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We have studied the effects of substrate misorientation on the growth of strained-layer
Ing.16Ga g AS quantum well laser structures with InGaAsP confinement layers aguC# P
cladding layers lattice matched to a GaAs substrate. Low-temperature photolumine@eence
and atomic force microscogAFM) 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 exactf100 oriented substrates exhibit three-dimensional island surface morphology, whereas
growths on(100 substrates oriented 2° towarf&10] 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 performancel996 American Institute of
Physics[S0003-695(96)03716-0

The aluminum-free InGaAs/InGaAsP/InGaP materialtiple quantum wells are used to reduce carrier leakage, and
system is increasingly important for the fabrication of semi-thus reduce temperature sensitivity? The interface struc-
conductor lasers. The advantages of using the Al-free systetare of InGaAs quantum wells on InGaAsP, integral to these
for laser diodes over the conventional AlGaAs-based matedmproved structures, has however not been studied. In this
rial system are(1) low surface recombinatidrin this mate-  letter, we report on the effects of substrate misorientation on
rial system results in lower facet temperatures in laser dithe growth of strained-layer §ngGagAs quantum wells
odes, permitting reliable operation at high output powés, ~With INo 2dG&.7:AS0 406 (1.62 €V band gapconfinement
higher electricaf, and thermal conductivity of InGaP clad- layers and InGaP cladding layers lattice matched to a GaAs
ding layers results in better total power-conversion efficienSubstrate. Low-temperature PL and AFM provide evidence
cies at high powers, an) novel index-guided structures of a strong dependence of interface structure on the substrate
can be easily fabricated due to the absence of aluminurfrientation, and correlates well with previously observed la-
containing compounds at the regrowth interfAc@ptimiza- ~ S€r diode device pgrformané%.
tion of such devices however requires an understanding of A Schematic diagram of the InGaAs/InGaAsP/InGaP
the nature of quantum wellQW) growth in this material quantum well laser structure is shown in Fig. 1. These struc-
system. Recently, studies relating interface structure to pho%j_retS wiezgg)wn b{ Ioﬁ'pressﬁ {nba) M?CVDflr;ggoc
toluminescencéPL) spectra have been carried out for quan- IXtron A-c4Y reactor at a gro emperature o L
tum well AlGaAs/GaAS strained InGaAs/GaA&Ref. 6 and Trimethylgallium, trimethylindium, arsine, and phosphine
InGaAs/InP(Ref. 7 structures. Interface studies by atomic
force microscopy(AFM) on MOVPE-grown(In,Ga)(As,P) p-GaAs
materials, have mainly focused on growth mechanisms; few

studies have correlated interface structure with device perfor- p:InGaP 1.5um
mance. Furthermore, the interfacial structure of strained- GaAdD 000 A
nUaAs o
layer InGaAs/InGaAsP QW structures has not been reported. 70 s?& If_’o.zgaoaf*s
. aInes
Al-free lasers with GaAs or low-band-gap InGaAsP con- InGaAsP 1000 &
finement layers exhibit strong carrier leakage from the
InGaAs QW to the optical confinement layers, resulting in a n:InGaP 1.5pm
strong temperature dependence of both threshold current and
. . .. _10 L . n:GaAs Buffer Layer
differential quantum efficienc$-'° To minimize this prob-
lem, higher band-gap InGaAsP confinement layers and mul- Substrate n-type GaAs (100) ~——»
or 20 off towards [110] Energy (eV)
dElectronic mail: mawst@engr.wisc.edu FIG. 1. Schematic cross section through laser structure.
2240 Appl. Phys. Lett. 68 (16), 15 April 1996 0003-6951/96/68(16)/2240/3/$10.00 © 1996 American Institute of Physics

Downloaded-14-Feb-2007-t0-128.104.198.71.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://apl.aip.org/apl/copyright.jsp



(V)

8.3 meV|

PL Intensity (arb. units)

9300 7800
Wavelength (Angstroms)

b
FIG. 2. 12 K photoluminescence spectra from an InGaAs/InGaAsP MQW (b)

structure grown on substrates exébd0) and 2°-off towardg110].

were used as precursors in g Earrier-gas flow. The V/III
ratios for the growth of InGaP, InGaAsP, and InGaAs layers
were 200, 130, and 100, respectively. The growth rates, ol 3. AFM micrographs of(a) the GaAs buffer layer andb) the
tained from TEM micrographs, were 1m/h, 55 nm/min,  n:InGaP cladding layer grown on substrates exa60) and 2°-off towards
and 15 nm/min for InGaP, InGaAsP, and InGaAs layers[110.

respectively, with the InGaP and InGaAsP layers having a

strate. The-type GaAs substrates were “epiready,” with no process is not expected to significantly alter the surface mor-
additional cleaning performed prior to growth. The interruptpho|ogy_ From these images, the evolution of the interface
times for switching between layers in the quantum wellsyorphology during the growth of the laser structure can be
were optimized to 2.5 s for the highest PL intensity. Thegiscerned. The surface features of a given layer are depen-
AFM observations were made in air at room temperature. dent on the layer composition, as well as the cumulative
The effect of substrate misorientation on the shape, inroyghness introduced by the underlying layers, and the sub-
tensity, and linewidth of the PL spectra at 12 K from quan-girate misorientation. The surfaces of the GaAs buffer layer
Fum well thickne_ss ranging from 0.5 to 6 nm has been stud[Fig_ 3(@] and the lower InGaP cladding laygfig. 3(b)] are
ied. Cross-sectional TEM measurements are used t§moother on the on-orientation substrates. The InGaP layer
determine QW thickness. We have earlier repditemh the  shows a terrace-type structure similar to that reported
substrate dependence of the 12 K PL spectra from a Si”9|§reviously,15 with the terrace heights being higher on the
InGaAs QW. Sharp multiplet emission, with a FWHM of 2°_off supstrate. The surface roughness increases remarkably
6-10 meV, is observed from exactlyl00 substrates after the growth of the 100 nm quaternary confinement layer
whereas signals from misoriented substra®’s 6°, 10° off  anq the features on the InGaAs quantum well surface are
towards[110]) are weaker, much broader, and shifted tOmarkedly different for the 0°- and 2°-off samples. AFM im-
lower energies. Figure 2 shows PL from a multiquantumages of the confinement and quantum-well surfaces are
well structure with 5 InGaAs wells. Narrow multiple-peak shown in Fig. 4. Typical linescans through these images in

emission from the individual wells can be discerned onlyine direction of the terraces are shown in Fig. 5. In both cases
from the exact(100 substrate, whereas only a broad single

peak is seen from the 2°-misoriented substrate. The multiple
emission peaks observed here for on-orientation substrate 0° - off 2° - off
growths are similar to features previously observed in the PL
emission from InGaAs quantum wells on InP substrates.
These spectral features have been attributed to a distributior
in the variation in the quantum wells thicknéésyith the PL (@)
line shape being dependent on the length scale over which
wellwidth fluctuations occur when compared to an excitonic
diameter.

A series of samples were grown qi00 substrates,
both exact, and 2°-misoriented towarflkl0], stopping at
different layers in the laser structure in order to investigate
the interfacial structure of the quantum-well laser material. (b)
AFM measurements were obtained for each of the surfaces
that would represent interfaces during growth. Images of the
surfaces of the epiready substrates, GaAs buffer layer, InGaF

lower Claddmg’ InGaAsP lower confinement, InGaAs quan_FIG. 4. AFM micrographs of théa) InGaAs strained quantum well arid)

tum well, uppgr-confingment, anq upper-cladding |ay_er§he lower InGaAsP confinement layer grown on substrates €%86 and
were thus obtained. While these micrographs were obtainegk-off towards[110].
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74 over the 20-55 °C temperature range for lasers grown on
2°-off substrates is almost twice that of those grown on exact
substrate$® The characteristic temperature coefficients for
both threshold T,) and differential quantum efficiency
o o (T,) are higher for devices grown on exd®00 substrates,
j ’ e A AS which can be related to the interface morphology of the
quantum-well active region. While the exact mechanism is
not fully understood, the roughness of the QW interface on
FIG. 5. Line scans through the AFM micrographs of Fig(a} InGaAs  the misoriented substrate leads to an increased carrier leak-
_strained_ quantum well an) the lower InGaAsP confinement layer, taken age from the quantum well into the confinement layers, re-
in the direction of the terraces. sulting in a lowering of the efficiency and increased thresh-
old current with increasing temperature.
the interfacial roughness and structure is determined during These studies have therefore directly shown that the per-
the growth of the InGaAsP layer, the InGaAs quantum-wellformance of the Al-free laser structures is a strong function
layer reproduces this underlying morphology. Large threeof the interfacial morphology resulting from a given sub-
dimensional island formation is observed for the InGaAspstrate misorientation. Previous interpretation of PL spectra
layer on the exact100) substrate; the subsequent InGaAsfrom QW structures based on a simple planar interface ap-
quantum-well layer grows conformally over structured sur-pears inadequate, and a detailed structural analysis, such as
face. The islands themselves are a few microns in laterdrovided here, is necessary to understand device perfor-
extent and are locally smooth. The 2°-off samples possessf@ance. The morphology of the active region is primarily
much rougher surface and hence interfaces. While the rm@etermined by the morphology of the InGaAsP confinement
value of roughness of the InGaAs surface for both substratiyer, which is in turn impacted by substrate misorientation.
orientations is approximately the sar®6 nm), the 2°-off ~ Further improvements in the performance of these structures
samples differ significantly in the lateral length scale of theshould be directly related to the growth conditions which can
roughness, which is only 0.2—0am. yield a planar morphology to the active region. The origin of
The AFM measurements presented here allow for a dithe change in growth behavior, from a predominantly planar
rect correlation between the observed PL measurements af@yer-by-layer growth, to an island or hillock structure, may
the interfacial structure of the heterointerfaces. Multiple PLPe related to the proximity of the confinement-layer
peaks have been previously attributetb the presence of InGaAsP composition to the miscibility gap boundary in this
large smooth areas, that have lateral thickness variation®aterial system. Optimization of these structures can there-
larger than the excitonic diameter. Broad PL peaks havéore be carried out, in part, by the careful monitoring of the
similarly been attributed to the presence of a substantidnterface morphology of the active region.
variation in QW thickness over an excitonic diameter. Our
micrographs would indicate that the PL obtained from QW 1; . olison, R. k. Ahrenkiel, D. J. Dunlavy, B. Keyes, and A. E. Kibbler,
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