Anisotropic structural, electronic, and optical properties of InGaAs grown
by molecular beam epitaxy on misoriented substrates
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We have investigated the structural, electronic, and optical properties of partially strain-relaxed
In,Ga;_  As layers, grown by molecular beam epitaxy on both misoriented and nominally flat (001)
GaAs substrates. We find large anisotropies in bulk strain relaxation, interfacial misfit dislocation
density, dark-line defect density, and electron mobility, as well as a polarization anisotropy in
cathodoluminescence for epilayers grown on misoriented substrates, in comparison with those

grown on flat substrates.

Due to the lack of inversion symmetry in the zinc-blende
lattice, orthogonal directions in II-V compound semicon-
ductors are not equivalent. Thus, the orthogonal {110} dislo-
cations (a,8) and (001) surface steps (A,B) in these materials
have different properties that affect the uniformity of pro-
cesses such as epitaxial growth and strain relaxation.!™
Anisotropies in the electrical and optical properties of these
materials and devices fabricated in the [110] and [110] in-
plane directions are often observed.>~!! Such asymmetries
are usually associated with asymmetric strain relaxation, lat-
tice defects, and/or surface morphologies, whose relative ef-
fects on electronic and optical properties in most cases are
not understood. Complete correlations between asymmetric
structural, electronic, and optical properties are lacking in the
literature.

Anisotropic properties are also affected by epitaxial
growth on misoriented substrates. The magnitude and direc-
tion of substrate misorientation have been found to affect
electron mobility asymmetries in nearly lattice-matched
modulation-doped AlGaAs/GaAs heterostructures,' the de-
gree of asymmetry in misfit dislocations formed during strain
relaxation of Ing,Gag sAs/GaAs interfaces,' and the electron
mobility and optical anisotropies of thick (~3 um) InGaAs
layers grown by metal organic vapor phase epitaxy.” The
exact mechanisms for each of these effects is not clear, and
in each case, a complete investigation of the material prop-
erties was not undertaken. Therefore, in this letter, we have
investigated the effect of substrate miscut towards (011), on
asymmetries in structural, electrical, and optical properties,
for partially relaxed lattice-mismatched In,Ga;_,As layers
grown on (001) GaAs by molecular beam epitaxy (MBE).
We emphasize comparisons between the structural, electrical,
and optical properties of relatively thin layers (280 nm) with
a low indium composition (x=0.06).

Samples were grown by solid-source MBE, with
Asy/group NI beam equivalent pressure ratios ~40 and
growth rates ~0.9 um/h. The sample structures consisted of
280 nm Si-doped (N;~10"" em ™) Ing 4Gag g4As on 500 nm
undoped GaAs buffers grown simultaneously on semi-
insulating (001)-oriented GaAs subsirates (a) nominally flat

1424 Appl. Phys. Lett, 65 (11), 12 September 1994

0003-6951/94/65(11)/1424/3/$6.00

{#+0.05°) and (b) misoriented by 2+0.5° towards the nearest
(011) plane. The nominal subsirate temperatures were
T,=580 °C for the growth of GaAs and T';=535 °C for the
growth of In,Ga, _,As.

Samples were characterized with x-ray rocking curves
(XRC), cathodoluminescence (CL), and Hall measurements.
XRC were measured with a high resolution x-ray diffracto-
meter using CuK,, radiation monochromated by four
Ge(220) crystals. Symmetric (004) as well as asymmetric
(224) rocking curves were recorded af several azimuthal
angles to obtain the alloy composition, strain relaxation, and
epilayer tilt.'* Scanning CL and linearly polarized cathodolu-
minescence (LPCL) measurements were performed with a
modified JEOL 840-A scanning electron microscope. A ro-
tatable linear polarizer was mounted in vacuo and a photo-
multiplier tube was used to measure the signal dispersed by a
0.25 m monochromator. An electron beam energy of 15 keV
and a beam current of 10 nA was used to probe the sample
which was cooled to 87 K. Resistivity and low field (0.1 T)
Hall measurements were performed at room temperature and
77 K with six-arm Hall bars (200800 pm)aligned along
both the [110] and [110] directions. These were fabricated by
standard photolithographic and lift-off processes, with
AuGe/Ni contacts deposited in vacuum and annealed at
450 °C.

Results from XRC measurements of both samples are
presented in Table I. The sample grown on the nominally flat
substrate relaxed 132:1% and 12%+1% in the [110] and [110]
directions, respectively. The anisotropy, ~4+8%, is insig-
nificant in comparison to the experimental error. Assuming
that the in-plane compressive strain relaxes entirely via the
edge component of 60° dislocations, the misfit dislocation
density in each (110) direction is estimated as D = (2y2¢€)/a,
where € is the relaxed strain and a is the epilayer lattice
constant. Thus, the calculated dislocation density in the both
{110} directions is 2.5+0.1X10* cm ™%

The sample grown on the misoriented substrate relaxed
8+1% and 20:1% in the [110] and [110] directions, a large
anisotropy of ~43*+7%. The average relaxation, 143+1%, is
slightly larger than that of the flat substrate. In this case, the
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TABLE L Strain relaxation data, electron mobilities u, and electron concentrations [] at room temperature and 77 K in both (110) directions, for 280 nm
Ing gsG2g 04As layers grown simultaneously on nominally flat and misoriented (2° towards the (011) plane) (001) GaAs substrates.

Strain relaxation & (300 K) [»] (300 K) (77 K) [r] 77 K)
Substrate % (10° cm¥V s) (106 cm™3) (10* cm?/V s) (10 cm™3)
Nominally flat [}10] 13x1 4.4=0.1 6.7+0.1 5.0%+0.1 5.7x0.1
[110] 121 4.5%+0.1 6.7£0.1 5.0+0.1 5.7x0.1
Misoriented [}10] 8x1 4.3%0.1 7.1x0.1 4.9+0.1 5.9+0.1
[110] 20x1 5.0%x0.1 7.5%0.1 5.7%0.1 5.9x0.1
calculated  dislocation ~ densities are 1.8%=0.1 and  cence intensity is highest when Ey[110], it is expected that

4.5+0.2X10* cm™! in the [110] and [110] directions, respec-
tively.

Tilting of the epilayer with respect to the substrate is
détected in both samples in proportion to the substrate offcut,
consistent with previous results.’ The tilt of the epilayer
grown on the nominally flat substrate is 0.006° with an ori-
entation 35° away from the [110] direction, revealing the
original substrate offcut orientation (not specified by the
manufacturer). The tilt of the epilayer grown on the miscut
substrate is 0.017° with the same tilt orientation as the origi-
nal substrate misorientation (tilted towards the [010] direc-
tion).

Typical CL images (A=869 nm) of the samples grown
on the flat and misoriented substrates are shown in Figs. 1(a)
and 1(b). These pictures indicate a qualitative asymmetry in
dark line defect densities in the sample grown on the misori-
ented substrate but not in the sample grown on the nominally
flat substrate. LPCL spectra of both samples were taken with
the polarizer rotated to detect emission of light with electric
field perpendicular, £, , and parallel, Ej to[110] detection
orientations as a function of wavelength. Average values of
I, /I} were measured from integrated LPCL spectra taken
while the electron beam was rapidly scanning each region,
approximately 100 um”. Average values of I,/I j for the
sample regions displayed in Fig. 1 are 0.926 and 0.877, for
the samples grown on the flat and the misoriented substrate,
respectively.

The polarization and energy dependence of lumines-
cence provides information about the strain-induced splitting
of the heavy-hole (hh) and light-hole (lh) valence bands at
k=0.15"18 When the in-plane strain relaxation is isotropic,
there is an in-plane biaxial stress, and no polarization of hh
or lh excitonic emissions is expected for emission normal to
the (001) plane. When the in-plane strain relaxation is highly
anisotropic, the stress is approximately uniaxial with a stress
relief along the relaxation direction. For a umiaxial stress
along a (110) direction, the mixing of hh and lh characters in
the strain-split bands is negligible, hh excitonic-emission is
totally linearly polarized perpendicular to the same (110) di-
rection, and lh excitonic emission is partially linearly polar-
ized parallel to the same (110} direction.’® For a (110)
uniaxial compressive stress, the lh excitonic emission has the
lowest energy.The increased deviation of /, /) from unity for
the sample grown on the misoriented substrate in comparison
to that of the sample grown on the flat substrate is indicative
of an increase in the density of regions of uniaxial stress, and
an increase in strain relaxation anisotropy. Since the lumines-
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the regions of uniaxial compressive stress, and anisotropic
strain relaxation, correspond to regions which have enhanced
relaxation along [110], in agreement with the strain relax-
ation asymmetry determined by XRC.

The electrical properties of both samples are summa-
rized in Table I. At room teémperature, the sample grown on
the flat substrate has equal electron concentrations and elec-
tron mobilities, to within experimental error, in both (110)
directions. In the temperature range of our measurements,
both GaAs and InAs are extrinsic, and we expect the electron
concentration to remain constant with temperature.'® Thus,
the observed reduction in electron concentration at 77 K in
comparison to room temperature is an indication of acceptor-
like electron traps in the material. This has been further con-
firmed by depth-dependent CL and PL measurements which
indicate that there are deep-level states in this material.”’
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FIG. 1. CL images, taken at A=869 nm and T=87 K, indicating symmetric
and asymmetric densities of dark line defects for layers grown on (a) nomi-
nally flat and (b) misoriented substrates, respectively.
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Furthermore, photoconductivity measurements of similar
samples suggest that the observed deep-levels are
acceptorlike.”’ Finally, the mobility anisotropies for the
sample grown on the flat substrate are negligible at room
temperature and 77 K.

For the sample grown on the misoriented substrate, the
electron concentrations are asymmetric at room temperature
and symmetric at 77 K. The mobility anisotropies are signifi-
cant, 15+1% at room temperature and 77 K. Again, the re-
duced electron concentration at 77 K in comparison to that at
room temperature is an indication of acceptorlike traps in the
material. The presence of deep levels in this material has also
been confirmed by the depth-dependent CL and PL measure-
ments mentioned earlier. The anisotropy in electron concen-
tration at room temperature suggests that there are different
sets of scatierers acting in the two (110) directions, or an
inhomogeneous distribution of traps in this material.

Electron mobility asymmetries of two-dimensional elec-
tron gases (2DEGs) confined in quantum-well structures
have often been attributed to electron scattering from asym-
metric distributions of misfit dislocations. In our case, this is
not likely because the direction of highest electron mobility,
[110], is also that of highest misfit dislocation density. Alter-
natively one set of (110) misfit dislocations {or point defects
associated with misfit dislocations) is electrically active.This
would be consistent with the asymmetric electron concentra-~
tion and may account for the reduced electron mobility in the
[110] direction for both samples. However, the surface and
interface depletion widths are approximately 100 and 10
nm.?! Thus, the region which contains carriers (electrons) is
not located at the interface (as in the 2DEG case) but lies in
a region between 10 and 200 nm above the interface. Thus
interfacial contributions to the bulk electron mobility may be
insignificant.

The mobility asymmetry may be partly due to variations
in residual strain, since the highest electron mobility is in the
direction of greatest strain relaxation. Monte Carlo simula-
tions of the effects of strain on electron transport in bulk
InGaAs have indicated that the electron mobility of strain-
free InGaAs will be higher than that of strained InGaAs,*
consistent with our asymmetry direction. However the mag-
nitude of our asymmetry is much greater than that predicted
in these simulations. An additional contribution may be elec-
tron scattering due to the piezoelectric effect.!! The zinc-
blende lattice has one piezoelectric constant, d,4, which
couples to shear (uniaxial) stresses.”® Thus, piezoelectric ef-
fects may contribute to the asymmetry in the presence of a
nonzero uniaxial stress, which occurs when the in-plane
strain relaxation is anisotropic.

In summary, we have studied the effect of substrate mis-
orientation towards (011) on anisotropic structural, elec-
tronic, and optical properties of partially strain-relaxed

1426 Appl. Phys. Lett., Vol. 65, No. 11, 12 September 1994

In,Ga, _,As layers grown on GaAs (001) by MBE. Mobility
measurements using Hall bars aligned along the [110] and
[110] directions reveal an asymmetry in the bulk InGaAs
electron mobility for the layer grown on the misoriented sub-
strate. This asymmetry is correlated with an anisotropic bulk
strain relaxation, an anisotropic CL dark-line defect density,
and an optical polarization anisotropy.
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