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We have obtained Anti-Phase Boundary (APB) free GaAs epilayers on “quasi-nominal” (001) sili-
con substrates, while using a thick germanium strain relaxed buffer between the GaAs layer and
the silicon substrate in order to accommodate the 4% lattice mismatch between the two. As silicon
(001) substrates always have a small random offcut angle from their nominal surface plane, we call
them “quasi-nominal.” We have focused on the influence that this small (<0.5°) offcut angle has
on the GaAs epilayer properties, showing that it greatly influences the density of APBs. On 0.5°
offcut substrates, we obtained smooth, slightly tensile strained (R =106%) GaAs epilayers that
were single domain (e.g., without any APB), showing that it is not necessary to use large offcut
substrates, typically 4° to 6°, for GaAs epitaxy on silicon. These make the GaAs layers more com-
patible with the existing silicon manufacturing technology that uses “quasi-nominal” substrates.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935943]

Significant advances have occurred the last 20 years or
so concerning the growth of Si/SiGe heterostructures for
microelectronics (high mobility channels for holes, SiGe:B
embedded sources and drains, and so on). These advanced
epitaxial heterostructures have also been incorporated into
high performance integrated circuits that are commercially
available. Research is currently focusing on integrating I1I-V
alloys, including GaAs, on silicon. The aim is to combine
the advantageous properties of III-Vs (high electron mobil-
ity, direct bandgap...) with advanced silicon manufacturing
technology. However, growing GaAs on silicon is very chal-
lenging. First, there is a large lattice mismatch between sili-
con and GaAs (agaas 1 4% larger than ag;) that leads to the
introduction of misfit dislocations. Second, there is a thermal
expansion difference between silicon and GaAs that can lead
to the appearance of cracks in the GaAs layer," but this can
be solved by limiting the total thickness of the epitaxial III-
V layer to less than a few microns. The third difficulty when
growing GaAs on nominal (001) surfaces is the existence of
anti-phase domains, separated by anti-phase boundaries
(APBs).* As GaAs is a polar material, the epilayers can be
seen as a succession of arsenic and gallium monolayers, e.g.,
an ABAB sequence. ABAB domains and BABA domains
will thus coexist when growing on nominal, non-polar sub-
strates due to the nucleation of the film on atomic terraces if
there are an odd number of atomic planes between terraces.
Obtaining single domain GaAs epitaxial films on silicon has
been solved in two ways. First, by using offcut substrates,
with a typical offset of 4° to 6° in the (110) direction,”"" in
order to promote the formation of bi-atomic steps between
terraces and, second, by starting the GaAs growth with an ar-
senic pre-exposure in order to begin the epitaxy on an arsenic
surface.
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Some integration schemes have been very recently pro-
posed'? to grow GaAs on silicon without APBs, but those
schemes involve patterning, etching, epitaxial lateral over-
growth, and cannot be compared to an epitaxial growth of a
blanket layer, which we will discuss below. In this letter, we
have examined the growth of GaAs blanket thick layers on
“quasi-nominal” (001) silicon substrates. During the fabrica-
tion of silicon substrates, there is always a small offcut angle
which can be up to 0.5°, in random crystalline directions,
and this is what we mean by “quasi-nominal.” We have
focused on the influence of these small offcut angles on the
properties of GaAs epilayers on silicon, and especially on
the presence of APBs in the films, resulting in the elimina-
tion of APBs from GaAs epifilms on “quasi-nominal” Si
(001) substrates.

The III-V epitaxy has been carried out in an Applied
Materials Metal Organic Vapor Phase Epitaxy (MOVPE)
equipment that is designed to process 300 mm diameter sub-
strates. Trimethylgallium (TMGa) and tertiarybutylarsine
(TBAs) organometallic precursors were used as Ga and As
sources, respectively. Ultra-pure hydrogen was used as the
carrier gas. Deposition occurred on 775 um thick 300 mm
silicon (001) substrates with an offcut of 0.1°, 0.3°, or 0.5°
in the (110) direction. In our case, this small offcut was
intentional, but in practice, nominal (001) substrates are
always slightly mis-oriented, whether intentional or not.
Prior to III-V epitaxy, a one micron thick Ge strain relaxed
buffer layer was grown at 90 Torr using GeH, (in a separate
group IV epi tool). A low temperature/high temperature
deposition strategy was adopted (e.g., 400 °C/650°C), to-
gether with some thermal cycling under H, (between 650 °C
and 850°C), in order to minimize the threading dislocation
density.'® This resulted in smooth, slightly tensile-strained
Ge layers, with a typical surface Root Mean Square (RMS)
roughness of less than 1nm for a 5 x 5 um® Atomic Force

© 2015 AIP Publishing LLC
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FIG. 1. High resolution, X-ray diffraction profiles around the (004) order (in
the triple axis configuration) for a GaAs layer grown on a Ge-buffered sili-
con substrate with a 0.1° (solid line), 0.3° (dashed line), and 0.5° (dotted
line) offcut.

Microscopy (AFM) image. The threading dislocation den-
sity in these Ge strain relaxed buffer layers was typically a
few 107 cm 2. Prior to GaAs epitaxy, we have performed an
ozone-based wet cleaning of the Ge surface in order to
remove contaminants, particles, and the native oxide. A
Siconi™ surface treatment'* was performed in the MOVPE
tool before growth in order to remove any remaining oxides
from the Ge surface. Once loaded in the MOVPE chamber,
a hydrogen bake was performed at 20 Torr and at a tempera-
ture higher than 700 °C followed by growth of 300 nm GaAs
between 500°C and 700°C and at a pressure between 20
and 100 Torr. The growth conditions for all three layers
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were identical apart from the different substrates used. We
have used atomic force microscopy to probe the surface
roughness and measure the APB density in those GaAs
layers. High resolution X-ray diffraction measurements
were performed to evaluate the GaAs crystallinity.

High resolution X-ray diffraction omega-2theta scans of
the (004) peak are plotted in Figure 1 for GaAs layers grown
on 0.1°, 0.3°, and 0.5° offcut substrates, with each scan
showing three peaks. The inset shows a magnification of the
XRD peaks of the Ge and GaAs layers. The most intense
peak at a 34.56° originates from the silicon substrate. Next,
just above 33°, the peak corresponds to the germanium strain
relaxed buffer. Finally, the third peak at around 33.1° corre-
sponds to the GaAs layer. The thick GaAs and Ge layers are
single crystals: diffraction peaks are intense and sharp. From
the angular position of the XRD peaks, we can deduce the
degree of strain relaxation R of the Ge and GaAs layers. We
obtained a macroscopic degree of strain relaxation R of
104% for the Ge strain relaxed buffer regardless of the offcut
of the silicon substrate, showing that the Ge layer is under
tensile strain in agreement with Ref. 13 because of the differ-
ence in the thermal expansion coefficient between silicon
and the germanium. The degree of strain relaxation of the
GaAs layer is 106%, regardless of the offcut of the silicon
substrate, meaning that the GaAs layer is also under tensile
strain. This is an expected behavior for thin films with larger
coefficients of thermal expansion than the substrates they are
grown on. The Full Width at Half Maximum (FWHM) of the
GaAs layers’ peak is slightly larger for a substrate offcut of
0.1° (0.019°) than for a substrate offcut of 0.3 and 0.5°
(0.013° and 0.014°, respectively). This likely means that the
crystalline quality is higher for larger offcuts.

FIG. 2. 5 x 5 um> AFM images of the
surface of GaAs layers grown on Ge-
buffered silicon(001) substrates with
three different offcut angles: (a) 0.1°
offcut angle, (b) 0.3° offcut angle, and
(c) 0.5° offcut angle. All the offcut
angles are in the (110) direction. The
scale on the right hand side of each
image is labeled in nm. The table (d)
presents the APB density measured for
each sample. AFM image sides are
along the (100) directions.
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FIG. 3. Plot of the APB density versus the offcut angle of the silicon sub-
strate used for Ge then GaAs growth.

Figure 2 shows 5 x 5 um”> AFM images of the surface
morphology of the GaAs epilayers. Images (a), (b), and (c)
correspond to GaAs layers on silicon substrates with offcuts
of 0.1°, 0.3°, and 0.5°, respectively, with APBs appearing as
darker lines on those images. The APB density was obtained
by (i) measuring the total APB length in a given area, and
(ii) dividing the resulting length by the area. It is therefore
expressed in um/pum?, i.e., in um~'. The density is 2.8 um ™!
for the GaAs grown on a 0.1° offcut silicon substrate, but
only 0.3 um ™" on a 0.3° offcut substrate. On a 0.5° offcut
substrate, we have a single domain GaAs layer with no
APBs.

Figure 3 is a plot of the APB density measured for sev-
eral samples grown on offcut substrates with different offcut
angles, always in the (110) crystalline direction. For growth
performed on substrates with an offcut of 0.1° or less, the
antiphase boundary density is between 2.5 and 3.5 um ™', de-
spite slight growth variations between samples. The three
GaAs layers grown on substrates with a 0.3° offcut angle
have an APB density between 0.3 and 1.4 um™'. Finally, on
0.5° offcut silicon substrates, we obtain single domain GaAs
epilayers even for slight variations in the epitaxial growth

sequence.

Finally, in Figure 4, we have imaged the surface topol-
ogy of the Ge strain relaxed buffer (the surface on which
GaAs growth starts) for two different silicon offcut angles:
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0.04° (left) and 0.3° (right). As expected, the offcut angle of
the starting silicon substrate influences the density of terra-
ces. Note that the size of the two images is not the same: it
was chosen in order to display a similar number of terraces.
In addition, we can see that the left image does not show any
clear direction for the steps; they are randomly oriented.
This is due to the fact that for such low offcut angle, it is
hard for the substrate manufacturer to produce the offcut in a
specific crystalline direction. The right image exhibits paral-
lel steps perpendicular to the [110] direction, as expected
due to the intentional offcut. On the left image, there are 11
terraces over 5 um; the average terrace length is around
450 nm. According to X-Ray diffraction measurements, the
offcut of the substrate was 0.04°, which would give a bi-
atomic step spacing of 405 nm, showing that the results are
coherent. On the right hand image, there are 36 terraces over
2.8 um, translating into an average terrace length of 78 nm.
The offcut of this substrate as measured by X-Ray diffraction
was 0.28°, which should give a terrace length of 58 nm for
bi-atomic steps. Once again, the two measurements are
coherent.

Besides APBs, the other main crystalline defect of con-
cern in GaAs epitaxial films on silicon is threading disloca-
tions. The threading dislocation density in the GaAs films is
expected to be close to that in the germanium strain relaxed
buffer underneath (ie., a few 10’cm ). Preliminary
cathodo-luminescence results yielded a threading dislocation
density between 5 x 107 and 10%cm ™2 as expected (with a
limited field of view, however, that might hamper accuracy
since the distribution of threading dislocations is not uni-
form). This value is also similar to the model proposed by
Wang et al."® that predicts a threading dislocation density
between 1x 107 and 5 x 10"cm ™ for the total deposited
thickness that we obtained.

Using offcut substrates has for a long time been consid-
ered essential when growing polar materials (e.g., GaAs) on
(001) orientated non-polar substrates (e.g., silicon), in order
to avoid the presence of APBs in epilayers. Most research
groups have used (001) substrates with a 4° to 6° offcut in
the (110) direction. The influence of small offcut angles
(e.g., 0.5° and less) on the properties of GaAs grown on Ge-
buffered silicon (001) substrates has been less studied. There
will always be small offcut angle variations on nominally

FIG. 4. Atomic Force Microscopy
images of the Ge surface of samples
grown on two different offcut angle
silicon substrates. The left image cor-
responds to a 0.04° offcut (001) sub-
strate, and the right image corresponds
to a 0.28° offcut (001) substrate.
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on-axis substrates, and a close examination of the resulting
properties as a function of the offcut angle is shown in
Figure 3. We have found that small offcut variations greatly
influence how GaAs grows on Ge-buffered silicon substrates
and that the offcut angle that yields single domain layers in
MOVPE can be as low as 0.5° instead of the 4°-6° angle typ-
ically found in the literature. A previous report for the
growth of GaP on nearly lattice-matched silicon substrates,
prepared by hydrogen bakes at temperatures higher than
950°C and silicon buffer layer, highlighted the effect of
0.1°-0.2° offcut from nominally exact (001) oriented sili-
con.'® We show that further slight offcut from nominal along
with intermediate Ge layer eliminates the requirement for
such high temperature silicon preparation and enables blan-
ket APB-free GaAs epifilms on lattice-mismatched silicon.

We explain the mechanism to eliminate the antiphase
domains as follows: AFM images in Fig. 4, in addition to the
known offcut of the substrate, clearly show that we have bi-
atomic steps between two adjacent terraces. But it seems that
having bi-atomic high steps is not enough to achieve the epi-
taxy of a single domain GaAs layer, because in that case, we
should obtain single GaAs domain on Ge surfaces whatever
the offcut of the Ge surface. This is not what we have
observed. More surprisingly, antiphase domains have also
been observed on high offcut angle Ge substrates. Hudait
et al. have observed antiphase domains on 6° offcut sub-
strates.!” We can therefore suggest that bi-atomic steps are a
necessary but not a sufficient condition to avoid anti-phase
boundaries because (i) the arsenic coverage might not be
100% efficient on the Ge surface or (ii) there could remain
some single atomic steps on the Ge surface or (iii) step edges
can be rough'® or (iv) arsenic exposure might modify the
surface reconstruction.'” In addition to having bi-atomic
steps, it seems that the primary criterion is the distance
between steps. In our case and with identical growth condi-
tions, we could achieve single domain GaAs films only on
substrates with an offcut of 0.5°, i.e., with a mean spacing
between steps of 32nm, and not if the mean spacing was
58 nm. It is likely that we cannot avoid anti-phase boundaries
appearing in the early stages of growth, but if they are close
enough together and growth conditions are adequate, they
will all annihilate. Indeed, they tend to propagate on {011}
plane520 and therefore annihilate when the film gets thicker.
Therefore, achieving APB-free GaAs epitaxial films on Ge
requires several conditions: being below a threshold value
for the distance between the atomic steps, and using the cor-
rect growth conditions to annihilate the APBs.

We have grown 300nm thick GaAs epilayers by
MOVPE on one micron thick Ge strain relaxed buffers,
themselves grown on silicon (001) substrates. XRD analysis
shows that we have obtained high quality GaAs layers that
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were slightly tensile strained (R =106%), and AFM shows
that the GaAs layers were smooth (1.3nm RMS roughness
for 5 x 5 um? images). We have performed the growth on
“quasi-nominal” (001) silicon substrates with an offcut of up
to 0.5° finding that small offcut angles can greatly influence
the density of antiphase boundaries of the GaAs epilayer.
We reproducibly obtained APB-free GaAs epilayers on
(001) silicon substrates with a very small offcut angle: 0.5°
in the (110) direction. We propose that the distance between
adjacent atomic steps is critical for achieving APB-free
GaAs epitaxial films on Ge strain relaxed buffers grown on
silicon substrates.

This work has been partially supported by the LabEx
Minos ANR-10-LABX-55-01 and the French “Recherches
Technologiques de Base” and RENATECH programs. The
authors would sincerely like to thank Stephane Puget from
AMAT for technical assistance on the MOVPE tool and
Jérome Siviniant from Sun Edison for fruitful scientific
discussions on silicon substrates.
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