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ABSTRACT

Integration of III-V devices with Si-photonics and fabrication of monolithic III-V/Si tandem solar cells require the
heteroepitaxy of III-V compounds on Si. We report on the lattice tilt, mosaicity and defects content of relaxed
GaAs grown by MOVPE on exactly-oriented and 4°-offcut (11 1)Si. Thin GaAs single-layers grown at 400 °C and
annealed at 700 °C show ~ 3 x 10® cm™? density of surface pinholes. Double-layer samples were obtained by
GaAs overgrowth at 700 °C. GaAs epilayers are tilted by (0.05-0.14)° with respect to Si. Rotational twins were
observed in X-ray diffraction (XRD) pole figures: the most abundant ones originate from 60°-rotation of GaAs
around the [111] growth direction and are identified as micro-twins along the GaAs/Si hetero-interface. Twins
obtained by rotations around the [111], [111], and [111] directions or by combined rotations around the growth
direction and one of the former, were also observed. The GaAs mosaicity and block size were studied through
high-resolution XRD intensity mapping: for single-layer samples crystal blocks are ascribed to 3-5 nm thin micro-
twins, whose size does not change upon annealing. In double-layer samples thicker (32-35 nm) micro-twins
occur. GaAs samples grown on offcut (111)Si show less rotational twins but a reduced mosaic block size with
respect to exactly-oriented Si.

1. Introduction

The heteroepitaxy of III-V semiconducting compounds onto Si wafers
continues to attract a large research interest due to its pivotal role in the
monolithic integration of III-V optoelectronic devices with Si-based
photonics [1,2] and fabrication of high-efficiency III-V/Si tandem
solar cells [3,4]. However, the direct growth of device-quality III-V
heteroepitaxial structures on Si remains difficult due to the combined
effects of lattice, thermal and crystal polarity mismatches between III-V
compounds and Si. Several types of defects have been observed in III-V/
Si heterostructures, including dislocations and stacking faults [3,5,6],
twins [5,7,8], anti-phase domains (APDs) [9] and cracks, their occur-
rence and relative amounts depending on the materials lattice
mismatch, substrate orientation and surface preparation, and epitaxial
growth conditions. In addition, the surface morphology of as-grown
epilayers is heavily affected by the presence of defects and materials
nucleation behavior. Common strategies to reduce the amount of defects
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in III-V/Si structures envisage, among others, adoption of the so-called
double-step growth (consisting in the low-temperature — in the range
of 400-500 °C — deposition of a thin layer, followed by the high-
temperature growth — in the range 600-750 °C — of a thicker epi-
layer) in combination with (multiple) annealing cycles [6,9], and the use
of offcut Si substrates.

Over the last three decades, studies in the field concentrated mostly
on the heteroepitaxial growth of III-Vs on (100)Si [9,10,11], as the
latter is the standard wafer utilized in complementary-metal oxi-
de-semiconductor (CMOS) technology. Consequently, alternative sub-
strate orientations has been only seldom explored. However, III-V
growth on (11 1)-oriented Si has found increasing interest in the last ten
years. Indeed, APD-free 3-dimensional GaAs disks were obtained from
coalescence of planar nanowires grown by nanoscale selective hetero-
epitaxy on V-groove patterned (100)Si substrates, exposing {111}
crystalline side planes [12]. Low dislocation density and APD-free GaAs
micro-ridges on (1 00)Si substrates were demonstrated by selective area
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heteroepitaxial growth within flat-bottom trapezoidal-shaped Si pockets
bound by {111} micro-planes [2], a result of the combination of
geometrical constraints and specific III-V nucleation onto the (111)-
oriented side facets of the groove. Similar results were obtained for the
growth of InP micro-ridges on V-grooved (1 00)Si [13], although higher
densities of TDs and micro-twins were reported in such case due to the
(111)-nucleation of InP. These findings indicate the technological in-
terest in studying and exploiting the nucleation behavior and defects
generation of III-V materials on (111)Si planes, as such crystal orien-
tation consistently leads to APD-free III-V epilayers on Si and much
smoother layer morphology [10].

In addition, (11 1)-oriented substrates constitute the preferred tem-
plate for the self-assembled growth of III-V nanowires. The latter have
applications to a variety of novel nanophotonic devices, including low-
threshold nano-lasers [14], fast and polarization sensitive photodetec-
tors [15,16] and efficient solar cells [17,18]. As an example, GaAs —
AlGaAs core-shell nanowires [19,39] have potentials for vertically in-
tegrated nano-laser sources on a Si platform [20]. Also, the growth of
nanowires on (111)Si in substitution of III-V substrates is desirable for
the low-cost application of nanowires to photovoltaics. In both cases the
deposition of thin (111)B-oriented III-V buffer layers would ensure
good control over the nanowire vertical alignment [21,22,23] and pre-
vent Si doping of as-grown nanowires [24].

The direct heteropitaxy of III-Vs on (111)Si substrates has been re-
ported for GaP [7], InP [23], GaAs [5,21,22,25,26], and AlSb [27]
grown by molecular beam (MBE) or metalorganic vapor phase (MOVPE)
epitaxy, by employing the double-step growth approach in combination
with various materials annealing processes. However, studies often lack
quantitative and statistically sound evaluation of the epilayer defects
content and/or mosaicity (block size and tilt) in correlation with actual
growth (e.g., initial nucleation) and annealing conditions. Moreover, the
heteroepitaxy on offcut (111)Si substrates has been only seldom
studied.

It has been previously demonstrated that, as result of the III-V and Si
surface and interface energies, Volmer-Weber (3-dimensional) growth is
generally expected during early nucleation stages of III-V/Si hetero-
epitaxy, including growth on (111)Si [28]. We recently reported on the
low-temperature MOVPE of GaAs by the Volmer-Weber nucleation
mechanism on As-stabilized (111)Si substrates [29]. GaAs nanoisland
density, shape, size evolution and coalescence until full coverage of the
Si surface was studied in details, as preliminary step towards the het-
eroepitaxy of GaAs on Si. Building upon these results, here we present
the structural properties of GaAs epilayers double-step grown and
annealed on both exactly-oriented and offcut (111)Si substrates. The
GaAs lattice tilt (with respect to Si), strain, mosaicity and defects con-
tent, with emphasis on the types and relative amounts of rotational twin
domains, occurring within the samples were investigated. To this pur-
pose, field-emission scanning electron microscopy (FESEM) observa-
tions and X-ray diffraction (XRD) pole figures, along with double- (DA)
and triple-axis (TA) XRD measurements were performed on the GaAs/Si
structures. Quantitative and statistically relevant information has been
obtained from these analyses for samples grown on the different Si
substrates and after each of the growth/annealing steps, evidencing
their effect (if any) on the overall structure of resulting GaAs epilayers.

2. Experimental methods

Thin GaAs epilayers were grown on Si substrates by low (50 mbar)
pressure MOVPE in an Aixtron 200RD reactor, using trimethylgallium
(MesGa) and tert-butylarsine (‘BuAsHy) as Ga and As precursors,
respectively. Either exactly-oriented or offcut (4° towards the [112] di-
rection) (111)Si wafers were employed as substrates. Immediately prior
to loading in the reactor chamber the substrates were cleaned in iso-
propanol vapors for 1 h, etched at room temperature in diluted (5% by
volume in d.i. H,O) HF for 2 min to remove the native surface oxide
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layer, thoroughly washed in d.i. Hy0O, and blown dry under pure Ny. The
substrates were then in-situ heat-cleaned at 700 °C for 30 min under Pd-
purified Hy and further annealed in a Hy + ‘BuAsH, flow for 10 min. The
thermal treatment in As vapor has a two-fold purpose: (i) it lowers the
temperature for decomposition of residual oxides left on the Si surface
well below that (950 °C) required for annealing under pure Hy, and (ii) it
provides an As-stabilized Si surface [10], which leads to the nucleation
of (111)B-oriented GaAs [21,30]; the substrate was finally cooled to the
growth temperature under a continuous Hy+'BuAsH, flow, so to keep
the Si surface under such As-stabilized conditions until growth initia-
tion. We carefully applied these same (in-situ and ex-situ) surface
treatments to both types of Si substrates. The reproducibility of substrate
preparation can be inferred by the analysis of early nucleation stages (i.
e., before coalescence) of GaAs on Si substrates (see below for growth
details), in reason of the high sensitivity of III-V nucleation to Si surface
conditions [28]. A detailed study of density, shape and size of as-grown
nano-islands was reported in ref. [29]: the same results have been
consistently obtained for over a dozen samples, demonstrating the good
control achieved using the above Si surface processes.

GaAs epilayers were grown via the double-step growth approach [6]:
in the first step a GaAs layer (single-layer samples in the following) was
grown at 400 °C under a MesGa molar flow of 49 pmol x min~! and a
'‘BuAsHy:MesGa precursors molar concentration (V:III) ratio of 5:1; the
growth was continued for 60 min, e.g. until a nearly full GaAs coverage
of the Si surface was obtained. The nominal thickness of such first layer
is ~ 42 nm [29]. Subsequently, the sample temperature was raised to
700 °C and a thermal treatment of the samples was performed for 10 min
under a Hy + 'BuAsH, atmosphere, so to improve the surface
morphology and, possibly, the crystalline structure of as-grown GaAs
[5]. A second GaAs layer (double-layer samples in the following) was
afterwards deposited at 700 °C under a Me3sGa molar flow of 8.2 pmol x
min~! corresponding to a V:III precursors ratio of 30:1, with the aim to
obtain a better optical quality material [22] and low carbon contami-
nation. The growth time of the second GaAs layer was varied between 10
and 30 min.

The surface morphology of as-grown and annealed GaAs/(111)Si
structures was studied by FESEM observations using a Zeiss model
Sigma VP microscope equipped with a Gemini-1 electron column using a
primary electron beam energy of 5-10 keV.

The overall layer/substrate epitaxial relationships and the occur-
rence of rotational twins within the GaAs were assessed by X-ray
diffraction (XRD) analysis in the 06-20 Bragg-Brentano geometry using a
Rigaku D-Max/Ultima® triple-axis diffractometer equipped with a
MPA2000 thin-film attachment stage and a Cu-anode X-ray tube. The
formation of twin-defects inside the as-grown samples was investigated
by recording X-ray pole figures: in a typical X-ray pole measurement, the
GaAs/(111)Si sample was step-rotated around the sample azimuthal (¢)
and inclination (y) angles within the ranges 0°<¢$ < 180° (with Ap = 1°
angular step) and 0°<y < 75° (with Ay = 0.5° angular step), the X-ray
detector being kept fixed at 20 = 27.3° (corresponding to the (111)GaAs
Bragg reflection), and the X-ray scattered intensity collected.

The strain relaxation, lattice tilt and mosaicity of as-grown GaAs
epilayers were evaluated by double-crystal XRD measurements. To this
purpose a high-resolution X-ray diffractometer (MRD, Panalytical) was
used for recording DA XRD patterns. All measurements were carried out
using the Cu-K, radiation (A = 0.154 nm), a conventional 3-kW X-ray
generator, and employing a four-bounce Ge(220) Bartels
monochromator-collimator with an angular divergence of the X-ray
beam of ~ 12 arcsec. TA XRD measurements and reciprocal space
mappings (RSMs) were recorded using a two-reflection channel-cut Ge
(220) crystal as analyzer.

In particular, the epilayers strain state was analyzed by double
crystal XRD measurements around the symmetric (11 1) and asymmetric
(511) and (422) reciprocal lattice points (rlps) of GaAs for different
azimuthal angles ¢ around the surface normal. RSM measurements were
performed around the (111) rlp of Si and GaAs in order to analyze the
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coherent and diffuse scattering along the momentum transfers Qy and
Q, i.e. the in-plane and out-of-plane scattering signals, respectively. The
TA line-scan profiles along Qyx and Q, were obtained directly from the
RSM by extraction of line scans. In few cases, TA line-scans were also
measured directly by o-scans and »-26 scans.

3. Results and discussion

Fig. 1 reports the surface morphology of GaAs single-layers as-grown
at 400 °C on exactly-oriented (111)Si substrates and in-situ thermal
annealed at 700 °C. While Fig. 1a shows a morphology reminiscent of
the GaAs nanoisland nucleation [29], the annealing process strongly
improves the epilayer surface (Fig. 1b), leading to a much flatter and
smoother morphology; in addition, the surface evidences the formation
of large (sub-micrometric) irregular domains separated each-others by
curved (few nm deep) boundaries. Interestingly, similar morphologies
have been reported for GaP/(111)Si [7] and GaAs/(100)Si [9] struc-
tures, and ascribed to the formation of rotational twins and APDs,
respectively. As APDs are not expected for (11 1)-oriented Si substrates,
we are led to ascribe the surface morphology in Fig. 1b to the occurrence
of rotational twin domains (see discussion below). Twins have been
observed within single GaAs nano-islands as well as upon their coales-
cence [5]; individual GaAs nano-islands are therefore, not necessarily
single-phase domains in the same sense Lucci et al. [28] write of anti-
phase mono-domains on (100)Si. Still, upon further growth, neigh-
boring nano-islands could coalesce without forming twin boundaries
(TBs), while some others would generate them. TBs may however, be
hidden by the kinetic-roughening of the nano-island surface under the
high supersaturation conditions associated with the samples low growth
temperature, but are evidenced upon annealing due to atomic rear-
rangement at the epilayer surface.

Furthermore, a relatively dense [(1-3) x 108 em 2] distribution of
pinholes [31] is observed across the GaAs surface after sample anneal-
ing; pinhole formation has been associated with threading dislocations
(TDs) in lattice-mismatched heteroepitaxial layers [32], suggesting
plastic relaxation in our samples. In this respect, we underline that our
estimated pinhole density is in agreement with TD densities commonly
reported for annealed GaAs epilayers of comparable thickness on Si [6].
Similar results hold also for GaAs epilayers grown on the offcut Si
substrates.

Fig. 2 shows the surface morphology of the GaAs deposit after the
second layer growth as function of deposition time. Noteworthy, the
morphology is characterized by triangular flat-topped hillocks, whose
growth and coalescence determines the formation of a continuous film
(see Fig. 2¢), the latter corresponding to a (double-layer) GaAs thickness
of 190-210 nm. The final film appears relatively smooth, but for the
seldom appearance of pyramid-shaped hillocks locally protruding out of
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the epilayer surface in the growth direction.

By comparing the directions normal to the hillock edges with the
substrate cleavage edges, it turned out that the former are aligned to the
three equivalent (112) in-plane directions of Si. However, the hillocks
appear often 60°-rotated to each other around the vertical growth di-
rection, as evidenced in the plan-view micrograph in the inset of Fig. 2a,
suggesting the presence of rotational twin defects inside the as-grown
GaAs deposit. High densities of twin domains have been previously
observed in the case of GaAs hetero-epitaxy on both (111)- and (100)-
oriented Si substrates [5,33], as result of the polarity mismatch between
the two materials. Two types of twin planes may occur in zinc-blende
(ZB) GaAs: ortho- and para-twins. The ortho-twin has Ga-As bonding
over the twin plane and is formed by a 60°-rotation of the crystal around
a (111) axis. The para-twin is instead, a perfect mirror plane with Ga-Ga
or As-As bonding over its plane and is formed by a 180° rotation of a
crystal volume around an axis parallel to the twin plane; para-twins are
thus associated to a polarity inversion of the crystal, and in the case of
III-V/Si hetero-epitaxy lead to the formation of APDs. The origin of APDs
has long been debated in III-V/(1 00)Si structures, and it is now gener-
ally agreed that their formation is induced by surface-steps of the Si
substrate with heights corresponding to an odd number of monolayers
[34].

However, the formation of APDs is not favored on (111)Si [10];
indeed, we previously showed that our GaAs epilayers are (11 1)B-ori-
ented everywhere across the GaAs/Si sample [21], ruling out the
occurrence of para-twins and APDs within the epilayer. On the contrary,
rotational twins have a very low nucleation energy and can easily form
as result of growth perturbation, e.g. by mismatch stress fields generated
at the GaAs/Si hetero-interface or within the epilayer.

To confirm and further investigate the formation of rotational twins
inside as-grown samples, X-ray pole measurements were performed on
both single- and double-layer GaAs epitaxial samples. Fig. 3(a-c) shows
that GaAs deposition on (111)Si lead to similar X-ray pole figures for
both types of samples; however, the X-ray patterns of the sample grown
on the offcut Si substrate in Fig. 3b appear slightly vertically shifted and
less intense because of the substrate offcut. Interestingly, a series of
extra-reflections can be observed in the pole figures of epitaxial samples
in comparison with that of a defect-free (111)GaAs substrate (reported
as reference in Fig. 3d). The latter shows only three main diffraction
spots, beyond the central pole (at y = 0°), corresponding to the three
equivalent [111], [111], and [111] directions (indicated in the schematics
of Fig. 4), tilted by y = 70.5° with respect to the central pole and equally
separated by an azimuthal rotation angle (¢) of 120°. Instead, all as-
grown samples show six intense diffraction spots at y = 70.5°, equally
separated by an azimuthal angle of 60°, twelve reflections at y = 56.3°,
along with additional six weaker reflections occurring at y = 38.9°.

As better explained by the schematics in Fig. 4, the observed extra-

98.1% Si covered

Fig. 1. FE-SEM micrographs (30,000 x magnification, 45°-tilt view) of (a) GaAs epilayer grown at 400 °C for 60 min on exactly-oriented (11 1)Si substrate, and (b)
after annealing at 700 °C for 10 min. White markers in (a) represent 500 nm. Each figure shows the estimated GaAs coverage fraction of Si.
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Fig. 2. FESEM micrographs (10,000 x magnification, 45° tilt view) showing the surface morphology of double-layer samples, as a function of the second GaAs layer

growth time (indicated in the figures). Markers in micrograph (a) represent 1 pm.

270°

Fig. 3. XRD pole figures of single-layer GaAs grown on (a) exactly-oriented (same sample as in Fig. 1b, and (b) offcut (111)Si substrates; (c) pole figure of double-
layer GaAs on exactly-oriented (111)Si (same sample as in Fig. 2c); and (d) pole figure of a (111)B GaAs mono-crystalline wafer.

reflections can be associated to (multiple) rotational twin domains
within the as-grown hetero-epitaxial layers, more specifically with the
presence of three different families of ortho-twin defects, as the
following: the first twin family (indicated as A-type in Fig. 4) is formed
by a 60°-rotation of the GaAs crystal around the sample [111] growth
direction and it is associated with the appearance of the three extra-

peaks at y = 70.5°. The second family (indicated as B-type in Fig. 4)

is formed by 60°-rotation of the GaAs crystal around each of the three
non-vertical [111], [111], and [111] directions and determine the
appearance of six extra-peaks at y = 56.3° and three extra-peaks at y =
38.9°. The remaining nine extra-reflections (indicated as AB-type in
Fig. 4) are generated upon the application of an additional 60°-rotation
around each of the non-vertical equivalent directions (as in B-type
twins) to an A-type rotated GaAs crystal domain.
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(177)

(111)

'0
0

(117)

(111)

Fig. 4. Schematics of the different ortho-twin defects (namely, A-, B- and AB-type) occurring in the as-deposited GaAs epitaxial layers, and associated 60°-degree
crystal rotations around various (111) reflections. Black spots in the schematic polar diagrams represent (111) reflections associated to a perfect GaAs crystal. White
spots represent additional reflections originated from the A-, B- and AB-type rotational twins, as indicated.

The XRD pole figures further allowed a quantitative estimate of the
twin-domains relative volume content in the samples. For GaAs buffer
layers grown on exactly-oriented (11 1)Si substrates, the adjacent XRD
reflections at (y1, ¢1)=(70.5°, 90°) and (y2, $p2)=(70.5°, 30°) were
considered, being attributed to the A-type twinned and original (un-
twinned) crystal, respectively. For the off-cut Si substrate samples, the
above X-ray peak positions are slightly shifted because of the substrate
4° offcut angle, leading to two reflections at (y3, ¢1)=(65.5°, 90°) and
(y2, $2)=(69°, 29°), correspondingly. The intensity profiles of the two
peaks were then obtained by plotting the diffracted intensity as function
of the sample inclination angle y (between 60° and 75°), while keeping
fixed the azimuthal angle at ¢; = 90° and ¢y = 30° ($p2 = 29°) for the
exactly-oriented (off-cut) samples; a plot of the as-obtained intensity

12500 T T
10000 | ¢ =29° J
E Untwinned
L 7500 crystal 5
>
x
2
S 5000 .
=
£
2500 Twinned i
crystal
0
60 65 70 75
v (degree)

Fig. 5. y scans of the diffracted X-ray intensity obtained from the single-layer
sample pole pattern in Fig. 3(b), for an azimuthal angle fixed at ¢; = 90°
(twinned crystal) and ¢ = 29° (un-twinned crystal). The solid curves represent
the Gaussian line profiles best-fitting the experimental data (solid points).

profiles for the sample grown on off-cut Si is reported as an example in
Fig. 5. Integration of each peak intensity profile allowed to calculate the
total diffracted intensities relative to the twinned (I7) and untwinned
(Int) domain volumes in each sample, from which the relative amount of
twinned crystal volume within the GaAs epilayer — the so-called rota-
tional twin ratio — was finally estimated as It/ (It +InT).

Noteworthy, the content of A-type twin domains turned out rather
high for the single-layer samples grown on exactly-oriented Si, with a
rotational twin ratio around (48+1)%, which remains around (45%
+3)% upon deposition of the second GaAs layer. As the XRD peak in-
tensities pertaining to the B- and AB-type twin domains in the pole
figures are much weaker than those of A-type ones, a reliable estimate of
their relative volumes cannot be performed for the former; therefore, the
overall volume content of twinned domains in the present samples is
likely not much higher than that estimated for A-type ones. Interest-
ingly, the rotational twin ratio of the latter decreases down to (32+1)%
for GaAs epilayers grown on the offcut Si substrates, similar to the case
of GaP/(111)Si [7]. To the best of the authors’ knowledge no such
figures have been previously reported for GaAs/(111)Si structures
grown by MOVPE. However, for MBE-grown samples on exactly-
oriented (111)Si rotational twin ratios ~ 50% were reported at low V:
III ratios [25], i.e. not far from present ones. Rotational twin ratios were
further reported to decrease down to 8% with increasing V:III ratios
>100.

The strain relaxation (lattice mismatch) between the GaAs layers and
the (111)Si substrate was evaluated by DA diffraction scans. Fig. 6
shows the DA scans around the (111) and (511) Bragg reflections of
single- and double-layer samples on exactly-oriented Si. The angular
distances between the GaAs layer and the Si substrate peaks, A6;11 and
ABs11, are the same for both samples, and corresponds to a relaxed GaAs
lattice, i.e. to ~ 4% lattice mismatch between GaAs and Si. A second-
order approximation for the relationship between lattice strain field
and angular distance between Bragg peaks was used for the analysis of
experimental data [35].
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Fig. 6. (a) DA X-ray patterns of single- (a) and a double-layer (b) samples grown on exactly-oriented (111)Si; the (111) symmetric (upper curves, red lines) and the
asymmetric (51 1) diffraction curves in the glancing incident geometrical configuration (lower curves, blue lines) are shown. The angular distances A6;7; and ABs;7
between the (111) and (511) Bragg peaks of the Si substrate GaAs epilayer respectively, show that the single- and double-layer heterostructures are

completely relaxed.

In order to avoid misinterpretations, several DA scans at different
azimuthal angles were recorded. These measurements (not shown here)
indicate a very small rotation of the GaAs lattice with respect to the Si
lattice, i.e. the (111) GaAs axis is tilted with respect to the (11 1) Si axis,
and may be caused by the introduction of misfit dislocations at the
GaAs-Si interface. The maximum tilt angle measured (which depends on
the azimuthal angle) for exactly-oriented Si substrates is about 0.05° for
the single-layer sample and 0.08° for the double-layer one. This finding
is in agreement with similar observations for GaAs epilayers grown by
MBE on (100)Si, in which tilt angles between 0.05° and 0.17°,
depending on the layer thickness (in the 1-4 pm range), were found
[36]. Tilt angles of 0.11° and 0.14° were measured respectively, for
single- and double-layer samples grown on offcut substrates, i.e. about
twice those measured for samples on the exactly-oriented substrates.

Noteworthy, the DA peaks of GaAs show a clear broadening due to
lattice defects, the latter induced by the rapid relief of the large lattice
mismatch during initial stages of epitaxial growth, and crystal mosaic-
ity. Indeed, the GaAs epilayer can be regarded as constituted by crystal
blocks/domains of finite size having slightly different crystal orienta-
tions with respect to the main (average) alignment axis. It should be
noted here that both (thin) single- and (thicker) double-epilayer GaAs/Si
structures grown on offcut Si substrates show essentially the same
general behavior reported above for growth on exactly-oriented Si, and
no appreciable differences regarding lattice relaxation state.
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The RSM analysis provided a better insight of the microstructure
quality and defect properties of GaAs epilayers. Fig. 7 shows the RSMs
around the (111) reciprocal lattice points (rlps) of GaAs and Si recorded
for the single- and double-layer samples in Fig. 6. The halo of the (111)
Si rlp (here, defined as the origin for simplicity sake) and (111)GaAs rlp
are clearly observed.

The spacing between the Si and GaAs (111) rlps are the same for
both structures, confirming the relaxed state of the GaAs lattice as
observed by DA-axis measurements. However, for the thin single-layer
sample the GaAs streak is elongated along the Q, momentum transfer
(i.e., in the direction normal to the crystal surface), while the broadening
along the in-plane (Qx) momentum transfer is very small. On the con-
trary, the diffuse scattering is much pronounced along the Qyx mo-
mentum transfer for the thicker double-layer sample. Line scans along
the Qx and Q, momentum transfers were extracted from the RSMs: the
resulting peaks were then line-shape fitted to estimate the coherence
lengths along the two directions (see Supplementary Information) and
thus the spatial extension of the mosaic blocks constituting the epilayer
structure. For the annealed single-layer sample in Fig. 7a the coherence
lengths along the in-plane and out-of-plane (growth) directions, L, and
L, turned out > 500 nm and 5.2 nm, respectively, indicating a platelet-
like shape of individual mosaic blocks. The implications of this result are
discussed further below. For the double-epilayer sample in Fig. 7b the
line scan along Qy turned out instead, composed of two superposed peak

-2 T e e (e T
o} @ 3
o A SIS,

= 2 L ce, Lt e

£ - e A

= 4 L & x o

% Bq. ) s o

r 6k - ER

28 | ,a_;(f( e Q}?gl—b; i
10i .5 5= = 7 (11d)Gansrp _
12 PP R S T N
-1.6 -0.8 0 0.8 1.6

AQ, (102 pm-1)

Fig. 7. RSMs around the (111) rlps of Si and GaAs of (a) single- and (b) double-layer GaAs/Si samples on exactly-oriented (111)Si (the same intensity scale is used
for both maps). The halos around the (111)GaAs rlp in (a) and (b) are very different, although both layer structures are relaxed with respect to the Si substrate lattice.
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Table 1
GaAs coherence lengths along the in-plane and out-of-plane directions, as estimated from line-shape fitting of corresponding RSM line scans of the studied GaAs/Si
samples.
Sample type Si substrate orientation 1st layer annealing Coherence lengths (nm)
1st layer 2nd layer
Lyx L, Ly Ly L,
Single-layer exact NO >500 3.6 - - -
exact YES >500 5.2 — — -
4°-offcut YES >200 5.0 — - —
Double-layer exact YES n.d. n.d. 200 24 31
exact YES n.d. n.d. 200 25 32
4°-offcut YES n.d. n.d. 145 21 30

contributions with different broadenings (see Supplementary Informa-
tion), leading to Ly; ~200 nm, L,z ~25 nm and L, ~32 nm, respectively.
The two in-plane contributions could be ascribed to volumes of different
mosaicity composing the GaAs deposit; as a matter of fact, the sym-
metric DA scan of the double-layer sample in Fig. 6b also shows a GaAs
(111) Bragg peak composed by a broader low intensity peak and a
narrower and higher intensity peak. Clearly, these two contributions
(not observed in the single-layer samples) both pertain to the second
much thicker GaAs layer.

The same analysis has been carried out for several samples deposited
on both exactly-oriented and offcut Si wafers (see Supplementary Infor-
mation), as reported in Table 1.. A peculiar behavior could be observed,
in regard to as-estimated in-plane and out-of-plane coherence lengths of
the samples. As already observed, single-layer samples grown on
exactly-oriented Si show quite large (>500 nm) values of the in-plane
coherence length L,. We underline that such value is well above the
average size (47.3 nm) of GaAs nanoislands just before coalescence [29],
and somewhat larger than the domain size observed in Fig. 1b. However,
it agrees fairly well with the estimated average distance between pin-
holes (i.e., TDs) on the epilayer surface. As it concerns L,, its values are
instead, in the order of a few nm, i.e. much shorter than the GaAs epi-
layer thickness; Kang et al. [22] previously showed by transmission
electron microscopy observations that low-temperature grown GaAs
thin layers on (111) Si are affected by stacking faults and micro-twins
parallel to the GaAs/Si interface. Our XRD pole figures substantially
confirm their finding (A-type twin domains), while present L, values
indicate a micro-twin domain average thickness in the order of 3-5 nm
for both exactly-oriented and offcut substrates, despite the lower rota-
tional twin ratio of the latter. As the epilayer in-plane coherence length
is likely limited by TDs, L, represents a lower bound value for the micro-
twin in-plane size.

Noteworthy is that the coherence lengths remain almost the same for
both as-grown and annealed single-layer samples (see Table 1.), indi-
cating that mutual annealing of dislocations (and possibly of twin do-
mains) goes to completion already during the long low-temperature
growth stage. This finding is in apparent contrast with what reported in
the literature, i.e. that annealing is necessary to improve the epilayer
crystalline quality; however, the result may be a consequence of the very
low GaAs growth rates (<0.012 nm/s) during the nucleation stage of our
samples with respect to those reported elsewhere (0.03-0.4 nm/s in
MBE growth [5,26,371): indeed, present conditions would favor an
epilayer crystallization closer to equilibrium and a better crystal
perfection. In this respect, the change of surface morphology observed in
Fig. 1 upon sample annealing does not correspond to an epilayer
structural improvement, but rather the result of an enhanced mobility of
atoms at the epilayer surface. Noteworthy is also that the in-plane
coherence length of the single-layer sample grown on the offcut sub-
strate in Table 1. is shorter than that of samples grown on exactly-
oriented Si, despite the lower amount of rotational twins observed for
the former. This shorter coherence length points out a higher dislocation
density for the sample.

As discussed above, the RSMs of the double-layer samples show two

superposed contributions to the in-plane diffraction of different in-
tensities and broadening, ascribed to volumes of different mosaicity (i.
e., block size) within the top GaAs epilayer. For the two equivalent
samples grown on exactly-oriented Si reported in in Table 1., the larger
volume blocks return reproducibly an estimated coherence length L,; =
200 nm, while the smaller ones give a length Ly, = 24-25 nm; as it
regards the out-of-plane diffraction, a single contribution with a
coherence length L, = 31-32 nm is observed. We tentatively ascribe the
latter to the same contribution associated with Ly, in reason of its
apparently larger overall mosaic volume. We discussed earlier in this
work that the estimated rotational twin ratios of double-layer samples
are comparable (within experimental uncertainties) to those calculated
for single-layer samples: the different coherence lengths reported in
Table 1. between the two types of samples, cannot be thus ascribed to a
substantial difference in their rotational twin content. Fig. 2 shows that
the size of twinned domains in the second epilayer is in the order of a
micron, i.e. much larger than the values of Ly; and Ly, in Table 1., further
confirming our conclusion.

As in the case of the single-layer samples, we ascribe the values of Ly;
and L, as representative of TD density and micro-twin thickness within
the second epilayer, respectively; comparison between figures in
Table 1. would then indicate a dislocation density in double-layer
samples over 2.5x larger than for the single-layer ones. Indeed, addi-
tional dislocations could be ascribed to plastic relaxation of the thermal
strain generated upon cooling from the high growth temperature
(700 °C) of the double-layer samples. However, more growth experi-
ments are needed to verify whether this is the case, along with the nature
of the mosaic contribution associated with Ly,. We further evidence that
the double-epilayer sample grown on offcut Si shows reduced coherence
lengths (in Table 1.) with respect to those grown on exactly-oriented
substrates, in analogy with what found for single-epilayer samples on
the two type of substrates; clearly, the lower crystalline quality of the
first layer affects that of the second one.

Our results show that offcut substrates have a reduced amount of
rotational twins, but shorter in-plane coherence lengths, likely associ-
ated with higher dislocation densities; at the same time, the lattice tilt of
GaAs with respect to Si slightly increases on switching from exactly-
oriented to offcut substrates.

In the following, we discuss on the relative roles of substrate offcut
and lattice tilt in determining the overall crystalline quality of GaAs
epilayers on (111)Si. Cornet et al. [38] recently studied the impact of
substrate offcuts on APD nucleation of III-V/(1 00)Si structures, showing
that their initial distribution is determined by either a nucleation-driven
(for offcut angles typically > 1°) or a monolayer terraces-driven (for
offcut angles typically < 0.1°) regime. In analogy with their nucleation
model, one could then speculate whether twinned/untwinned GaAs
domain nucleation would be affected (if any) by the monolayer-step
distribution across the surface of present Si substrates.

In this respect, the average diameter of our GaAs nano-islands before
coalescence is in the 20-47 nm range (depending on the growth time),
while their density remains at 8 ~ 2 x 10'° em~2 [29]. Assuming a
Poissonian distribution of GaAs nano-island on the Si surface one can
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estimate the average distance between neighboring islands along the
[112] offcut direction 1/7v/8 = 22-23 nm [38]. The distance (terrace
length) between monolayer-steps for a 4°-offcut (111)Si substrate is
instead, 4.7 nm. Therefore, both the average distance and nano-island
size are much larger than the typical terrace length for our offcut Si
substrates. The estimated terrace length for exactly-oriented Si
(assuming a substrate orientation error within +0.5°) is instead > 40 nm
(i.e., about 10x that estimated for the offcut substrate), not far from the
neighboring nano-island distance estimated above. According to ref.
[38], we then estimate a critical offcut angle of 0.08° for the GaAs/
(111)Si system, which would suggest a nucleation-driven regime (or
near to) for present samples. However, we like to point here that mono-
domain GaAs islands could develop twins (and TBs) as the growth
proceeds well before nano-island coalescence, at difference with the
case of APDs. The evolution with epilayer growth of twinned domains
and their coalescence/annealing cannot thus be described in similarity
to APDs as described in ref. [38].

All our samples showed in-plane lengths of the twinned domains in
the order of several hundred nm (in Table 1.). In particular, the in-plane
coherence lengths of samples grown on offcut Si are not much shorter
than that found for exactly-oriented Si, despite the 4.7 nm monolayer
terrace length of the former. This finding, together with the reduction of
micro-twin concentrations observed for offcut Si substrates, suggests
that the surface step density is likely not the main factor affecting the
microtwin nucleation; we suggest instead, that lattice registry constrains
at the hetero-interface associated with the lattice tilt between GaAs and
Si may play a major role: indeed, as larger lattice tilts lead to higher
dislocation densities (i.e., plastic relaxation) in our samples, this may in
turn rapidly reduce the elastic stress fields within the epilayer, which are
the main source of rotational twin nucleation.

4. Conclusions

We reported on the detailed structural characterization of GaAs/
(111)Si heteroepitaxial structures double-step grown by MOVPE on both
exactly-oriented and offcut (111)Si substrates. The lattice tilt of GaAs
epilayers, their mosaicity and defects content, in particular the types and
volume content of rotational twin domains, were determined for the
different types of samples (single- and double-layer structures).

Double crystal XRD measurements showed that the epilayers are

plastically relaxed and tilted by an angle within the 0.05°—0.08° and
0.11°—0.14° range respectively, for exactly-oriented and offcut sub-
strates; in addition, analysis of XRD pole figures demonstrated the
presence of rotational twin domains of different types and orientations.
The most abundant ones are originated from a 60°-rotation of the crystal
around the [111] growth direction (A-type rotational twins); rotations
around any of the [111], [111] and [111] equivalent directions, or the
composition of a crystal rotation around the growth direction with one
of the former (B- and AB-type twins, respectively) were also observed,
but having much lower densities. The latter types of twin are reported
for the first time in this work.

Annealed single-layer samples grown on exactly-oriented (111)Si
substrates showed the formation of large (sub-micrometric) irregular
domains ascribed to GaAs rotational twins and an estimated rotational
twin ratio ~ 48%. Furthermore, a large density (~3x10% ecm™2) of
pinholes were observed across their surface, in numerical agreement
with TD densities commonly reported in annealed epilayers of compa-
rable thickness.

Analysis of the sample RSMs allowed to evaluate the epilayer
mosaicity and coherence lengths (average dimensions) of crystal blocks/
domains along the in-plane and out-of-plane directions. A mosaic of
platelet-like shaped blocks was thus identified based on the estimated
crystal coherence lengths of the single-layer samples, suggesting that
these blocks consist of 3-5 nm thick micro-twin domains parallel to the
GaAs/Si interface, their later size (>500 nm) being likely limited by TDs.
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Noteworthy, the coherence lengths remain almost the same for as-grown
and annealed single-layer samples, indicating that the defects reached
an equilibrium configuration during the low-temperature growth stage,
likely as result of the very low growth rates (<0.012 nm/s) during GaAs
nucleation.

The rotational twin ratio estimated for double-layer samples on
exactly-oriented Si turned comparable to those of single-layer struc-
tures. However, the samples showed two superposed contributions to
the in-plane diffraction with different intensities and broadening,
ascribed to distinct mosaic block volumes within the top GaAs epilayer.
The larger block size has been ascribed to 31-32 nm thick micro-twins
parallel to the GaAs/Si hetero-interface, their lateral size (200 nm)
being again likely limited by TDs. An increased density of TDs origi-
nating from relaxation of thermal strain build-up upon cooling from the
higher growth temperature of the second-layer could be at the origin of
this effect. The second contribution to mosaicity, arises instead from
smaller blocks with in-plane average size around 24-25 nm, whose
nature requires however, further studies.

Finally, the double-layer samples grown on offcut (111)Si showed
reduced coherence lengths (reduced mosaic block size) with respect to
those on exactly-oriented substrates, the lateral size of their larger
mosaic blocks being 200 nm; the rotational twin content also decreases
to 32%. These results confirm the trend observed for single-epilayer
samples, indicating that while GaAs epilayers grown on offcut Si tend
to be less prone to twin nucleation, they show a larger dislocations
density. We finally suggest that lattice registry constrains at the hetero-
interface, associated with the lattice tilt between GaAs and Si, play a
major role in determining the defect types and content in as-grown
epilayers.

Present results contribute to deeper understand the crystalline
properties of GaAs epilayers on (111)Si and their change with growth/
annealing conditions and surface-cutting of the Si substrate.
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