
Interface structures of InGaAs/InGaAsP/InGaP quantum well laser diodes
grown by metalorganic chemical vapor deposition on GaAs
substrates

A. Bhattacharya and L. J. Mawsta)
Reed Center for Photonics, Department of Electrical Engineering, University of Wisconsin-Madison,
Madison, Wisconsin 53706

S. Nayak
Materials Science Program, University of Wisconsin-Madison, Madison, Wisconsin 53706

J. Li and T. F. Kuech
Department of Chemical Engineering, University of Wisconsin-Madison, Madison, Wisconsin 53706

~Received 27 October 1995; accepted for publication 12 February 1996!

We have studied the effects of substrate misorientation on the growth of strained-layer
In0.18Ga0.82As quantum well laser structures with InGaAsP confinement layers and In0.5Ga0.5P
cladding layers lattice matched to a GaAs substrate. Low-temperature photoluminescence~PL!
and atomic force microscopy~AFM! provide evidence of a strong substrate-orientation dependence
of the interface structure. The surface morphology of the InGaAs quantum well is found to
be determined primarily by the underlying InGaAsP confinement layer. Structures grown
on exact-~100! oriented substrates exhibit three-dimensional island surface morphology, whereas
growths on~100! substrates oriented 2° towards@110# exhibit high surface roughness, possibly
due to step bunching. These observations correlate well with previously reported device
performance from strained quantum well laser diodes in the InGaAs/InGaAsP/InGaP material
system, and can serve as a tool to optimize device performance. ©1996 American Institute of
Physics.@S0003-6951~96!03716-0#
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The aluminum-free InGaAs/InGaAsP/InGaP materi
system is increasingly important for the fabrication of sem
conductor lasers. The advantages of using the Al-free sys
for laser diodes over the conventional AlGaAs-based ma
rial system are:~1! low surface recombination1 in this mate-
rial system results in lower facet temperatures in laser
odes, permitting reliable operation at high output powers,~2!
higher electrical,2 and thermal3 conductivity of InGaP clad-
ding layers results in better total power-conversion efficie
cies at high powers, and~3! novel index-guided structures
can be easily fabricated due to the absence of alumin
containing compounds at the regrowth interface.4 Optimiza-
tion of such devices however requires an understanding
the nature of quantum well~QW! growth in this material
system. Recently, studies relating interface structure to p
toluminescence~PL! spectra have been carried out for qua
tum well AlGaAs/GaAs,5 strained InGaAs/GaAs~Ref. 6! and
InGaAs/InP~Ref. 7! structures. Interface studies by atom
force microscopy~AFM! on MOVPE-grown~In,Ga!~As,P!
materials, have mainly focused on growth mechanisms; f
studies have correlated interface structure with device per
mance. Furthermore, the interfacial structure of straine
layer InGaAs/InGaAsP QW structures has not been report

Al-free lasers with GaAs or low-band-gap InGaAsP co
finement layers exhibit strong carrier leakage from th
InGaAs QW to the optical confinement layers, resulting in
strong temperature dependence of both threshold current
differential quantum efficiency.8–10 To minimize this prob-
lem, higher band-gap InGaAsP confinement layers and m
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tiple quantum wells are used to reduce carrier leakage, a
thus reduce temperature sensitivity.9–12 The interface struc-
ture of InGaAs quantum wells on InGaAsP, integral to the
improved structures, has however not been studied. In t
letter, we report on the effects of substrate misorientation
the growth of strained-layer In0.18Ga0.82As quantum wells
with In0.29Ga0.71As0.4P0.6 ~1.62 eV band gap! confinement
layers and InGaP cladding layers lattice matched to a Ga
substrate. Low-temperature PL and AFM provide eviden
of a strong dependence of interface structure on the subst
orientation, and correlates well with previously observed l
ser diode device performance.12

A schematic diagram of the InGaAs/InGaAsP/InGa
quantum well laser structure is shown in Fig. 1. These stru
tures were grown by low-pressure~50 mbar! MOCVD in an
Aixtron A-200 reactor at a growth temperature of 700 °C
Trimethylgallium, trimethylindium, arsine, and phosphin

FIG. 1. Schematic cross section through laser structure.
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were used as precursors in a H2 carrier-gas flow. The V/III
ratios for the growth of InGaP, InGaAsP, and InGaAs laye
were 200, 130, and 100, respectively. The growth rates,
tained from TEM micrographs, were 1.5mm/h, 55 nm/min,
and 15 nm/min for InGaP, InGaAsP, and InGaAs laye
respectively, with the InGaP and InGaAsP layers having
lattice mismatchDa/a,0.001 with respect to the GaAs sub
strate. Then-type GaAs substrates were ‘‘epiready,’’ with n
additional cleaning performed prior to growth. The interru
times for switching between layers in the quantum we
were optimized to 2.5 s for the highest PL intensity. T
AFM observations were made in air at room temperature

The effect of substrate misorientation on the shape,
tensity, and linewidth of the PL spectra at 12 K from qua
tum well thickness ranging from 0.5 to 6 nm has been st
ied. Cross-sectional TEM measurements are used
determine QW thickness. We have earlier reported13 on the
substrate dependence of the 12 K PL spectra from a sin
InGaAs QW. Sharp multiplet emission, with a FWHM o
6–10 meV, is observed from exactly~100! substrates
whereas signals from misoriented substrates~2°, 6°, 10° off
towards @110#! are weaker, much broader, and shifted
lower energies. Figure 2 shows PL from a multiquantu
well structure with 5 InGaAs wells. Narrow multiple-pea
emission from the individual wells can be discerned on
from the exact~100! substrate, whereas only a broad sing
peak is seen from the 2°-misoriented substrate. The mult
emission peaks observed here for on-orientation subst
growths are similar to features previously observed in the
emission from InGaAs quantum wells on InP substrat
These spectral features have been attributed to a distribu
in the variation in the quantum wells thickness,14 with the PL
line shape being dependent on the length scale over w
wellwidth fluctuations occur when compared to an exciton
diameter.

A series of samples were grown on~100! substrates,
both exact, and 2°-misoriented towards@110#, stopping at
different layers in the laser structure in order to investig
the interfacial structure of the quantum-well laser mater
AFM measurements were obtained for each of the surfa
that would represent interfaces during growth. Images of
surfaces of the epiready substrates, GaAs buffer layer, InG
lower cladding, InGaAsP lower confinement, InGaAs qua
tum well, upper-confinement, and upper-cladding lay
were thus obtained. While these micrographs were obtai

FIG. 2. 12 K photoluminescence spectra from an InGaAs/InGaAsP MQ
structure grown on substrates exact~100! and 2°-off towards@110#.
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after cooling in a stabilizing growth ambient, the coolin
process is not expected to significantly alter the surface m
phology. From these images, the evolution of the interfa
morphology during the growth of the laser structure can
discerned. The surface features of a given layer are dep
dent on the layer composition, as well as the cumulati
roughness introduced by the underlying layers, and the s
strate misorientation. The surfaces of the GaAs buffer lay
@Fig. 3~a!# and the lower InGaP cladding layer@Fig. 3~b!# are
smoother on the on-orientation substrates. The InGaP la
shows a terrace-type structure similar to that report
previously,15 with the terrace heights being higher on th
2°-off substrate. The surface roughness increases remark
after the growth of the 100 nm quaternary confinement lay
and the features on the InGaAs quantum well surface
markedly different for the 0°- and 2°-off samples. AFM im
ages of the confinement and quantum-well surfaces
shown in Fig. 4. Typical linescans through these images
the direction of the terraces are shown in Fig. 5. In both cas

W

FIG. 3. AFM micrographs of~a! the GaAs buffer layer and~b! the
n:InGaP cladding layer grown on substrates exact~100! and 2°-off towards
@110#.

FIG. 4. AFM micrographs of the~a! InGaAs strained quantum well and~b!
the lower InGaAsP confinement layer grown on substrates exact~100! and
2°-off towards@110#.
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the interfacial roughness and structure is determined du
the growth of the InGaAsP layer, the InGaAs quantum-w
layer reproduces this underlying morphology. Large thr
dimensional island formation is observed for the InGaA
layer on the exact~100! substrate; the subsequent InGaA
quantum-well layer grows conformally over structured su
face. The islands themselves are a few microns in lat
extent and are locally smooth. The 2°-off samples posse
much rougher surface and hence interfaces. While the
value of roughness of the InGaAs surface for both subst
orientations is approximately the same~4.6 nm!, the 2°-off
samples differ significantly in the lateral length scale of t
roughness, which is only 0.2–0.3mm.

The AFM measurements presented here allow for a
rect correlation between the observed PL measurements
the interfacial structure of the heterointerfaces. Multiple
peaks have been previously attributed14 to the presence of
large smooth areas, that have lateral thickness variat
larger than the excitonic diameter. Broad PL peaks h
similarly been attributed to the presence of a substan
variation in QW thickness over an excitonic diameter. O
micrographs would indicate that the PL obtained from Q
layers grown on exact~100! substrates should arise from th
large flat plateaus found in Fig. 4. The spatial extent of th
islands are typically'2 mm, which is large compared to a
excitonic diameter. Multiple peaks arise from the slig
variation in well thickness between the individual island r
gions. The roughness observed on the QW interfaces on
2°-off substrates is on a much finer scale with no regio
clearly exhibiting a planar morphology. This rougher mo
phology results in a greater variation in the local enviro
ment of the exciton and hence the luminescence repres
an average of the wellwidths sampled, leading to a broa
integrated signal. This broadening of PL linewidth from m
oriented substrates has also been observed for InGaAs/G
quantum wells6 and has been attributed to step bunching d
ing the growth on InGaAs on vicinal substrates.

Lasers grown on 2°-off substrates have been found
show an increased temperature sensitivity of the thresh
current and differential quantum efficiency (hd) when com-
pared with those grown on exact~100! substrates.13 For ex-
ample, for 500-mm-long devices, the relative decrease

FIG. 5. Line scans through the AFM micrographs of Fig. 4~a! InGaAs
strained quantum well and~b! the lower InGaAsP confinement layer, take
in the direction of the terraces.
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hd over the 20–55 °C temperature range for lasers grown
2°-off substrates is almost twice that of those grown on exa
substrates.13 The characteristic temperature coefficients fo
both threshold (T0) and differential quantum efficiency
(T1) are higher for devices grown on exact~100! substrates,
which can be related to the interface morphology of th
quantum-well active region. While the exact mechanism
not fully understood, the roughness of the QW interface o
the misoriented substrate leads to an increased carrier le
age from the quantum well into the confinement layers, re
sulting in a lowering of the efficiency and increased thresh
old current with increasing temperature.

These studies have therefore directly shown that the pe
formance of the Al-free laser structures is a strong functio
of the interfacial morphology resulting from a given sub
strate misorientation. Previous interpretation of PL spect
from QW structures based on a simple planar interface a
pears inadequate, and a detailed structural analysis, such
provided here, is necessary to understand device perf
mance. The morphology of the active region is primarily
determined by the morphology of the InGaAsP confineme
layer, which is in turn impacted by substrate misorientation
Further improvements in the performance of these structur
should be directly related to the growth conditions which ca
yield a planar morphology to the active region. The origin o
the change in growth behavior, from a predominantly plana
layer-by-layer growth, to an island or hillock structure, ma
be related to the proximity of the confinement-laye
InGaAsP composition to the miscibility gap boundary in thi
material system. Optimization of these structures can ther
fore be carried out, in part, by the careful monitoring of th
interface morphology of the active region.
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