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Relaxation-induced polarized luminescence from In„Ga, „Asfilms grown on GaAs(QQy)
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We have investigated local variations in the optical properties of InQ Q6GaQ 94As/GaAs using linearly
polarized cathodoluminescence imaging and spectroscopy. The inhuence of substrate misorientation on
the polarization anisotropy of excitonic luminescence in the InQ Q6GaQ 94As films was examined. Local
variations in excitonic polarization anisotropy and emission energy are found to correlate spatially with
dark line defects which result from the formation of interfacial misfit dislocations.

I. INTRODUCTION

Strain relaxation in lattice-mismatched semiconductor
epilayers occurs by the formation of misfit dislocations.
In the zinc-blende lattice, orthogonal (110) misfit dislo-
cations (a,P) are not equivalent and generally possess
different glide velocities and nucleation rates that affect
the uniformity of strain relaxation. ' Anisotropic elec-
trical properties of these materials that have been ob-
served along the orthogonal ( 110) direction, have
been attributed to the asymmetric strain relaxation
caused by an anisotropic distribution of misfit disloca-
tions. Also, the presence of misfit dislocations is known
to degrade optical and electrical properties by introduc-
ing nonradiative recombination centers. Optical studies,
utilizing luminescence imaging, have examined strain re-
laxation and its accompanying asymmetry in
In„Gai „As/GaAs by measuring the density of dark line
defects (DLD's}. ' ' In addition to infiuencing the local
carrier recombination rate, the fluctuation in strain fields
associated with misfit dislocation should inhuence the en-

ergy of the In„Ga, As excitonic luminescence and in-
duce polarization effects.

In this paper, we demonstrate that strain relaxation in
In Ga, „Asfilms grown on GaAs correlates with local
variations in the band gap and polarization of excitonic
emission. The polarization effects are studied for two
Ino 06Gao 9&As/GaAs(001) samples, which exhibit dif-
ferent degrees of anisotropic strain relaxation. The ex-
tent of the asymmetry in misfit dislocations formed dur-
ing strain relaxation of In„Gai „As/GaAs(001) inter-
faces was found to be influenced by the geometry of the
substrate misorientation. ' ' In this study, we have in-

vestigated the effect of substrate misorientation on the
asymmetric strain relaxation with cathodoluminescence
(CL) imaging and spectroscopy. We have utilized an ap-
proach, in which a combination of linearly polarized CL
(LPCL) (Refs. 14 and 15) and CL wavelength imaging
(CLWI) (Ref. 16) is used to assess the spatial variations in
the stress tensor of the In Ga& „Asfilms. Polarization
selection rules for excitonic emission in semiconductors

depend on the form of stress tensor;' CLWI enables a
mapping of the defect-, strain-, and composition-induced
band-gap changes on the scale of —1 pm, as the resolu-
tion is limited by the minority-carrier diffusion.

II. EXPERIMENTAL DETAILS

Samples were grown by solid source molecular-beam
epitaxy. Details of the preparation and structural char-
acterization have been described elsewhere. ' They
consisted of 280-nm —Si-doped (Nd = 10' cm }

Inp p6Gap 94As on 500-nm-undoped GaAs buffers grown
simultaneously on semi-insulating (001)-oriented GaAs
substrates (a) nominally fiat (+0.05') and (b) misoriented
2+0.05' towards the nearest (011)plane.

X-ray rocking curve (XRC) measurements showed that
the sample grown on the nominally Bat substrate relaxed
13+1 and 12+1% in the [110] and [110] directions, re-
spectively, isotropic relaxation to within experimental er-
ror. The sample grown on the misoriented substrate re-
laxed 8+I and 20+1 %%uo in the [110]and [110]directions,
respectively, resulting in a distinct anisotropy. The aver-
age relaxation in the In, Ga& As film on the misoriented
sample (14+1%) is only slightly larger than that on the
fiat substrate (12.5+l%%uo). From the x-ray results, esti-
mates of the misfit dislocation density in each (110)
direction were calculated assuming only 60' dislocations
were present. Thus, the estimated average dislocation
density in the nominally Aat sample was 2.5+0.1X10
cm ' along both ( 110) directions. For the case of the
misoriented sample, the estimated dislocation densities
were 1.8+0.1 and 4.5+0.2X10 cm ' in the [110] and
[110]directions, respectively.

Scanning monochromatic CL, CLWI, and LPCL were

performed with a modified JEOL 840-A scanning elec-
tron microscope.

' A rotatable linear polarizer was
mounted in vacuo to perform polarized measurements.
The light collected was dispersed by a 0.25-m monochro-
mator and detected with a cooled Cs:GaAs photomulti-
plier tube. An electron beam with a 15-keV beam energy
was used to probe the sample, which was cooled to 87 K.
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III. THEORY
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where the parameters 21 and g are represented in terms of
the elastic compliance constants S11, S12, and S44, the
uniaxial deformation potentials b and d, and the in-plane
stress components O.
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The elastic compliance constants and deformation poten-
tials for In Ga1 As are approximated well by interpo-
lating between the corresponding values for pure GaAs
and InAs; these constants are given by b = —1.7 —0. 1x,
d = —4. 55+0.95x (in eV), and Sll =(1.176
+0.769x)10, S12=(—0.365—0.32x)10 ', and S44
=(1.684+0.841x)10 ' (in cm /dyn), where x=0.06 in
this study.

Interband optical transitions involving the hh and lh
states exhibit polarization selection rules which depend
on the strain tensor, deformation potentials, and orienta-
tion of the electric field, E, of light emitted or absorbed. '

For a [110]-oriented pure uniaxial compressive stress (i.e.,
cr„=O),very little mixing of the hh and lh bands occurs,
as Eq. (2) yields c, „„=0.045, when cr t=0. The excitonic
emission associated with the lh valence band is the
lowest-energy transition and is partially linearly polarized
parallel to [110]. The ratio of oscillator strengths of
luminescence with EI [110] polarization to that with
E~~[110], I~/I~~~, for the lowest-energy transition in the
strain split bands is given by

I cl 1 ~3 I hh

III 4 c1 a
(4)

The strain-induced splitting of the heavy-hole (hh;
m. =+—,') and light-hole (lh; m. =+—,') valence bands at
k=O can be examined by studying the polarization and
energy dependence of the luminescence. '"' ' For a
general biaxial stress (o ) in the (001) plane, which con-
tains two orthogonal stress components o

~~

and o I (as re-
ferred to [110]), a diagonalization of the orbital-strain
Hamiltonian enables a determination of the set of upper-
most J =

—,
' strain-split valence-bend wave functions, u;. '

In the [110] representation of
~
J,m ), these normalized

wave functions are given by

ci, hh ~ g ~ 2 ) 110+ci, lh l 2 2 ) 110

where i =1 and 2 represent the highest and lowest bands,
respectively. The coefficients c; hh and c; 1h are given by

where the calculation uses the dipole approximation in
Fermi's golden rule, i.e., II

~~

((u, ~E&
~~

p~uI) ), where

u, is the conduction-band wave function and p is the
linear momentum operator. For pure uniaxial stress
(crI=O) the calculated value of It/Ii is 0.29. We note
that for a material in which there is no mixing of hh and
lh characters in the valence bands (c, lh

= 1 and c, hh =0),
Eq. (4) yields ideally II /Ii =

—,'. The calculated values for
II /I~I, ~cI hh ~, and ~cI lh ~

versus o j/o i
in the [110] rep-

resentation are shown in Fig. 1. For an in-plane biaxial
compressive stress with o

~L

=o z, no polarization of the hh
or lh excitonic emissions is expected as seen in Fig. 1, and
the valence band associated with the lowest optical tran-
sition energy has a pure hh character when the wave
functions are transformed to the [001] representation.

IV. RESULTS AND DISCUSSION
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FIG. 1. Calculated intensity ratio (Ij/III ) of luminescence
with El[110] polarization to that with E~~[110], ~cI'Ih~, and
~cI'hh

~
versus oI/o

1
for Inp p6CTap 94As. The 110 superscripts

are used to emphasize that the
~ J,m, ) basis wave functions are

in the [110]representation here. The
~~

and l subscripts denote
parallel and perpendicular to the [110]direction, respectively.

Figure 2 shows spatially averaged LPCL spectra of the
bulk Inp p6Gap 94As excitonic luminescence obtained from
both samples. The electron beam was rastered over a
128X94 pm region during acquisition. These spectra
were taken with the polarizer rotated to detect emission
of light with El[110]and E~~[110] detection orientations.
It is evident from both spectra that the misoriented sub-
strate exhibits a greater degree of polarization anisotropy
as compared to the Rat substrate. The values of II /I~~ are
0.926 and 0.877 for the sample grown on the flat and the
misoriented substrate, respectively, where I is the in-
tegrated intensity and the subscript refers to its electric-
field orientation.

The increased deviation of II!Ii from unity for the
sample grown on the misoriented substrate as compared
to the sample grown on the flat substrate is indicative of
the greater level of anisotropic strain relaxation associat-
ed with the misorientation. Further, the luminescence in-
tensity is highest when E~~ [110],which indicates the pres-
ence of quasiuniaxial compressive stress along the [110]
direction. This also corresponds to a greater relaxation
along the [110]direction, which is in agreement with the
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E

C
tD

O

800 820 840 860 880 900
p (nm)

FIG. 2. Spatially averaged polarized CL spectra obtained for
Inp p6GaQ 94As films grown on both the nominally Bat substrate
and misoriented GaAs(001} substrate, where E& and E~I refer to
electric field vector E perpendicular and parallel to [110].

strain relaxation symmetry determined by XRC.
In order to study in detail the local variations in strain,

we performed CLWI and LPCL imaging on both these
samples. In CLWI imaging the wavelength, A, , at which
the intensity of luminescence is a maximum is mapped as
a function of the spatial (x,y) position, and a gray-scale
image representing these wavelengths is generated. A
scanning area of 128 X94 pm in this study is discretized
into 640X480 pixels. In order to determine A, (x,y), a
spectrum consisting of 29 wavelength points (obtained
from 29 discrete monochromatic CL images), varying
from 860 to 874 nm (1441 to 1418 meV), was obtained at
each pixel position.

The CLWI, the LPCL, and the spectrally integrated
(i.e., panchromatic for the 860~A, ~874 nm range) im-
ages were taken over the same 128X94 pm regions in
both nominally Qat and misoriented samples. The spec-
trally integrated images allow identification of nonradia-
tive recombination centers associated with defects. The
CLWI micrographs of the nominally flat and misoriented
samples are shown in Figs. 3(a) and 4(a), respectively.
The mapping of k into a gray-scale representation is

X(nm)
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FIG. 3. The CLWI, the integrated CL intensity, and the
LPCL images in (a), (b}, and (c), respectively, for the
Inp p6Gap 94As film grown on the Hat substrate. A scale showing
the mapping of wavelengths of peak CL intensity is shown in
(a).

FIG. 4. The CLWI, the integrated CL intensity, and the
LPCL images in (a), (b), and (c), respectively, for the
Inp p6GaQ 94As film grown on the misoriented substrate. A scale
showing the mapping of wavelengths of peak CL intensity is
shown in (a).
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shown by the gray-bar key indicating the wavelength
scale. Figures 3(b) and 4(b) show integrated CL intensity
micrographs. Long streaks of a constant gray shade can
be seen in Figs. 3(a) and 4(a), which correlate in position
and orientation with the DLD s in the integrated CL in-
tensity images. These DLD's have been observed previ-
ously in CL imaging of partially relaxed In Ga& As
films grown on GaAs. ' '" The reduction in the lumines-
cence effect is due to the presence of nonradiative recom-
bination centers, likely caused by the presence of misfit
dislocation cores and point defects left in the wake of
dislocation propagation. '

Figures 3(c) and 4(c) show monochromatic LPCL im-
ages for the samples grown on the Hat and misoriented
substrates, respectively. Images were taken with the po-
larizer rotated to detect emission of light with Et[110]
and E~~[110) detection orientations at a wavelength of 869
nm (1426 meV). In order to emphasize the polarization
variations, the ratio of these images is displayed in Figs.
3(c) and 4(c). The pixels in the ratio image at a (x,y) po-
sition are represented as log, o[Ii(x,y)/Ii(x, y) ], where Ii
and Il are the pixel intensities under Ei[110] and E~~[1 10]
detection orientations, normalized to a 256 level gray
scale. The bright and the dark bands present in the
LPCL ratio images clearly exhibit the local polarization
anisotropy, which indicates the presence of pm-scale
variations in strain. A distinct asymmetry in the CLWI,
spectrally integrated, and LPCL images is observed in
Fig. 4 for the misoriented substrate, in which a greater
density of DLD, constant-wavelength and polarization-
ratio streaks is observed along the [110] direction. This
asymmetry is markedly reduced in Fig. 3 for the Hat sub-
strate, consistent with the XRC results.

Figure 5 shows the correlation existing between the
CLWI image, the integrated CL image, and the LPCL
images for the misoriented substrate. The results for the
Qat substrate are qualitatively similar, and are not shown
here. Peak wavelength (A, ), luminescence intensity and
Ii/Il ratios are plotted as a function of the distance tak-
en along an arbitrary [110]-oriented line. The histogram
shows that the blueshifted and the redshifted regions cor-
respond to the regions of enhanced and reduced lumines-
cence efficiency [bright and dark regions in Figs. 3(b) and
4(b)]. Regions of reduced luminescence efficiency are due
to an enhanced nonradiative recombination near misfit
dislocation cores. The material has also relaxed in the re-
gions near the dislocations, resulting in a change in the
band gap, i.e., a reduction in the compressive stress has
resulted in a redshift seen in the CLWI imaging. In the
regions of enhanced luminescence, where there are very
few dislocations, little relaxation has occurred, resulting
in a higher biaxial compressive stress, which gives rise to
a relative blueshift.

Our hypothesis that the blueshift and redshift seen in
CLWI imaging is due to variation in strain and not due
to alloy variation, is supported by the correlation between
the CLWI and LPCL images, as evident from the histo-
gram analysis. In Fig. 5, the histograms show that re-
gions of enhanced and reduced luminescence efficiency
correspond to regions of reduced and enhanced polariza-
tion anisotropy, and also correspond to regions of blue-
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FIG. 5. Histogram of CLWI, integrated CL intensity and
LPCL I~/It~ ratio for an arbitrary line scan done along the [110]
for the sample grown on the misoriented substrate. The spatial
correlation of the regions showing redshift, a decreased
luminescence efficiency, and enhanced polarization (indicated
by dashed vertical lines) and regions with a blueshift, increased
luminescence efficiency and no polarization (indicated by dotted
vertical lines) is observed.

shift and redshift in the CLWI image, respectively. In
the regions of high misfit dislocation density, i.e., reduced
luminescence efficiency, the material is preferably relaxed
in a direction perpendicular to the dislocation line direc-
tion, resulting in a deviation from an ideal biaxial stress
with o.~~=o.j, and this causes a polarization anisotropy
(Ii/I~~ &1). In the regions of low dislocation density
(high luminescence efficiency) very little relaxation has
occurred, thus resulting in minimal deviation from biaxi-
al stress with Ii /I~~ = 1. Regions which show an
enhanced polarization anisotropy correspond to regions
which exhibit a redshift in the CLWI images. This fur-
ther indicates that a local reduction in stress occurs along
[110],which leads to a [110]-oriented quasiuniaxial stress
that is consistent with the lh polarization selection rules
previously discussed.

The minimum polarization ratios (Ii /Il ) are, however,
greater than the theoretical value of 0.29 for pure uniaxi-
al stress, as shown in Fig. 1. This is explained with the
help of a model where the strain component perpendicu-
lar to the DLD's is not completely relaxed and a quasi-
uniaxial stress with a dominant longitudinal component,
o

~i

parallel to the DLD's is present such that o.
~~

&&o.
J ~

The presence of a quasiuniaxial stress as opposed to a
pure uniaxial stress (cree=0) results in a considerable mix-
ing of the hh and lh characters in the strain-split band
(see Fig. 1), which causes the polarization ratios to devi-
ate from theoretically predicted values for o.j =0.
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V. SUMMARY AND CONCLUSIONS

In conclusion, we have studied extensively the distribu-
tion of dark line defects associated with misfit disloca-
tions using CLWI and LPCL. We have shown the ex-
istence of local variations in compressive stress ranging
from biaxial with o.~~=cr~ to quasiuniaxial with a~~ &&o J,
resulting in a marked polarization anisotropy concomi-
tant with a variation in luminescence transition energy.
The effect of substrate misorientation has been examined,
and In Ga& As growth on misoriented substrates re-

suits in a greater anisotropy in strain relaxation and po-
larization of excitonic luminescence. These results show
that dark line defects in strained systems exhibit
significant polarization and energy variations in addition
to their more familiar nonradiative behavior.
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