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Material properties of several lattice-mismatched InxGa12xAs/InAsyP12y ~0.66,x,0.84,
0.29,y,0.66! alloys grown on InP substrates are investigated. The lattice constants and
compositions were measured using x-ray diffraction and electron probe microanalysis.
Photoluminescence, white light transmission, and detector cutoff wavelengths were used to
determine the band gap of InxGa12xAs as a function of In concentrationx. The three methods agree
to within 3%. The quality of the grown layers was also investigated using these techniques, in
addition to cross-section transmission electron microscopy and Nomarsky optical microscopy. The
dependence of the experimental measurements of band gap and lattice constant on material
composition, measured by electron probe microanalysis, was compared against theoretical values.
© 1996 American Institute of Physics.@S0021-8979~96!01823-3#
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I. INTRODUCTION

Lasers and detectors that operate at wavelengths
tween 2 and 3mm have numerous applications in gas sen
ing, lidar, windshear detection, spectroscopy, night visio
thermal imaging, etc.1 Of the many different materials used
for optoelectronic devices that operate at these waveleng
~e.g. HgCdTe, InSb, PtSi, etc.!, InxGa12xAs has demon-
strated the highest performance and reliability.1 InGaAs
p- i -n detector arrays that operate at these wavelengths ha
widely been reported,2–4 and recently an InGaAs avalanche
photodiode with 2.1mm cutoff wavelength has been
demonstrated.5 Lasers that operate at these wavelengths ha
also been reported.6

The biggest challenge for these devices is that in order
obtain InxGa12xAs with a narrow band gap suitable for mak-
ing devices that operate at wavelengths greater than 1.7mm,
the indium concentrationx has to be greater than 0.53. This
increases the lattice parameter of InxGa12xAs, thereby creat-
ing a lattice mismatch to the InP substrate. Growing mis
matched material induces a high density of misfit disloca
tions at the material interface which act as recombinatio
centers,7 therefore degrading the performance of the opto
electronic devices. The most common means to deal w
this problem is to grow InAsyP12y buffer layers between the
InP substrate and the InxGa12xAs ~x.0.53! active layer.3 In
this scheme, the arsenic concentration in the buffer layery is
chosen such that the lattice parameter of InAsyP12y is iden-
tical to that of the adjacent InxGa12xAs layer. In this way,
the misfit dislocations are confined at the InP–InAsyP12y

interface, and hence are located far from the activ
InxGa12xAs–InAsyP12y heterojunction, which ideally is lat-

a!Electronic mail: forrest@ee.princeton.edu
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tice matched. The InAsyP12y buffer layers are often step
graded, where the arsenic concentration is gradually
creased in small increments~0.05–0.1! from InP to the ap-
propriate composition of InAsyP12y.

1 Buffer layers contain-
ing strained superlattices of InAsyP12y have also been
employed.4

Even though these buffering schemes have been succ
ful in decreasing the number of dislocations on the acti
InxGa12xAs layers, to our knowledge there has not yet bee
a comprehensive study of the quality of the grown layer
Accurate information regarding the relationship between la
tice constant and material composition of both InAsyP12y

and InxGa12xAs is needed to design and grow these mi
matched structures with appropriate strain. Also, the ba
gap of InxGa12xAs versus indium concentration must be es
tablished in order to make detectors and lasers with the
sired wavelength response. Moon, Antypas, and James8 pro-
posed an empirical relationship for all compositions o
InxGa12xAsyP12y based on parameters obtained from bu
materials. However, there has not been a comprehens
comparison of Moon and co-workers’ formula against e
perimental data for lattice-mismatched materials grown
InP substrates. In this article we study the quality of th
InxGa12xAs layers using various experimental technique
and also test the validity of Moon and co-workers formul
against the experimental values of lattice constant and ba
gap obtained from different compositional structures
lattice-mismatched InAsyP12y and InxGa12xAs grown on
InP substrates. We confirm that most of the misfit disloc
tions are indeed contained within the InAsyP12y buffer lay-
ers, thus enabling the growth of InxGa12xAs layers with a
relatively small density of dislocations. Also, a more accu
rate relationship of lattice constant and band gap versus m
terial composition is suggested.
6229/6229/6/$10.00 © 1996 American Institute of Physics
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FIG. 1. Schematic cross-section diagram of the material structure of a typical sample.
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II. EPITAXIAL GROWTH AND MATERIALS
CHARACTERIZATION

A schematic diagram of the material structure of a typ
cal sample used in these studies is shown in Fig. 1. On an1

~331018 cm23! ~100! InP substrate, a series of 1-mm-thick,
step-graded, undoped buffer layers of InAsyP12y is grown
with a 5% incremental increase of arsenic concentration b
tween subsequent layers, with the stack progressing from
to the final composition of InAsyP12y. The valuey of the
final InAsyP12y buffer layer was varied from 0.3 to 0.6
among six different samples. Next, a 3-mm-thick,
InxGa12xAs active layer with lattice constant matched to th
InAsyP12y directly underneath is grown. The structure wa
capped with a 1-mm-thick lattice-matched InAsyP12y layer.
All grown layers were undoped, with a background free ele
tron concentration ofn,331015 cm23. The material was
grown by chloride vapor phase epitaxy~VPE!.9 In this
method, HCl gas carries the indium/gallium source meta
into the hot zone of the horizontal gas reactor at 850–900 °
thus forming metal chlorides. Then AsCl3 and/or PCl3 are
combined in a mixing zone, followed by growth on the sub
strate maintained at;700 °C. Growth rates can exceed 2
mm/h, and have been extensively used to produce detec
that operate in the wavelengths between 1 and 2mm.1

The step grading buffer scheme has been chosen to m
mize the number of dislocations in the InxGa12xAs layer.
The strain@defined ase5~ass2aepi!/ass, whereass andaepi
are lattice constants of the substrate and the grown laye
respectively# is chosen to be around 0.16% for each comp
sitional grading step. It has been shown that in III–V mat
rials, misfit dislocations begin to form fore.1024, but for
Phys., Vol. 80, No. 11, 1 December 1996
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lattice-mismatched steps with strain less than one perce
the dislocations are confined to within 3000 Å of the inte
face, thus enabling the growth of ‘‘dislocation-free’’ layers.7

For strains much larger than 1%, dense arrays of thread
dislocations which propagate along the growth direction c
be observed.9 Continuously graded samples also have disl
cations that propagate continuously along the growth dire
tion. This type of dislocation bends over at an abrupt com
positional step,7,9 suggesting that the step grading techniqu
can minimize the number of defects in the InxGa12xAs ac-
tive layer.

Figure 2 shows an optical micrograph and profile of th
surface of the grown wafer. The top surfaces of the materi
were cross hatched, suggesting the existence of misfit dis
cations. This cross hatching, however, does not necessa
mean that dislocations extend to the top layer, and has b
observed even in samples where the misfit dislocations
confined to the first 3000 Å of a 125-mm-thick VPE-grown
layer where no dislocations can be observed near the top
the epitaxial layer.7 Dislocations at the first interface will
affect the initial surface and this ‘‘disturbance’’ propagate
as subsequent layers are grown, resulting in the rough s
face morphology observed. The surface scan profile sho
that the thickness variations are less than 3000 Å for a d
tance of 1000mm across the surface of the wafer, and th
root-mean-square roughness was calculated to be 800
There was no significant difference in surface morpholog
between different samples.

Figure 3 shows cross-section transmission electron m
crographs~TEM! of the InxGa12xAs/InAsyP12y interfaces.
The InP/InAsyP12y heterojunction is shown in Fig. 3~a!. A
Kim et al.



FIG. 2. Optical micrograph and surface profile of a typical sample.
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large number of misfit dislocations can be observed at t
InP/InAsyP12y interface layer, but most of the dislocation
are confined to within 3000 Å of the junction. On the othe
hand, as shown in Fig. 3~b!, no dislocations can be observe
near the InAsyP12y/InxGa12xAs heterojunction. This demon-
strates that the buffering scheme can indeed enable
growth of InxGa12xAs layers lattice mismatched to the InP
substrates with very few dislocations. This is consistent w
earlier studies of other mismatched III–V materials.9

The compositions of the InAsyP12y and InxGa12xAs lay-
ers were determined using electron-beam microanalysis
rected along a bevel tapered at 1° from the wafer surface
JEOL 733 electron microbeam prober was used for wav
length dispersive spectroscopy, and the data were analy
using TencorTASK software. The data were normalized s
that the partial compositions~e.g., the concentration of As
and P in InAsyP12y! sum to one. The data were taken from
two different regions of every wafer, and then averaged. F
all wafers, the variation in composition from the differen
locations was less than 0.5%.

The lattice parameter was measured via x-ray diffracti
with a Siemens B-5 x-ray diffractometer using the CuKa
line ~l51.540 598 1 Å!. Figure 4 shows a scan of the~400!
peaks of the In0.83Ga0.17As/InAs0.66P0.34 sample. The peaks
J. Appl. Phys., Vol. 80, No. 11, 1 December 1996
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FIG. 3. Cross-sectional TEM micrograph of VPE-grown InxGa12xAs/
InAsyP12y samples.~a! The InP/InAsyP12y heterojunction. A large number
of dislocations can be observed, but they are confined to first 3000 Å of
InAsyP12y layer. ~b! The InAsyP12y/InxGa12xAs junction. No dislocations
can be observed.
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were matched to the appropriate layers by comparing t
~400! peaks to a~440! Berg–Barrett scan10 which probes
mostly the top InAsyP12y layer. Thus, in Fig. 4, the lattice
constants of In0.83Ga0.17As and InAs0.66P0.34 are measured to
bea055.994 and 6.000 Å, respectively. This suggests exi
ence of strain between these two layers, but any effect
residual elastic strain in the layers is small, and hence
neglected. The sharpness of the peaks demonstrates g
crystallinity of these layers, but quantitative analysis of th
peak width is limited due to the resolution of the single cry
tal x-ray source used.

Three different methods were used to determine the ba
gap of the InxGa12xAs layer. First, the wavelength-
dependent photoluminescence~PL! was done using al5514
nm Ar ion laser. The penetration depth of the laser beam in
the InAsyP12y layer is on the order of 2000 Å, but high
internal radiative recombination efficiencies~25%–50%!
were measured from the InxGa12xAs layers due to the long
diffusion length~;1 mm! of the InAsyP12y layers. The de-
6231Kim et al.
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FIG. 4. X-ray scan for an In0.83Ga0.17As/InAs0.66P0.34 sample for ~400!
peaks.
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tails of the PL setup and the efficiency experiments are d
scribed elsewhere.11 A PL spectrum for a sample with a lu-
minescence peak at 2.6mm is shown in Fig. 5. In order to
obtain the band gap from the spectra, a correction for t
carrier energy distribution must be made. That is, the ma
mum of PL is at energyEPL5Eg1EkT , whereEg is the
actual bandgap andEkT5kT/2 ~k is Boltzmann’s constant
andT is the temperature! is the energy at which the produc
of the conduction-band density of states [N(E);E1/2] and
the Boltzmann distribution function@exp~2E/kT!# as the
function of energyE reaches its maximum. The shape of th
PL spectrum should have the shape of the product of th
two functions. This relationship gives a full width half-
maximum~FWHM! of 45 meV at room temperature. From
6232 J. Appl. Phys., Vol. 80, No. 11, 1 December 1996
FIG. 5. Wavelength-dependent photoluminescence spectrum of
In0.83Ga0.17As/InAs0.66P0.34 sample with 2.6mm peak.
e-

he
xi-

t

e
ese

Fig. 5 the FMHM is measured to be 49 meV. This sharpne
of the PL spectra again demonstrates the good crystal qua
and homogeneity of the InxGa12xAs layer. The integrated PL
intensity was also measured and the internal efficiencies
the samples were calculated to be greater than 25% and u
50%.11 Such high radiative recombination efficiencies a
room temperature for narrow-band-gap materials are un
pected, and demonstrate excellent quality of the InxGa12xAs
layers.

In a second measurement of the band gap, t
wavelength-dependent transmission coefficient was m
sured by illuminating the sample with a white light sourc
through a spectrometer and then measuring the intensity
FIG. 6. Transmission coefficient vs wavelength for an In0.83Ga0.17As/InAs0.66P0.34 sample with 2.62mm band gap.
Kim et al.



FIG. 7. Diagram of thep- i -n photodiode fabricated from the epitaxial ma
terial.
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the transmitted light using a calibrated detector. This cur
was divided by the spectral dependent intensity of the lig
source to obtain the transmission coefficient. Figure 6 sho
the transmission coefficient versus wavelength for a sam
with 2.6260.02mm band-gap cutoff wavelength. The ban
gap was determined by linearly extrapolating the curve fro
the inflection point to the maximum value of the transmi
sion coefficient, as shown by the dotted lines in Fig. 6.

Finally, p- i -n photodiodes were fabricated with thes
samples by diffusing zinc through the top InAsyP12y layer
using a SiNx mask. The substrate was lapped and Ge/Ni/A
n-type and Au/Znp-type metal contacts were deposited u
ing e-beam evaporation. The device was then sealed i
hermetic package. The fabrication process is similar to th
used for conventional detectors, and the details can be fou
in Ref. 1. Figure 7 shows the schematic diagram of the d
tector. The wavelength response of the detector was m
sured in a setup similar to that used in the transmission
periments, except that the photocurrent from th
InxGa12xAs/InAsyP12y detector was compared against tha
of the output of a calibrated detector. The band gap w
determined by the cutoff wavelength using the same meth
as employed for the transmission coefficient experiment.

The above measurements were done at room tempe
ture, and Table I lists the experimental results for all of th
samples studied.

III. LATTICE CONSTANT AND BAND GAP VERSUS
MATERIAL COMPOSITION

In Fig. 8 the experimental values of lattice constant
InAsyP12y versus the arsenic concentrationy are plotted and
J. Appl. Phys., Vol. 80, No. 11, 1 December 1996
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FIG. 8. Lattice constant vs composition for InAsyP12y layers. The points are
from x-ray data, and the lines are from theoretical values predicted by f
mula from Refs. 8 and 13.
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compared with the theoretical calculations. The lattice co
stant of ternary III–V alloys varies linearly with materia
composition~Vegard’s law12!. Moon and co-workers8 used
a055.87 and 6.05 Å as lattice parameters of InP and InA
respectively to derivea0~Å!55.8710.18y. Using more accu-
rate values for the lattice parameters of InP and InAs
a055.8688 and 6.0584 Å, compiled by Adachi,13 one can
derive a0~Å!55.868810.1896y. Both equations are plotted
in Fig. 8, but the formula using Adachi’s values provides
better fit to the data~x250.750 vs 2.446 for Moon and co-
workers’ formula8!.

The lattice constant of the InxGa12xAs active layer ver-
sus material composition is plotted in Fig. 9. As in the ca
for InAsyP12y, the expression using more accurate end-po
values@a0~Å!55.653310.4051x; x252.048# provides a bet-
ter fit to the data than does Moon and co-workers’ formul8

@a0~Å!55.6510.40x; x252.813#. The effect from any re-
sidual elastic strain in the material is very small~,0.3%!,
and thus is neglected. The above results confirm the valid
of Vegard’s law for these lattice-mismatched
InAsyP12y/InxGa12xAs samples.

The measured values of band gap of InxGa12xAs from
three different experimental techniques are plotted in Fig. 1
For convenience, they axis is plotted in bothmm and eV. It
is generally assumed that the band gap versus concentra
follows a quadratic relationship~see, e.g., Ref. 8! such as
Eg5ax1b(12x)1cx(12x). Here,a and b are band-gap
TABLE I. Experimental data for lattice-mismatched InAsyP12y/InxGa12xAs samples grown on InP substrate.

Sample 1 2 3 4 5 6

y, electronmprobe 0.457 0.301 0.595 0.368 0.515 0.660
a0 ~InAsP!, XRDa ~Å! 5.957 5.926 5.985 5.945 5.966 6.000
x, electronmprobe 0.731 0.663 0.789 0.706 0.745 0.833
a0 ~InGaAs!, XRD ~Å! 5.941 5.913 5.978 5.942 5.946 5.994
Epl , PL ~mm! 2.18 1.99 2.41 2.11 2.26 2.57
Epl2EkT ~mm! 2.23 2.03 2.47 2.16 2.31 2.64
Eg , transmission~mm! 2.20 2.00 2.46 2.14 2.32 2.62
Eg , detector cutoff~mm! 2.19 1.98 2.44 2.11 2.29 2.59

aDesignates X-ray diffraction.
6233Kim et al.
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FIG. 9. Lattice constant vs material composition for InxGa12xAs layers. The
points are from x-ray data, and the lines are from theoretical values p
dicted by formula from Refs. 8 and 13.
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energies of the binary end points~Eg of InAs and GaAs,
respectively, for InxGa12xAs!, and c, which is called the
‘‘bowing parameter,’’ is determined by the amount of devia
tion from linearity. Moon and co-workers used 0.35 and 1.4
eV as the band gaps of InAs and GaAs, respectively, a
0.478 was used as the bowing parameter. The line obtai
using these values is also plotted in Fig. 10. The more rec
data compiled by Adachi13 suggest that the room-
temperature band gap of InAs is closer to 0.36 eV. If we u
that value to fit the quadratic function to the PL data, w
obtain c50.47960.010, withx250.414. The resulting line
from the fit,

Eg50.36x11.42~12x!20.479x~12x!,

is also plotted in Fig. 10. This relationship compares we
with other published results for unstrained InxGa12xAs.

14
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n,

d
-

t.

n,

g-

t.
FIG. 10. Band gap vs material composition for InxGa12xAs. Data points are
from PL, transmission, and detector cutoff measurements, and the lines
from Moon and co-workers~Ref. 8! ~dotted line! and fit using values from
Adachi ~Ref. 13!.
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TABLE II. Fitting constants for the band gaps and lattice constants obtain
for InAsyP12y and InxGa12xAs.

Lattice constant~Å! Band gap~eV!

InP 5.8688
InAs 6.9584 0.36
GaAs 5.6533 1.42
-
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Fitting constants for the bandgaps and lattice consta
obtained for InAsyP12y and InxGa12xAs are compiled for
reference in Table II.

IV. CONCLUSION

A materials study of several InxGa12xAs/InAsyP12y

~0.66,x,0.84, 0.29,y,0.66! lattice-mismatched layers
grown on InP substrates was performed. Investigations us
cross-section TEM, Nomarsky optical microscopy, x ra
and PL reveal good quality InxGa12xAs/InAsyP12y layers
with few misfit dislocations. The relationship of the lattice
constant measured using x-ray diffraction versus mater
composition measured by electron probe microanalysis co
firms the validity of Vegard’s law for these mismatched ma
terials. In addition to PL, white light transmission and dete
tor cutoff wavelength measurements were used to determ
the band gap of the samples, and updated relationships us
more recent materials parameters of InAs are suggested
our curve fits. These results should be very useful in t
design and growth of lattice-mismatched InxGa12xAs ~x
.0.53! detectors and lasers with high quantum efficienci
and low leakage currents.
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