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Abstract
Crystal defects of GaAs thin ﬁlms deposited by metalorganic vapour phase epitaxy on high-quality Ge substrates are studied by
synchrotron X-ray topography. The GaAs thin ﬁlms were measured to have  500 dislocations cm2 , which is a similar number to what
plain Ge substrates show. The dislocation densities measured are also smaller than, for instance, those of high-quality vapour pressure
controlled Czochralski grown GaAs wafers, which typically have dislocation densities of  1500 cm2 . The GaAs ﬁlms grown on both
sides of two-sided substrates display very good crystal quality throughout the sample.
r 2006 Elsevier B.V. All rights reserved.
PACS: 79.60.Jv; 81.05.Ea; 61.72.Ff; 81.10.Bk
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1. Introduction
Recently, there has been interest in heteroepitaxial Ge/
GaAs material structures for X-ray detectors following the
success in GaAs based devices [1]. Infrared detectors based
on heteroepitaxy have been previously studied e.g. with
InAs/InGaAs combination [2]. In high quality semiconductor devices, especially in those that are heterostructure
based, a near-perfect crystal lattice is vital. In this work,
crystal defects in thin heteroepitaxial GaAs ﬁlms are
studied by means of X-ray diffraction topography using
synchrotron radiation [3]. The GaAs ﬁlms were deposited
by metalorganic vapour phase epitaxy on high purity Ge
substrates.
There is a small lattice difference between Ge (lattice
constant 5.658 Å at 300 K [4]) and GaAs (lattice constant
5.653 Å at 300 K [4]). However, GaAs layers not exceeding
the critical thickness of the material pair can be free of
Corresponding author. Tel.: +358 94513120; fax: +358 94513128.

E-mail address: Aapo.Lankinen@hut.ﬁ (A. Lankinen).

defects inﬂicted by the misﬁt between GaAs and Ge on the
lattice. In addition to effects caused by the different layer
thicknesses, the formation of misﬁt dislocations and other
defects in the GaAs epilayer is strongly affected by the
various parameters used in the growth process. The
presence of the lattice defects in the sample is not
necessarily revealed if only the sample surface is examined.
Therefore, a method with a possibility to extract information inside the sample is desirable. X-ray synchrotron
topography is a nondestructive diffraction imaging method
suited for studying the existence of lattice defects both in
the bulk and on the surface of nearly perfect single crystals.
2. Experimental
Fig. 1 shows a schematic drawing of a Ge/GaAs sample.
The Ge substrates were ð0 0 1Þ 6 misoriented 500 mm thick
Czochralski-grown n and p-type wafers, on top of which
the GaAs layers were grown at Optoelectronics Laboratory
using metal organic vapour phase epitaxy (MOVPE). Some
of the samples had an epilayer deposited on both sides of
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Fig. 1. Schematic drawing of a Ge/GaAs sample. The drawing is not in
scale. Some samples had only one of the GaAs epilayers deposited.

(a)

the samples, because the planned detector structure would
use the Ge substrate as an active layer between the
epilayers. The substrate temperature in epitaxial growth
was about 530–620  C depending on other growth parameters. Tertiarybutylarsine (TBAs) and trimethylgallium
(TMGa) were used as precursors. The epitaxial layers
examined had thicknesses varying from few tens of
nanometers to about 1 mm.
The X-ray diffraction topographs were made at the
HASYLAB-DESY (Hamburger Synchrotronstrahlungslabor am Deutschen Elektronen-Synchrotron) in Hamburg
at the F1 topography beam line using the radiation of the
DORIS bending magnet source having a continuous
spectrum of wavelengths. Topographs were recorded on
100 mm  100 mm Slavich VPR-M high-resolution ﬁlms
both in the transmission and in the back-reﬂection
geometry with a ﬁlm-to-sample distance of 60–80 mm.
The ð0 0 1Þ surfaces of the samples were set perpendicularly
to the incident beam in both back-reﬂection and transmission topography. The epitaxial layer was on the ﬁlm side in
all exposures.

g

P

D
(b)
Fig. 2. The (a) 51̄1 and (b) 511 large area transmission topographs of a
Ge/GaAs sample showing dislocations in Ge substrate and GaAs epilayer.
Dislocation density in both Ge and GaAs was measured to be
250–500 cm2 , and no additional dislocations were produced by GaAs
growth. Disappearing images of threading dislocations having Burgers
vectors of type h0 1 1i are marked with arrows D and a precipitate with P.
Projections of the diffraction vectors g are shown in top right corners of
the topographs. Image size is 2 mm  1 mm for both topographs.

GaAs
Ge

g

Fig. 3. The 117 back-reﬂection section topograph of a Ge/GaAs sample
having 600 nm thick epilayer. Because the GaAs epilayer is strained, its
section image is shifted above the substrate section image. Diffraction
vector is marked with g. Image width is 2 mm.

3. Results and discussion
3.1. Crystal quality and dislocation densities
Figs. 2(a) and (b) show 51̄1 and 511 large area
transmission topographs of a 210 nm thick GaAs ﬁlm on
a Ge substrate. The topographs contain images of mixed
type threading or circular arc dislocations having Burgers
vectors of type h0 1 1i, but these dislocations are also
observed in bulk Ge wafers with the same dislocation
density of about 250–500 cm2 . Thus, the epilayer growth
process does not optimally produce any additional
dislocations into the structure.
The observed dislocation density is less than for instance
that of high quality vapour pressure controlled Czochralski
(VCz) grown GaAs wafers (typically  1500 cm2 [5]), and
also the overall defect density of the Ge/GaAs heterostructure is very low. No stacking faults were found in the
topographs.
Fig. 3 shows a 117 back-reﬂection section topograph of a
600 nm thick GaAs ﬁlm on Ge. The GaAs ﬁlm image is
focused and it is clearly separated from the Ge substrate
image, which indicates that no relaxation has occurred in
the GaAs layer. The section topograph does not show any
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additional defect images when compared to the topograph
of the 210 nm thick layer in Fig. 2.
3.2. Precipitates
Enlargements of transmission topographs presented in
Figs. 4(a) 5̄1̄1, (b) 5̄11, (c) 511 and (d) 531 show images of
an extraordinary precipitate found in the sample having
210 nm thick GaAs epilayer. The precipitate images in the
enlargements are from the same ﬁlm as the topographs in
Fig. 2, where the precipitate image is marked with P. The
topographs indicate that the strain ﬁeld of the precipitate is
radially symmetric, but the innermost volume around the
precipitate core does not produce contrast in the topograph. It is believed that the core of the precipitate is less
strained.
Almost similar topographs of precipitates have been
discussed in literature, and they were speculated to be
caused by diffusion of impurities into the substrate [6]. It is
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Fig. 4. The (a) 5̄1̄1, (b) 5̄11, (c) 511 and (d) 531 large area topograph
enlargements of a precipitate in a Ge/GaAs sample with the 210 nm
epilayer. Diffraction vectors are marked with g. Image size is 100 mm 
100 mm for all the enlargements.

possible that the precipitate seen in the Ge/GaAs sample is
similarly formed by e.g. arsenic diffusion into Ge.
However, it is also possible that the precipitate is at least
partially in the epitaxial GaAs layer. In any case, the Ge
wafers without GaAs epilayer do not show precipitates, so
it is evident that the precipitates are the result of the
epitaxial growth process.
It should be noted that the feature seen in the
topographs of Fig. 4 is the image of the strain ﬁeld
produced by the precipitate, which is much larger than the
precipitate itself. The sizes of arsenic precipitates in GaAs
typically are within a range of few tens of nm to  0:6 mm
[7].

(a)

g

3.3. Critical thickness
Figs. 5(a) and (b) show large area transmission and
back-reﬂection topographs of a Ge/GaAs sample having a
ﬁlm thickness of 750 nm. Both topographs display a clear
misﬁt dislocation network, which indicates that the critical
thickness is exceeded. The critical thickness for the sample
series examined was measured to be between 650 nm and
750 nm. The transmission topograph in Fig. 5(a) also
shows threading dislocations.
Theoretically the critical thickness for a lattice difference
of 0:8% should be about 200 nm [8], which is slightly less
than 290–450 nm found in a previous experimental work
[9]. However, the critical thickness observed in this work
(4650 nm) was over three times the expected value for the
Ge/GaAs structures studied. The difference is believed to
be partly caused by the lower growth temperature reducing
the thermal stress in the growth process. The observed
relatively large critical thickness is expected to improve the
possibility to use Ge/GaAs structures in X-ray detectors.

(b)
Fig. 5. The (a) 51̄1 large area transmission and (b) 004 large area backreﬂection topographs of a sample having 750 nm GaAs epilayer on Ge
substrate. The sample displays a misﬁt dislocation network between Ge
substrate and GaAs epilayer. Diffraction vectors are marked with g.
Image size is 1:6 mm  1:6 mm for both topographs.

4. Conclusion
The best of the Ge/GaAs samples examined were found
to have an excellent crystal quality, even when the
theoretical critical thickness was exceeded. The crystal
quality in the thin ﬁlms studied is believed to be adequate
for X-ray detectors based on Ge/GaAs heterostructures.
Particularly, the lowest dislocation density was as low as
250–500 cm2 , which is less than is found in typical GaAs
wafers. Some precipitates were found in the samples.
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