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Strain relaxation and surface migration effects in InGaAlAs and InGaAsP
selective-area-grown ridge waveguides
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Surface migration of the group-III precursors and strain relaxation at the ridge sidewalls are
compared for 2.5 �m wide waveguides based on InGaAsP and InGaAlAs multiple-quantum-well
�MQW� structures. The cross-sectional thickness and strain variations have been measured using
synchrotron radiation-based x-ray diffraction with an angular resolution of 2 arc s and a beam size
of �0.24�0.35� �m2. Indium-rich overgrowth has been observed for the InGaAsP-based
waveguides, while InGaAlAs-based waveguides demonstrate thickness uniformity of the MQW
active region with a strain relief of 0.4% /�m at the sidewalls. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2177634�
Optoelectronics is progressing from the hybrid integra-
tion of individual device chips to high-density monolithic
integration of multifunctional optoelectronic structures. Uti-
lization of the strain relaxation on the sidewalls of nanostruc-
tures is believed to be the key to the monolithic integration
of dissimilar materials with complementary optical and elec-
tronic properties.1 To support this trend, a better understand-
ing of the fundamental growth mechanisms on the nanoscale
level, control of the sidewall quality, and a development of
the adequate materials characterization tools, such as syn-
chrotron radiation high-resolution x-ray diffraction
�HRXRD� are required. In this letter we will demonstrate
that the nondestructive HRXRD technique can provide accu-
rate analytical information about the thickness and composite
strain variation across the ridge waveguides with submicron
spatial resolution. We utilized this technique for comparison
between micron-wide InGaAlAs- and InGaAsP-based
waveguides produced in a one-growth-step by metal organic
vapor-phase epitaxy �MOVPE� in the regime of selective-
area growth �SAG�.2–4

Two samples with conventional 1.3 �m light-emitting
laser structures, one with InGaAsP- and another with
InGaAlAs-based MQWs, were grown using identical SAG
masks on InP �001� substrates.5 The 600 �m long
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waveguides with a nominal ridge width of 2.5 �m were
formed between the pairs of SiO2 masks with the width of
14 �m. The active region in both samples consisted of the
MQWs with N=9 periods and two 50 nm thick separate con-
finement layers �SCL�. Parameters of the investigated
samples in the open part of the wafers �far from the oxide
mask� are listed in Table I, where strain is expressed in terms
of the perpendicular d-spacing mismatch �S=�d /d� with re-
spect to the InP substrate.

HRXRD characterization was carried out at the APS
2ID-D microscope beamline equipped with a phase zone
plate.6 High angular resolution was provided by a perfect
Si�004� crystal analyzer with an acceptance range within the
“intrinsic” rocking curve width of 2.17 arc s.5 The measure-

TABLE I. Parameters of the investigated samples.

InxGayAl1–x–yAs InxGa1–xAsyP1–y

Open wafer Ridge Open wafer Ridge
Well width �nm� 5.0 6.5 7.0 8.9
Barrier width �nm� 10.3 12.9 9.9 13.2
Global strain �%� 0.22 1.15 0.49 0.75
Well composition x=0.65 x=0.85

y=0.19 y=0.57
Barrier composition x=0.48 x=0.87

y=0.19 y=0.29
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ments were performed at an energy of 11.89 KeV. Both the
measured FWHM of the InP�004� substrate peak �7.6 arc s�
and the observed �N−1� Kiessig fringes between the super-
lattice peaks demonstrate excellent angular resolution of our
setup. By performing �−2� scans, where � and 2� denote
rotation angles of the sample and the detector arm, respec-
tively, the diffraction profiles �Fig. 1� were measured over a
wide range of ���2 deg. The size of the focused x-ray
beam was 0.35 �m in the diffraction plane and 0.24 �m in
the direction normal to the diffraction plane. The position of
the microbeam was controlled with 50 nm precision by
monitoring Ga-K and As-K fluorescence from the ridge
structures. The bright-field TEM micrographs were taken at a
�002� diffraction condition using a Philips TM420 transmis-
sion electron microscope operated at 120 KV.

Figure 1 shows diffraction profiles measured in the cen-
ter of the SAG ridges for InGaAlAs-based waveguides and
in the open part of the wafer. The relative position of the
zero-order peak with respect to the InP substrate peak gives
the global strain of the MQW structure: S= �WW ·SW

+WB ·SB� / �WW+WB�, where WW�B� and SW�B� are the thick-
ness and strain of the well�barrier�, respectively. The separa-
tion of the superlattice peaks determines the MQW period
T=WW+WB. The HRXRD spectra measured in the center of
the ridge waveguides show an increase of both the MQW
period and global strain compared to that in the open part of
the wafer. Similar to the procedure described in Ref. 5, we
were able to determine the thickness of the well and barrier
layers �see Table I� through the use of the commercial
RADS-Mercury BEDE software.7

The vertical and lateral vapor-phase diffusion processes
�VVP and LVP, respectively� and the surface migration of the
metallorganic precursors are the three main mechanisms with
different characteristic lengths that result in the thickness en-
hancement and compositional changes in the SAG regime.2–4

Previous microbeam HRXRD studies of SAG structures with
different ridge widths and surrounding oxide masks8–11 have
provided significant contributions to the development of the
gas-phase diffusion models for SAG processes and allowed
accurate calculations of the VVP and LVP effects with char-
acteristic diffusion lengths in the range of 25 to 200 �m.12–14

FIG. 1. �Color online� X-ray diffraction from the InGaAlAs-based MQW in
the open part of the wafer �upper curve�, from the center �middle curve�, and
from the edge of the same 2.5 �m wide SAG ridge �bottom curve�. The
MQW satellite peaks are marked according to their order �−4,−3,−2, . . . �
and the diffraction curves are vertically offset for clarity. The substrate InP
004 peaks at �=20.81 deg with FWHM=7.6 arc s are marked with S. Ar-
rows show the shift of the MQW global-strain peak �“0”� and separate
confinement layer �SCL� peak that indicates the strain change across the
ridge.
In contrast, extensive investigation of the surface migration
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of the reacting metallorganic species within a typical diffu-
sion length of a few microns has been carried out so far with
imaging techniques only2,3,13,14 and limited information is
available on the strain and composition variation caused by
this effect.15,16The long-range diffusion processes alone can-
not properly describe the specifics of the micron-wide ridge
formation in the SAG regime. Below, we present experimen-
tal results for the surface migration effects and strain relax-
ation at the ridge sidewalls obtained with our HRXRD setup.

Cross-section measurements for InGaAlAs-based SAG
structure are shown in Fig. 2. Within the error bars of �T
= ±0.1 nm, the period of MQW �T=19.4 nm� is constant
across the ridge. This HRXRD result is additionally con-
firmed by the measured As-K fluorescence profile and TEM
cross-sectional image �Fig. 2�c��. Thickness uniformity
across the ridge indicates that the surface migration of the
group-III precursors during growth is strong enough to re-
move any excess of the precursor species from the 111-plane
terminated sidewalls and to deliver them to the much faster-
growing 001 top plane. Strain in the MQW part of the struc-
ture �that was measured with accuracy of �S= ±0.02%� de-
creases by 0.20% when the x-ray beam is scanned from the
center part �S=1.15% � to the edge �S=0.95% � of the ridge.
Similar change of the strain was observed for the SCL part of
the same ridge structure �Fig. 2�b��. Since a constant thick-
ness in MOVPE-grown multilayer structures usually indi-
cates a uniform composition for each layer,17 this effect of
the strain decrease should be related to the relaxation of elas-
tic strain at the waveguide sidewalls. The freestanding sur-
face of the ridge terminated by the 111 plane cannot support
the same elastic strain as that in the center of the ridge �S
=1.15% � and it decreases towards the sidewall surfaces at

FIG. 2. �Color online� Cross-section analysis of the InGaAlAs-based MQW
SAG structure. �a� Diffraction intensity map measured for different positions
of the x-ray beam across the ridge. Position of the MQW satellite peaks is
marked with triangles, the “0” peak is marked with stars, and the InP 004
substrate peak position is marked with diamonds. �b� MQW period �solid
squares� and variation of the global strain �solid triangles� across the ridge.
Strain variation in SCL layers is shown with open triangles. �c� Low-
magnification TEM image with the shadow of uniform MQWs across the
ridge.
the rate of about 0.4% /�m.
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The InGaAsP-based sample, however, demonstrates a
significant variation of the MQW period across the ridge
from 22.1 nm in the center to 27.8 nm at the edges �Fig. 3�.
These data agree with the TEM image �Fig. 3�c��, where both
the overgrowth in the InP cap layer and the increase of the
period can be seen. Additional growth enhancement at the
sidewalls of the ridge is well known for phosphorus-based
SAG structures, and is usually explained by insufficient sur-
face migration of group-III precursors during growth.2,3 We
found that the global MQW strain increases at the position of
the overgrowth peaks �S=0.80% � compared to the lower
value in the center of the ridge �S=0.75% �, indicating com-
positional changes as well. Since the group-V element com-
position �As/P� ratio is constant in the SAG growth across
the entire wafer �see Refs. 2 and 3�, then the strain increase
should correspond to changes in the group-III ratio. Thus, the
enhanced incorporation of indium, which is affected more
strongly by the insufficient surface migration, can explain the
additional strain and a thickness increase in the overgrown
regions. The obvious difference compared to Al-based
sample is the presence of phosphorus in the InGaAsP-based
MQW structure. During growth, the strong In–P bonding re-
sults in the accumulation of indium on the 001 plane close to
the sidewalls of the waveguides. Assuming equal contribu-
tions of the surface migration effects to the composition
change of the wells and barriers in our MQW structure, we
estimate that the average indium composition increase be-
tween the center and the overgrown part of the ridge is 0.6%.
Closer to the sidewalls of the ridge, the global MQW strain
relaxes from S=0.80% at the overgrowth peaks to S
=0.65% with a strain gradient of about 0.3% /�m, a value
which is close to that in the Al-based SAG structure, though

FIG. 3. �Color online� Cross-section analysis of the InGaAsP-based MQW
SAG structure. �a�, �b�, and �c� are the same as in Fig. 2. The TEM inset
magnifies the sidewall part of the structure.
Downloaded 20 Mar 2006 to 128.235.242.53. Redistribution subject to
the average strain variation across the entire ridge is less than
in Al-based structure. This result demonstrates that the ex-
cessive incorporation of indium due to insufficient surface
migration can increase the strain at the vicinity of the side-
walls, thus competing with the strain relaxation at the free-
standing surface of the ridges.

In conclusion, we found that cross-section thickness uni-
formity of the Al-based SAG MQWs is superior compared to
that of traditional P-based structures, which is promising for
development of a one-growth-step technology for uncooled
high-density integrated optoelectronic devices. Strain relax-
ation at the sidewalls of the P-based waveguides is sup-
pressed by excessive incorporation of indium, which can be
important for strain manipulation in the regime of nanoepit-
axy of lattice-mismatched materials.
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