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We report on the mask-less integration of GaAs crystals several microns in size on patterned Si
substrates by metal organic vapor phase epitaxy. The lattice parameter mismatch is bridged by first
growing 2-um-tall intermediate Ge mesas on §-um-tall Si pillars by low-energy plasma enhanced
chemical vapor deposition. We investigate the morphological evolution of the GaAs crystals
towards full pyramids exhibiting energetically stable {111} facets with decreasing Si pillar size.
The release of the strain induced by the mismatch of thermal expansion coefficients in the GaAs
crystals has been studied by X-ray diffraction and photoluminescence measurements. The strain
release mechanism is discussed within the framework of linear elasticity theory by Finite Element
Method simulations, based on realistic geometries extracted from scanning electron microscopy
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The monolithic integration of III-V semiconductors pro-
viding optoelectronic functionalities to the mainstream Si-
based microelectronics technology is one of the keys to
future multifunctional semiconductor devices. It is challeng-
ing to realize, however, because of defects caused by the
mismatch of lattice parameters and thermal expansion coeffi-
cients. For GaAs on Si the lattice and thermal mismatch
amounts to 4.1% and 120.4%, respectively, at 300 K. Anti-
phase domains (APDs) are additional frequently present
defects.'

Previous approaches for the integration of GaAs on Si
included low temperature nucleation by metal organic vapor
phase epitaxy (MOVPE)*? and molecular beam epitaxy,*®
the use of Ge or GeSi virtual substrates,” " and the incorpo-
ration of intermediate graded GaAsP or InGaP layers.'?

Substrate patterning offers additional benefits because
most threading dislocations can escape through the sidewalls
of crystals exhibiting sufficiently large aspect ratios (height/-
width)."* A similar mechanism coined aspect ratio trapping
prevails when GaAs and GaAs/Ge are grown into sub-
micron sized openings of dielectric masks.'*"'® Even vertical
dislocations perpendicular to the substrate surface are
expelled from finite-sized crystals by interacting with slant-
ing facets.'”'®

The recently reported method of three-dimensional (3D)
heteroepitaxy, providing space filling arrays of tall, relaxed
Ge crystals on patterned Si(001) substrates, may emerge as a
promising solution also for the integration of GaAs on Si."”

Y Author to whom correspondence should be addressed. Electronic mail:
gonzalez@phys.ethz.ch.

YPpresent address: OC Oerlikon Advanced Technologies, Iramali 18, 9496
Balzers, Liechtenstein.
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Using these Ge crystal arrays as seeds for GaAs would be ad-
vantageous, since GaAs and Ge are almost perfectly lattice
matched.

In this work, we report on the MOVPE growth of strain-
free GaAs crystals on Si substrates patterned at the micron
scale. Nominal Si(001) and offcut Si(001) substrates (6°
towards [110]) were patterned by conventional photolithog-
raphy and deep reactive ion etching (DRIE) based on the
Bosch process.?’ The patterns consisted of 8-um tall pillars,
spaced uniformly by gaps of 3 and 4 um, or in blocks of
10 x 10 separated by 5-um-wide trenches. The Si pillar
width ranged from 2 pm to 40 um. Two micron tall Ge mesas
were first grown by low-energy plasma enhanced chemical
vapor deposition (LEPECVD) at T=500°C and a growth
rate of 4.2nm/s and cyclically annealed between 600 °C and
780°C.?! The widely used two-step method was employed
for the GaAs growth by MOVPE.?* After a 7nm thick seed
layer deposited at T =500 °C, GaAs crystals between 2 and
4pum in height were grown onto the Ge/Si mesas at
T =680°C at a growth rate of 28 nm/min and a reactor pres-
sure of 100 millibars. GaAs grown on offcut planar Ge/Si
substrates and on semi-insulating GaAs(001) substrates
served as control samples. The morphology of the
GaAs/Ge/Si crystals was characterized with a Zeiss ULTRA
55 scanning electron microscope (SEM). Cross sections
were obtained by focused ion beam (FIB) milling in a Zeiss
NVision 40 dual beam FIB/SEM system. High resolution
X-ray diffraction (HRXRD) was performed with Cu Ko
radiation using a PANalytical X Pert Pro-MRD diffractome-
ter equipped with a 4-bounce Ge(220) crystal monochroma-
tor on the incident beam, and an analyzer crystal and a Xe
point detector on the diffracted beam. The scattering plane
was chosen perpendicular to the offcut direction. A 532 nm

© 2014 AIP Publishing LLC
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continuous wave laser line was used to excite the photolumi-
nescence (PL) at T=5K. The PL spectrum was recorded
with an InGaAs line detector attached to a 0.3 m focal length
spectrograph. Micro-PL measurements were done at 4K
within a low vibration Attocube Attodry 1000 cryostat, with a
785nm laser diode for excitation and a low noise silicon
charge coupled device for detection. Elasticity-theory calcula-
tions by Finite Element Method (FEM) simulations with the
COMSOL Multiphysics solver were performed to evaluate
the effect of patterning on the thermal strain. Experimental
geometries were approximated by 3D-crystals with C4 sym-
metry and based on top- and cross-sectional SEM images.
SEM images of typical GaAs/Ge crystals on Si pillars
are shown in Fig. 1. For the narrowest, 2 um wide pillars,
they have a pyramidal shape with well-defined {111} facets
(Figs. 1(a), 1(c)-1(f)). Crystals grown on wider pillars exhibit
a more complicated morphology with additional facets as
exemplified in Figs. 1(b), 1(g)-1(1) for a pillar width of
15 pum. The wafer patterning prevents thermal crack forma-
tion, which is present at a density of dcpaers = 7.8 = 2.3 mm !

Appl. Phys. Lett. 104, 022112 (2014)

along the offcut direction in the planar GaAs/Ge/Si control
samples.* In contrast to the symmetric appearance of GaAs
pyramids grown on nominal substrates (Figs. 1(a)-1(e)),
those on the vicinal ones (Figs. 1(c) and 1(e)) are tilted
towards the [001] direction of the substrate. The tilt angle
of 6° corresponds to the offcut angle of the Si substrate.
Larger GaAs structures exhibit the same kind of asymmetry
along [110] (Figs. 1(b), 1(g)-1(@)), while 2-um-thick Ge
mesas preserve the substrate miscut.'” The asymmetrical
distribution of {111}, {113} facets, and the top (001) facet
results both from the substrate miscut of 6° and the coexis-
tence of GaAs{l111}A and GaAs{111}B facets. The
{111}B facet is very stable, resulting in a low growth rate,
especially compared with the rates of the top (001) facet
and the {111}A facets.”* This asymmetry is especially evi-
dent comparing the (110) and (1-10) FIB cross sections of
Figs. 1(h) and 1(i). Along the miscut direction, just a small
part of the surface remains parallel to the offcut substrate
plane, while the exact [001] surface orientation is almost
fully restored.
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FIG. 1. (a) Top SEM view of GaAs/Ge
pyramids grown by MOVPE on top of

8-um-tall and 2-pum-wide Si pillars-
etched into Si(001) substrates offcut 6°
towards [110] and arranged in 10 x 10
blocks. (b) Top SEM view of GaAs/Ge
crystals on 15-um-wide Si pillars sepa-
rated by 4-um-wide trenches. (c) and
(d) Detail of the top surface of GaAs
pyramids grown on nominal (c¢) and
vicinal (d) Si substrates. The corre-
sponding lateral views (e) and (f) dis-
play the tilt of the microstructures
grown on offcut substrates. (g) SEM
image of the top surface of 4-um-tall
GaAs/Ge crystals grown on 15-um-
wide Si pillars. In all cases, 2 um of Ge
were deposited by LEPECVD prior to
the GaAs growth. The FIB cross sec-
tions parallel to the (1-10) (h) and
(110) (i) planes display the strong mor-
phological asymmetry of GaAs/Ge
crystals grown on offcut Si patterned
substrates. The direction normal to the
Si offcut surface is indicated by the
vector 7.
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The high epitaxial quality of GaAs/Ge/Si material
grown by MOVPE was confirmed by HRXRD, both for pla-
nar and patterned substrates. The reciprocal space maps
(RSM) acquired around the (004) azimuth of GaAs grown on
a planar Ge/Si substrate and on an array of 9-um-wide Ge
coated Si pillars are shown in Figs. 2(a) and 2(b), respec-
tively. The two well separated diffraction peaks found for
the planar material correspond to GaAs and Ge (Fig. 2(a)).
The symmetric wings along Q, are the result of weak diffuse
scattering by the partially relaxed material near thermal
cracks.” For the patterned epitaxial material, the diffraction

peaks corresponding to GaAs and Ge are shifted towards
lower Q, momenta (Fig. 2(b)), indicating elastic release of
the tensile thermal strain. In addition, both diffraction peaks
are elongated along the Q, direction. This broad diffuse scat-
tering around the GaAs(004) and Ge(004) reflections may be

related to varying lattice tilts across the diameter of the crys-
26

tals as a result of elastic thermal strain release.
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FIG. 2. RSM measured on the (004) azimuth of GaAs grown on a planar
Ge/Si miscut substrate (a) and on an array of 9-um-wide Ge/Si pillars (b).
The Q, momenta values for relaxed GaAs and Ge are indicated with the
dashed lines labeled with 1 and 2, respectively. (c) 20-w XRD scans corre-
sponding to the different GaAs/Ge/Si microstructure sizes (from 2 um to
40 um wide) compared with reference epitaxy grown on a planar Ge/Si sub-
strate. The dashed lines indicate the relaxed GaAs and Ge diffraction angles.
The red lines are guides to the eye. (d) Strain values for the different
GaAs/Ge/Si microstructure sizes compared with the volume strain calcu-
lated by FEM. (e) Strain relaxation maps obtained from FEM simulations
for GaAs/Ge crystals on 2 and 15 um wide Si pillars. The strain maps in the
simulated geometries are compared with their correspondent SEM
cross-section images, displayed in (f).

66.25
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Figure 2(c) compares the HRXRD 20/ scans measured
around the (004) reflection for a GaAs/Ge layer on a planar
Si(001) substrate and for GaAs/Ge crystals on Si pillars with
widths ranging from 2 to 40 um. Two intense diffraction
peaks corresponding to GaAs and Ge were found for both
kinds of substrates. A much weaker component, shifted to
higher Bragg angles, may be identified in the lowest two
spectra. It stems from the tensile-strained material deposited
between the Si pillars. We observe a monotonic shift of the
intense peaks towards lower Bragg angles with decreasing Si
pillar size. This shift is again caused by elastic relaxation of
the thermal strain in GaAs/Ge/Si heterostructures of high as-
pect ratio (defined as the ratio between the GaAs/Ge struc-
ture height and the Si base width). In order to quantify this
relaxation, the HRXRD symmetrical (004) scans were com-
plemented with their corresponding scans for the asymmetri-
cal (224) azimuth. As previously mentioned, the scattering
plane was chosen perpendicular to the offcut direction. The
step densities along [1-10], the direction perpendicular to the
substrate offcut, and along [110], parallel to it, are known to
be dissimilar. This leads to different relaxation paths for the
epitaxial material, resulting in an additional tilt along
[110].>” During the following discussion of the strain relaxa-
tion of GaAs/Ge/Si structures we will neglect this aniso-
tropic relaxation and approximate the strain of the epilayers
to be biaxial. Up to a Si pillar size of 5 x 5 um? the Ge and
GaAs crystals exhibit an order of magnitude less thermal
strain than planar GaAs/Ge/Si material. For structures of
15 x 15 ,umz, the GaAs strain increases to ~0.05%. A monot-
onically rising strain was found for increasing structure size
up to the value of 0.19% observed for planar material
(Fig. 2(d)).

The strain obtained from HRXRD was compared with
the one calculated by the FEM simulations. The strain distri-
bution in the system with the two interfaces was calculated
using the thermal strain values of GaAs and Ge layers,
obtained from HRXRD on planar areas as initial conditions
for a simulated evolution to mechanical equilibrium in the
corresponding finite system with free surfaces. The latter
ones are treated by the boundary condition (¢ - 7 = 0), indi-
cating a stress-free component perpendicular to the surface.
The anisotropic elastic constants of GaAs and Ge are used
for the internal strain evaluation.”® Since the penetration
depth of the X-rays is much larger than the height of the
crystals investigated in this work (for Cu Ko it amounts to
several tens of microns for the 004 reflection), the in-plane
strains obtained from the FEM calculations had to be
averaged over the crystal volume (SH) The correspondlng
experimental values for planar GaAs and Ge are & V(GaAs)
=0.19% and & Y(Ge) = 0.14%, respectively. Figure 2(e)
shows the calculated in-plane strain maps for the 2 and
15 um wide Si pillars of Fig. 2(f). The described averaging
procedure yielded strains of 0.011%, 0.015%, and 0.031%
for GaAs on 2, 5, and 15 um wide Si pillars in good agree-
ment with the experimental strains from HRXRD (see
Fig. 2(d)).

Figure 3(a) shows the PL spectra of GaAs crystals on
2-40 um wide Si pillars, compared with the spectra of GaAs
layers on planar Ge/Si and GaAs substrates. The PL spectra
from the GaAs grown on the various patterned substrates
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FIG. 3. (a) Low temperature PL spectra of GaAs/Ge microstructures grown
on2x2(A),5x5 (B), 9%x9 (C), 15 x 15 (D) and 20 x 40 (E) um? Si pil-
lars. They are compared with the PL spectrum of a 2 um thick GaAs film
grown both on a planar Ge/Si substrate and on a GaAs substrate. (b) Open
circles: PL energy obtained from Gaussian fit of the high energy peaks of
the luminescence spectra in (a); dashed line and circles: The calculated
bandgap shifts using the ¢ measured by HRXRD as an input to Eq. (1).
Error bars correspond to the FWHM of the fitted PL band-gap component.
(c) Integrated intensity normalized to the absorption volume as a function of
the aspect ratio of the Si pillars. The dashed and continuous lines represent
the two references, GaAs on a Ge/Si planar substrate and GaAs homoepitax-
ially grown on GaAs, respectively.

contain three components. For GaAs crystals on 2-um-wide
Ge/Si pillars the most intense line is centered at 1.519¢eV, in
good agreement with band-to-band transition in bulk GaAs.
Upon increasing the Si pillar size this line is gradually red-
shifted, e.g., by about 6 meV for 15-um-wide pillars. These
small energy shifts can be related to a slight increase of the
biaxial tensile strain of the GaAs/Ge/Si system, due to incom-
plete elastic strain release in the larger structures. The inter-
mediate peak, centered at ~1.498eV (with small variations
for the different sizes) may be assigned to a free electron-
neutral acceptor transition (e—CO, 1.494¢eV) due to carbon
impurities incorporated during the MOVPE growth.' These
two lines are present also in the GaAs control epitaxy grown
on a semi-insulating GaAs substrate. Finally, the lowest
energy optical transition at 1.484 eV coincides with the main
line collected from GaAs layers on planar substrates. It can
therefore be assigned to emission stemming from the strained
material inside the trenches. The PL spectrum collected from
the GaAs grown on planar Ge/Si substrates exhibits a dou-
ble-peak-structure with contributions from GaAs bandgap
emission and the e-C° lines, both strain-shifted by ~30 meV
to the red. The strain induced shift AE of the GaAs bandgap
(E,) can be calculated using the expression®’

0 0 Cl1 —C12 ci—2cn2
Eg—Eg—AE—Eg—l—Za( - >+b< )]F,
11 C11

o))

where ¢ is the biaxial strain, C;; and C; are the stiffness
coefficients, and a and b are the hydrostatic and shear

Appl. Phys. Lett. 104, 022112 (2014)

deformation  potentials, respectively, (Cy;=119GPa,
C1,=53.4GPa, a=—9.8¢eV, and b=—2.0eV for GaAs).”"
A comparison of the PL maxima obtained by Gaussian fits of
the different luminescence spectra and the calculated
bandgap shifts using the ¢ measured by HRXRD as an input
to Eq. (1) can be found in Fig. 3(b). The thermal strain
induced during cooling from the HRXRD measurement tem-
perature to the PL characterization temperature (T =5K)
was taken into account. The good agreement between the
calculated and the observed PL peak positions confirms the
previously discussed size dependent elastic strain relaxation
of GaAs crystals grown on patterned Ge/Si.

Figure 3(c) shows the dependence of the integrated PL
intensity on the aspect ratio of the various patterns. The PL
contributions of the GaAs bandgap and e-C° lines were
deconvoluted from the PL generated on the strained material
in the trenches by Gaussian fitting. We first determined the
absorption length L at the PL excitation wavelength. Then,
we calculated the corresponding absorption volumes from L
and the dimensions of the GaAs crystals extracted from
plan-view and cross-section SEM images. Finally, the PL
intensities were normalized to these absorption volumes and
compared with the one of a planar GaAs layer.

The normalized PL intensity was found to increase with
increasing pillar size. This increase may be related to the
larger proportion of (001) and offcut (001) surfaces com-
pared to {111} facets in the larger GaAs crystals (Fig. 1).
First, GaAs crystals on small pillars are mainly composed of
{111} facets, a large part of which is in close proximity to
the Ge mesas. This may lead to enhanced carrier diffusion
towards the deep electronic levels present at the GaAs-Ge
interface where excitons recombine non-radiatively. Second,
compared with the (001) surfaces, the PL collected from
tilted {111} planes is largely affected by Fresnel losses and
total internal reflection reducing its efficiency for small
GaAs crystals with their higher proportion of slanting facets.
The integrated PL intensity of the GaAs crystals on
20 x 40 um* Si pillars is comparable with the one collected
from the GaAs on GaAs reference. Moreover, a factor 5
increase was found when comparing this pattern with respect
to GaAs layers on planar Ge/Si substrates. This increase can
only be explained by a substantially improved GaAs epitax-
ial quality on patterned substrates compared with planar
material.

Spatially resolved micro-PL spectra of single GaAs
crystals were recorded by scanning a diffraction limited spot
across the structures in a confocal arrangement. Figure 4(a)
shows a logarithmic intensity map obtained by integrating
the near band-gap emission in a 20 x 20 ,um2 area containing
four GaAs/Ge crystals on 9x9um” Si pillars. The
sub-micron optical resolution allows us to match the
observed luminescence pattern with the GaAs crystal mor-
phology. A representative case of the morphology of such an
area is depicted in the SEM image of Fig. 4(b). The corre-
spondence between the crystal morphology and the PL maps
were established by mapping the laser reflection in the same
area. The spots labeled with capital letters (A-F) in both
Figs. 4(a) and 4(b) correspond to the micro-PL spectra pre-
sented in Fig. 4(c). The luminescence collected from the top
(001) facet and offcut (001) surface (spectra B, C, D, and E
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FIG. 4. (a) Micro-PL integrated intensity map of a 20 x 20 ,um2 area con-
taining four GaAs crystals grown on Ge coated 9 x 9 um? Si pillars. A repre-
sentative case of such an area is depicted in the SEM image in Figure (b).
(c) Micro-PL spectra collected from different points of a GaAs crystal. The
spatial positions of the corresponding spectra and their integrated intensities
are indicated in Figs. 4(a) and 4(b), respectively.

from Figure 4(c)) contains two main lines, the previously
mentioned free electron-neutral acceptor transition (e-C%)
and the broadened GaAs band edge emission. Both lines are
red-shifted by ~3meV, in good agreement with the value
expected from the discussion of Fig. 3(b). The broad asym-
metric tail towards low energies of the GaAs band edge
emission (FWHM =9 meV) can be tentatively attributed to
the presence of doping impurities in the GaAs matrix. The
doping concentration estimated from the FWHM value,
n~12x10"7cm™>, suggests strong Ge diffusion during
the initial stages of the GaAs growth on the Ge coated Si
pillars. We also observe a strong decrease of the micro-PL
intensity at the positions corresponding to the {111} facets
(A and F), which supports the interpretation that the de-
pendence of the spatially averaged PL intensity on crystal
size (Fig. 3(c)) may be caused by the low PL efficiency at
slanting facets.

In summary, mask-less integration of high quality epi-
taxial GaAs on patterned Ge/Si substrates by MOVPE was
demonstrated. With decreasing size the GaAs crystals evolve
towards strain-free pyramidal morphologies formed by ener-
getically stable {111} facets. When grown on misoriented
substrates they exhibit a rotation of their growth axis
towards the natural directions of GaAs. The ability to
achieve well oriented GaAs(001) surfaces from the misor-
iented Si substrates required for APD prevention is of utmost
interest, as it allows to avoid the higher roughness common
to miscut surfaces. Quantum wells with low interface step
densities incorporated into such GaAs crystals are therefore
expected to exhibit much higher mobilities due to decreased
interface roughness scattering. We therefore consider
these results to be a step forward towards the monolithic

Appl. Phys. Lett. 104, 022112 (2014)

hetero-integration of III-V based micro- and optoelectronic
devices on silicon.
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