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High-quality InAs ,P;_, step-graded buffer by molecular-beam epitaxy
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Relaxed, high-quality, compositionally step-graded lffAs layers with an As composition of
y=0.4, corresponding to a lattice mismatch ofL.3% were grown on InP substrates using
solid-source molecular-beam epitaxy. Each layer was found to be nearly fully relaxed observed by
triple axis x-ray diffraction, and plan-view transmission electron microscopy revealed an average
threading dislocations of ¥10° cm™? within the InAs, Py cap layer. Extremely ordered
crosshatch morphology was observed with very low surface roughBes8 nm compared to
cation-based lgAlsAs/InAl, _,As/InP graded buffer§10.53 nm with similar mismatch and

span of lattice constants on InP. The results show that JPAs graded buffers on InP are
promising candidates as virtual substrates for infrared and high-speed metamorphic IlI-V devices.
© 2003 American Institute of Physic§DOI: 10.1063/1.1572476

InAs,P; _, alloys are of interest for both infrared opto- is particularly advantageous for solid-source molecular-beam
electronic and high-speed electronic device applications duepitaxy(MBE) growth since optimizing the group-Ill fluence
to their wide range of band-gap energies from 0.36 eV towith respect to both composition and growth rate is ex-
1.35 eV and the large band offset energies possibly usingemely time consuming and would require substantial
InAs,P; _, /In,Ga _,As heterostructures grown on 3= growth interruptions that may compromise interface quality.
InAs P, _, alloys are also of interest for compositionally In this letter, we report the growth of high-quality relaxed
graded buffer applications, where the span of lattice contnAsP,_, step-graded buffers by solid-source MBE that
stants between InP and InAs provides the opportunity foshow great promise for virtual substrates applications.
generating “virtual substrates” on InP to support a wide va-  InAs,P;_, compositionally step-gradef@our step$ lay-
riety of lattice-mismatched devices based opQa _,As, ers with As mole fractiongy) from 0.05 to 0.40 were grown
In,Al;_yAs, and InAsP,_,. This is currently being ex- on (100 semi-insulating InP substrates using solid-source
plored for thermophotovoltaidTPV) devices based on MBE equipped with valved cracker sources for arsenic and
In,Ga _,As, where the band gaps required for optimal TPVphosphorus. Substrate oxide desorption was done at 510 °C
system conversion efficiencies in the range of 0.5-0.6 e\under a phosphorus overpressure~af X 10~ ° Torr, which
necessitate lGa,_,As compositions X=0.69-0.81) that was confirmed by the observation of a strong<@) reflec-
generate a significant lattice mismatch with respect to the InBlon high-energy electron diffractiofRHEED) pattern, in-
substraté=’ The use of an aniofgroup-V)-based alloy, such dicative of a cleaf100) InP surface. An initial 0.2xm thick
as InAgP, _, for compositionally graded buffers, compared undoped InP buffer layer was then deposited to generate a
with more common graded buffer alloy choices, such asmooth surface at485 °C under a stabilized,Flux prior to
InyGa; - xAs and IRAl; _,As, which can also bridge the lat- the growth of InAsP,_, step-graded buffers. After InP
tice constant mismatch between active device layers and thgrowth, the R flux was reduced to the required value for the
InP substrate, offers a potential advantage since control dhAs,P,_, growth and the As valve was opened before in-
the growth rate(indium flux) is decoupled from control of troducing In into the growth chamber. The exposure time of
the layer compositioriAs:P flux ratig. The addition of the As on the InP surface was minimized in order to avoid the
group-V sublattice, as an independently controlled variableformation of an InAsP interlayer due to As—P exchange on
has the effect of widening the parameter space for the growtthe InP surfac&?® For all InAs,P; _, layers, the growth rate
of such graded buffers that is otherwise constrained for catwas 0.75 monolayers/s, as determined by RHEED intensity
ion (group-lil)-based graded buffers where growth rates andscillations at a constant substrate temperature of 485°C
compositions are both dictated by the group-IIl sources. Thigontrolled by a pyrometer-based feedback control system.
The first three undoped step-graded layers were each grown

aAuthor to whom correspondence should be addressed: electronic maif® a thickness of 0.4m, fOHO_Wed by a 1.7um thick n-type
ringel@ee.eng.ohio-state.edu (Si-doped InAs, 4Py s layer withn~3x 10 cm™2 for char-
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FIG. 1. Cross-sectional TEM image of InA#, ¢ structure grown ori100)
InP substrate using Inf®, _, step-graded buffers. —
% 1o 72 ' 30 48 so &4 70
acterization purposes. The total mismatch between the cap Q, (x10%rlu)
layer and the InP substrate is1.3%.
Figure 1 shows a cross-sectional transmission electron o )

microscopy (XTEM) image of a typical InAgPye/ s28- (b)
InAs,P, _,/InP step-graded buffer structure. The composi-
tions shown in Fig. 1 were determined using triple axis x-ray 5260-
diffraction (described beloyv The image of Fig. 1 shows a
high contrast at the graded buffer layer interfaces due to 240

misfit dislocations with no threading dislocatioEDs) ob-
servable in the 1.7um thick InAg 4Py Cap layer using
XTEM. Hence, to accurately quantify the dislocation density,
plan-view transmission electron microscopyEM) mea-
surements were performed, the results of which are shown in
Fig. 2. By considering several fields of view, the average TD
density(TDD) in the relaxed InAg4P; ¢ cap was found to be
4x10° cm 2. It should be noted that both etch pit density
(EPD measurements using AgN@CrO;:HF:H,O (A-B
etch and electron-beam-induced current measurements on
InGaAs p-n junctions grown on the InAsP buffer were also -
performed. These measurements revealed matching values of Relaxation line
~1x10° cm™ 2 for EPD and dark spot density, respectively,
in substantial disagreement with the plan-view TEM results
and significantly underestimating the true TDD value. This Q, x10*rlu)
exemplifies the general difficulty in quantifying TDD values . ) .
in high-quality relaxed buffers. 7 St 004 ana 0 ssymmeviizzd recprocal sace
The relaxation state of the IngB, , graded buffer InAs,P; _, layer, showing that all of the layers are almost fully relax@d.
structure was evaluated using high-resolution triple axisoordinates are linked to the lattice parameter parallel to the layer plane
x-ray diffraction measurements. Figure 3 shows reciprocafy Q«=2\(,2a)), Q, coordinates are linked to the lattice parameter per-

. pendicular to the layer plareg by Q,=2N/a, . Q, andQ, are expressed in
space mapeRSMS for the (004 and(224) reflections. From terms of reciprocal lattice units. Herg,is the x-ray wavelength.
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the RSM in Fig. 8a), the diffraction intensity maximum for
each layer in the buffer is almost centered on the substrate
reciprocal lattice poinfalong the vertical line drawn here
indicating minimum lattice tilt with respect to the substrate.
For the asymmetri€224) reflection in Fig. 8b), the intensity
contours corresponding to the step-graded buffer and the fi-
nal 1.7 um layer makes an angle ef32° with respect to the
substrate reciprocal lattice intensity contours indicating that
the material is almost fully relaxed, since the angle between
(004) and(224) is ~35°. To further quantify the relaxation of
each layer, the lattice parameters in the growth pneand

in the growth directiona, , were determined. The relaxed
FIG. 2. Plan-view TEM micrograph of InAgP, layer grown on step- lattice constant,.-and the relaxatiorRR of the layers were

graded InAgP; _, buffers. evaluated using
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21.61nm same total misfit(1.2%) over the identical range of lattice
constants, was found to be greater than 80% relaxed with a
TDD less than 10cm™ 2. A detailed investigation comparing
the structural properties of these buffers is beyond the scope
of this letter and is the subject of a separate publicatfon.
Nevertheless, it is clear that the InAsP buffer results in much
more ordered crosshatch and a far less granular background
superimposed over the crosshatch. Analyzing the AFM data
reveals a rms roughness that is more than three times lower,
3.16 nm, for the InAsP graded buffer as opposed to more
than 10.53 nm for the graded InAlAs structure. The peak-to-
peak roughness difference is even more dramatic due to the
poor uniformity for the InAlAs structure. The vastly im
proved surface morphology for the InAsP graded buffer is
believed to be due to advantages of grading the mole fraction
of the group-V sublattice, which neither influence growth
rate nor require temperature changes for MBE growth, hence
providing an extra degree of freedom compared to grading
on the group-lll sublattice. Detailed investigations on this
comparison and reporting of device performance as a func-
tion of graded buffer type are the subjects of forthcoming
publications.

In conclusion, relaxed high-quality compositionally step-
graded InAgP, _, layers with As compositions of=0.4,
corresponding to a lattice mismatch ef1.3% were grown
on InP substrates using solid-source MBE. Plan-view TEM
FIG. 4. AFM images from the surface ) InAsy 4P layer grown on InP revealed an average TDD ofx410° cm 2. An extremely
substrate using a four-step In#%_, layer and(b) IngAloAs layer grown —— orqered crosshatch morphology was observed with very low
on InP substrate using a five-stegAh, _,As layer. The scan area and the .
rms roughness were 40mx 40 xm 3.16 nm, and 10.53 nm, respectively. Surface roughness compared to cation-based graded buffers
Total mismatch is 1.2% and layers are more than 80% relaxed. with a similar mismatch on InP. Hence, MBE-grown
InAs,P; _, step-graded buffers hold great promise as a vir-
tual substrate technology for InP-based infrared devices.
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