the scattered intensity due to the 60◦ dislocations is complex because
they cause tilts as well as distortions of the layer. In agreement with the results obtained
earlier [16], scattering from layers containing isolated 60◦ dislocations does have peaks at
wave vectors corresponding to the average tilt of the material. Figure 4(b) shows peaks at
wave vectors of 0.027 nm−1, and if there was one dislocation in each island having a size
of 70 nm the average tilt would correspond to a wave vector of 0.029 nm−1. The results for
the [110] direction, figure 4(a), do not have discrete peaks, possibly because the islands are
larger and contain more than one 60◦ dislocation, which may then have different signs for the
(001)-axis component of the Burgers vector.

5. Discussion

As we have shown above, the lattice mismatch between a GaSb layer and GaAs substrate
is largely relaxed by 90◦ misfit dislocations arranged with a very regular period. This is
consistent with the present understanding of dislocation formation in a variety of hetero-
epitaxial systems. Comparison of the observed misfit dislocation structures shows that the
dislocations are generally of the 60◦ type when the misfit strain is small (<2%), are of mixed
60◦ and 90◦ types for intermediate degrees of misfit and are predominantly of the Lomer 90◦

type for very large degrees of misfit (>6%) [9]. Nevertheless, the type of dislocation may
depend on the growth conditions. Indeed, TEM and HREM measurements [4–6] have shown
that lattice misfit relaxation mechanisms depend on the growth temperature. For a GaSb sample
grown at 520 ◦C the lattice mismatch strain is accommodated mainly by 90◦ dislocations, but
for a sample grown at 540 ◦C the misfit strain is relieved by both 90◦ and 60◦ dislocations, and
for a sample grown at 560 ◦C the strain is accommodated mainly by 60◦ dislocations which
cause a local tilt of the GaSb islands with respect to the GaAs substrate [5]. Our samples were
grown at 520 ◦C and have mostly 90◦ dislocations in agreement with these results [5].

Our results are summarized in table 1. The spacing between the dislocations for both the
[110] and [110] directions decreases as the layer thickness increases, while the magnitude of
the strain compared with that for bulk GaSb also decreases as the layer thickness increases. For
both samples the structure of the layer is orthorhombic, with both lattice parameters in the (a, b)
plane less than in the bulk while that along the growth direction, c, is increased. The magnitude
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of the strain in the growth direction, table 1, is consistent with that reported for a sample grown
by MBE [3,13]. A large asymmetry in the residual in-plane strains and a large ratio (up to 1.2–
1.8) of the densities of misfit dislocations for the [110] and [110] directions have been observed
in some other systems which are mostly relaxed by 60◦-type misfit dislocations—for example,
in InGaAs/GaAs(001) [22–24], SiGe/Si(001) [25], In1−xGaxP and GaAs1−xPx [26]. This
asymmetry is related to the lattice asymmetry of the zinc-blende structure for orthogonal 60◦

dislocations of the same sign, leading to misfit dislocations being preferentially nucleated along
the [110] direction [26]. We are uncertain of the origin of the asymmetry in our measurements
with largely 90◦ dislocations.

In conclusion, we have made a detailed study of the structure of thin layers of GaSb
grown on GaAs. The results show that the layers are orthorhombic in structure with a periodic
modulation due to two intersecting arrays of 90◦ dislocations. The scattering shows that these
dislocations are localized at the interface and that both the layer and substrate (a GaAs buffer
layer) are distorted. The spacings of the dislocations are different along the [110] and [110]
directions, showing that the 90◦ dislocations are less effective at removing the strain in the
[110] direction. This is also the direction in which the islands grow largest and the direction in
which the mosaic spread of the thick sample is largest. It is reasonable then to conclude that
more of the strain in this direction is taken up by 60◦ dislocations than for the [110] direction.

This study illustrates the power of high-resolution x-ray scattering techniques for the
study of lattice-mismatched materials. It enables a detailed study of the structure and of the
dislocation networks.
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