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Material properties of several lattice-mismatched,Ga _,As/InAsP,_, (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,@g, _,As as a function of In concentration 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 Physids50021-897@06)01823-3

I. INTRODUCTION tice matched. The InA®,_, buffer layers are often step
graded, where the arsenic concentration is gradually in-
Lasers and detectors that operate at wavelengths bereased in small incremen(8.05—0.1 from InP to the ap-
tween 2 and 3um have numerous applications in gas senspropriate composition of InA®; _,..* Buffer layers contain-
ing, lidar, windshear detection, spectroscopy, night visioning strained superlattices of Ing®,_, have also been
thermal imaging, et¢.Of the many different materials used employed*
for optoelectronic devices that operate at these wavelengths Even though these buffering schemes have been success-
(e.g. HgCdTe, InSb, PtSi, ej¢.In,Ga,_,As has demon- ful in decreasing the number of dislocations on the active
strated the highest performance and reliabflitnGaAs  |n Ga,_ As layers, to our knowledge there has not yet been
p-i-n detector arrays that operate at these wavelengths hawe comprehensive study of the quality of the grown layers.
widely been reporteé;* and recently an InGaAs avalanche Accurate information regarding the relationship between lat-
photodiode with 2.1 um cutoff wavelength has been tice constant and material composition of both IpRs ,
demonstrated Lasers that operate at these wavelengths havgnq InGa;,_,As is needed to design and grow these mis-
also been reportet. matched structures with appropriate strain. Also, the band
The b|ggest Cha”enge fOI‘ these deViceS iS that in Order t%ap Of |r!(Gaﬂ-7XAS versus indium Concentration must be es-
obtain InGa, _,As with a narrow band gap suitable for mak- taplished in order to make detectors and lasers with the de-
ing devices that operate at wavelengths greater thamh,7  gjred wavelength response. Moon, Antypas, and Japres
the indium concentratior has to be greater than 0.53. This posed an empirical relationship for all compositions of
increases the lattice parameter ofGa, _,As, thereby creat- |n, Ga_,As/P,_, based on parameters obtained from bulk
ing a lattice mismatch to the InP substrate. Growing mismaterials. However, there has not been a comprehensive
matched material induces a h|gh density of misfit disloca'comparison of Moon and Co_Workers’ formu'a against ex-
tions at the material interface which act as recombinatiorperimental data for lattice-mismatched materials grown on
centers, therefore degrading the performance of the optoqnp sybstrates. In this article we study the quality of the
electronic devices. The most common means to deal Witrl‘nXGai_xAs layers using various experimental techniques,
this problem is to grow InA#; _, buffer layers between the gnq also test the validity of Moon and co-workers formula
InP substrate and the J8a - As (x>0.53 active layer: In  against the experimental values of lattice constant and band
this scheme, the arsenic concentration in the buffer lgyier gap obtained from different compositional structures of
chosen such that the lattice parameter of YAs, is iden-  |attice-mismatched INA®, , and InGa,_,As grown on
tical to that of the adjacent jBa, ,As layer. In this way, |np supstrates. We confirm that most of the misfit disloca-
the misfit dislocations are confined at the INP—IfAS , ions are indeed contained within the InRs_, buffer lay-
interface, and hence are llocat_ed far. frqm thg activesrs thus enabling the growth of [Ba, ,As layers with a
In,G& _,As—InAs P, _, heterojunction, which ideally is lat-  re|atively small density of dislocations. Also, a more accu-
rate relationship of lattice constant and band gap versus ma-
dElectronic mail: forrest@ee.princeton.edu terial composition is suggested.
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FIG. 1. Schematic cross-section diagram of the material structure of a typical sample.

Il. EPITAXIAL GROWTH AND MATERIALS lattice-mismatched steps with strain less than one percent,
CHARACTERIZATION the dislocations are confined to within 3000 A of the inter-

A schematic diagram of the material structure of a typi-face' thgs enabling the growth of “dislocation-free” Iayérs..
cal sample used in these studies is shown in Fig. 1. @fh a FOr strains much larger than 1%, dense arrays of threading
(3x10" cm™3) (100 InP substrate, a series of dm-thick, dislocations Whlch_ propagate along the growth d|rect|on_ can
step-graded, undoped buffer layers of IgRg , is grown be observed.Continuously graded samples also have dislo-
with a 5% incremental increase of arsenic concentration bekations that propagate continuously along the growth direc-
tween subsequent layers, with the stack progressing from Infon. This type of dislocation bends over at an abrupt com-
to the final composition of INA®; _,. The valuey of the  Positional _ste|5;9 suggesting that the step grading technique
final InAs,P;_, buffer layer was varied from 0.3 to 0.6 can minimize the number of defects in the @&, _,As ac-
among six different samples. Next, a u@a-thick, tive layer.

In,Ga, _,As active layer with lattice constant matched to the ~ Figure 2 shows an optical micrograph and profile of the
InAs,P; _, directly underneath is grown. The structure wassurface of the grown wafer. The top surfaces of the materials
capped with a Jzm-thick lattice-matched InA®; _, layer. ~ Were cross hatched, suggesting the existence of misfit dislo-
All grown layers were undoped, with a background free eleccations. This cross hatching, however, does not necessarily
tron concentration oh<3x10 cm 3. The material was mMean that dislocations extend to the top layer, and has been
grown by chloride vapor phase epitaxyPE).° In this observed even in samples where the misfit dislocations are
method, HCI gas carries the indium/gallium source metalsonfined to the first 3000 A of a 12am-thick VPE-grown

into the hot zone of the horizontal gas reactor at 850—900 °dayer where no dislocations can be observed near the top of
thus forming metal chlorides. Then AsCand/or PCJ are  the epitaxial layef. Dislocations at the first interface will
combined in a mixing zone, followed by growth on the sub-affect the initial surface and this “disturbance” propagates
strate maintained at-700 °C. Growth rates can exceed 20 as subsequent layers are grown, resulting in the rough sur-
um/h, and have been extensively used to produce detectofgce morphology observed. The surface scan profile shows
that operate in the wavelengths between 1 and® that the thickness variations are less than 3000 A for a dis-

The step grading buffer scheme has been chosen to miniance of 1000um across the surface of the wafer, and the
mize the number of dislocations in the,®e, _,As layer. root-mean-square roughness was calculated to be 800 A.
The strain[defined ase=(ass—acp)/ass, Whereagsandag, — There was no significant difference in surface morphology
are lattice constants of the substrate and the grown layerbetween different samples.
respectively is chosen to be around 0.16% for each compo-  Figure 3 shows cross-section transmission electron mi-
sitional grading step. It has been shown that in IlI-V mate-crographs(TEM) of the InGa _,As/InAs P, _, interfaces.
rials, misfit dislocations begin to form far>10"%, but for ~ The InP/InAgP, _, heterojunction is shown in Fig.(8. A

6230 J. Appl. Phys., Vol. 80, No. 11, 1 December 1996 Kim et al.



Vertical (A)

PO S A T 4
V\'V\f

-1500

-2000 . - - v
0 200 400 600 800 1000

(b) Horizontal (pm) (b)

FIG. 2. Optical micrograph and surface profile of a typical sample. ~ FIG. 3. Cross-sectional TEM micrograph of VPE-grownGa; _,As/
InAs P, _, samples(a) The InP/InAgP, _, heterojunction. A large number

of dislocations can be observed, but they are confined to first 3000 A of the

P . InAs,P, _, layer. (b) The InAsP;_,/In,Ga, _,As junction. No dislocations
large number of misfit dislocations can be observed at th@ansi)elo‘(,served. Iy A

InP/InAs P, _, interface layer, but most of the dislocations
are confined to within 3000 A of the junction. On the other
hand, as shown in Fig.(B), no dislocations can be observed
near the InAgP; _,/In,Ga _,As heterojunction. This demon- ) )
strates that the buffering scheme can indeed enable th&ere matched to the appropriate layers by comparing the
growth of InGa,_,As layers lattice mismatched to the InP (400 peaks to a(440 Berg—Barrett scalfl which probes
substrates with very few dislocations. This is consistent withmostly the top InAgP; _ layer. Thus, in Fig. 4, the lattice
earlier studies of other mismatched I1lI-V materfals. constants of IngfGay 1As and INAg ¢ 34 are measured to
The compositions of the INAB; _, and InGa _,As lay- be a0=5.994_and 6.000 A, respectively. This suggests exist-
ers were determined using electron-beam microanalysis dence of strain between these two layers, but any effect of
rected along a bevel tapered at 1° from the wafer surface. Agsidual elastic strain in the layers is small, and hence is
JEOL 733 electron microbeam prober was used for waveneglected. The sharpness of the peaks demonstrates good
length dispersive spectroscopy, and the data were analyzeédystallinity of these layers, but quantitative analysis of the
using TencorTAask software. The data were normalized so peak width is limited due to the resolution of the single crys-
that the partial compositiong.g., the concentration of As tal x-ray source used.
and P in InAgP; _,) sum to one. The data were taken from Three different methods were used to determine the band
two different regions of every wafer, and then averaged. Fogap of the InGa_,As layer. First, the wavelength-
all wafers, the variation in composition from the different dependent photoluminescen@d.) was done using =514
locations was less than 0.5%. nm Ar ion laser. The penetration depth of the laser beam into
The lattice parameter was measured via x-ray diffractiorthe InAsP;_, layer is on the order of 2000 A, but high
with a Siemens B-5 x-ray diffractometer using the ICa  internal radiative recombination efficiencig25%—50%
line (\=1.540 598 1 A. Figure 4 shows a scan of tl{é00)  were measured from the JBa _,As layers due to the long
peaks of the IpgGay 1/AS/INAS 6P 34 SaMple. The peaks diffusion length(~1 um) of the InAgP, _ layers. The de-

J. Appl. Phys., Vol. 80, No. 11, 1 December 1996 Kim et al. 6231



T T T T T 10
InGaAs InAsP
61.793
6.00021 61867 8
! 5.99375 T
3
&
s —~
Z S5 64
= )
S InP Substrate &
2 6333 =
1=
- 5.86914 =
@ 4]
c
[
L
£
24
g i do
61.0 61.5 62.0 62.5 63.0 63.5 0 T T

21 22 23 24 25 26 27
Wavelength (um)

2-Theta

FIG. 4. X-ray scan for an W& 1/AS/INAsy e 034 Sample for (400
peaks. FIG. 5. Wavelength-dependent photoluminescence spectrum of an

INg 858 1AS/INASy 660 34 SAMple with 2.6um peak.

tails of the PL setup and the efficiency experiments are de-

scribed elsewher. A PL spectrum for a sample with a lu- Fig. 5 the FMHM is measured to be 49 meV. This sharpness
minescence peak at 24m is shown in Fig. 5. In order to of the PL spectra again demonstrates the good crystal quality
obtain the band gap from the spectra, a correction for thand homogeneity of the |Ga _,As layer. The integrated PL
carrier energy distribution must be made. That is, the maxiintensity was also measured and the internal efficiencies of
mum of PL is at energyp =Ey+E,r, whereEy is the  the samples were calculated to be greater than 25% and up to
actual bandgap anf,;=kT/2 (k is Boltzmann’s constant 50%2! Such high radiative recombination efficiencies at
andT is the temperatupes the energy at which the product room temperature for narrow-band-gap materials are unex-
of the conduction-band density of statd$(E)~EY? and  pected, and demonstrate excellent quality of th&m_,As

the Boltzmann distribution functiofiexp(—E/kT)] as the layers.

function of energyE reaches its maximum. The shape of the In a second measurement of the band gap, the
PL spectrum should have the shape of the product of thessavelength-dependent transmission coefficient was mea-
two functions. This relationship gives a full width half- sured by illuminating the sample with a white light source
maximum (FWHM) of 45 meV at room temperature. From through a spectrometer and then measuring the intensity of
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FIG. 6. Transmission coefficient vs wavelength for apg®a, 1 As/INAS) g0 34 SamMple with 2.62um band gap.
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the transmitted light using a calibrated detector. This curvé: IG. 8. Lattice constant vs composition for I/, layers. The points are
rom x-ray data, and the lines are from theoretical values predicted by for-

was divided by the spectral dependent intensity of the light,uia from Refs. 8 and 13,
source to obtain the transmission coefficient. Figure 6 shows
the transmission coefficient versus wavelength for a sample
with 2.62+0.02 um band-gap cutoff wavelength. The band

ap was determined by linearly extranolating the curve fro compared with the theoretical calculations. The lattice con-
gap w ! yu y extrapolating UvVe MoMyiant of ternary IlI-V alloys varies linearly with material

the |ane(;ft_|o_n p;omt tc;] the nt:aﬁmu?t;/acljulg of t.heFFranesm'S'composition(Vegard’s law?). Moon and co-workefsused
sion coetlicient, as shown by the dotied Aines in F1g. ©. a,=5.87 and 6.05 A as lattice parameters of InP and InAs,
Finally, p-i-n photodiodes were fabricated with these respectively to deriva,(A)=5.87+0.18y. Using more accu-
samples t.)y diffusing zinc through the top Infs_, Iayer' rate values for the lattice parameters of InP and InAs of
using a SiN mask. The substrate was lapped and Ge/NllAua —5.8688 and 6.0584 A, compiled by Adadfiione can
n-type and Au/Znp-type metal contacts were deposited u.s'dgrive ao(A)=5.8688+0.18'96/. Both equations are plotted
ing e-beam evaporation. The device was then sealed in if Fig. 8, but the formula using Adachi’s values provides a

hermetic package. The fabrication process is similar to thaE fi h _
; . >=0.7 2.446 for M -
used for conventional detectors, and the details can be fouqﬂi[rt_lférslt, ]Egr:nslg)at& 0.750 vs 6 for Moon and co

in Ref. 1. Figure 7 shows the schematic diagram of the de- The lattice constant of the JGa_,As active layer ver-
tector. The wavelength response of the detector was ME&Ls material composition is plotted in Fig. 9. As in the case

surgd in a setup similar to that used in the transmission or InAs,P, _,, the expression using more accurate end-point
periments, except that the photocurrent frpm thevalues[ao(A)y=5.6533+0.405]:(; \?=2.048 provides a bet-
In,Gay _(AS/INAS,Py _y qletector was compared against thatter fit to the data than does Moon and co-workers’ forfiula
of the output of a calibrated detector. The band gap wa (A)=5.65+0.40«¢. y*=2.813. The effect from any re

0 —9. . ) — L. . =

determined by the cutoff wavelength using the same metho idual elastic strain in the material is very sm@t0.3%,

as employed for the transmission coefficient experiment. and thus is neglected. The above results confirm the validity
The above measurements were done at room temper%f Vegard's law for these lattice-mismatched

ture, and Table | lists the experimental results for all of theInAsyPl_y/InxGai_xAs samples.

samples studied. The measured values of band gap afGa; _,As from

three different experimental techniques are plotted in Fig. 10.
lll. LATTICE CONSTANT AND BAND GAP VERSUS For convenience, the axis is plotted in bothum and eV. It

MATERIAL COMPOSITION . .
is generally assumed that the band gap versus concentration
In Fig. 8 the experimental values of lattice constant offollows a quadratic relationshifsee, e.g., Ref.)8such as
InAs,P, _, versus the arsenic concentratiprre plotted and Eg=ax+b(1—x)+cx(1—x). Here,a andb are band-gap

TABLE |. Experimental data for lattice-mismatched InRs_,/In,Ga, _,As samples grown on InP substrate.

Sample 1 2 3 4 5 6
y, electronuprobe 0.457 0.301 0.595 0.368 0.515 0.660
ag (InAsP), XRD? (A) 5.957 5.926 5.985 5.945 5.966 6.000
X, electronuprobe 0.731 0.663 0.789 0.706 0.745 0.833
ay (InGaAs, XRD (A) 5.941 5.913 5.978 5.942 5.946 5.994
Epi» PL (um) 2.18 1.99 241 211 2.26 2.57
Ep—Eir (um) 2.23 2.03 247 2.16 231 2.64
Eg ., transmissior{um) 2.20 2.00 2.46 2.14 2.32 2.62
E4, detector cutoff(um) 2.19 1.98 2.44 2.11 2.29 2.59

@Designates X-ray diffraction.

J. Appl. Phys., Vol. 80, No. 11, 1 December 1996 Kim et al. 6233



TABLE Il. Fitting constants for the band gaps and lattice constants obtained
for InAs,P, _, and InGa _,As.

Lattice constantA) Band gap(eV)
InP 5.8688
InAs 6.9584 0.36
GaAs 5.6533 1.42

Fitting constants for the bandgaps and lattice constants
obtained for InAgP; _, and InGa _,As are compiled for
reference in Table II.

. IV. CONCLUSION

A materials study of several |Ga ,As/InAsP;_,
X (0.66<x<0.84, 0.2%<y<0.66 lattice-mismatched layers

FIG. 9. Lattice constant vs material composition foyGa, _,As layers. The ~ grown on InP substrates was performed. Investigations using
points are from x-ray data, and the lines are from theoretical values pregross-section TEM, Nomarsky optical microscopy, x ray,
dicted by formula from Refs. 8 and 13. and PL reveal good quality JGa _,As/INASP,_, layers

with few misfit dislocations. The relationship of the lattice

constant measured using x-ray diffraction versus material

composition measured by electron probe microanalysis con-
energies of the binary end poin(&, of InAs and GaAs, firms the validity of Vegard’s law for these mismatched ma-
respectively, for 1nGa,_,As), and ¢, which is called the terials. In addition to PL, white light transmission and detec-
“bowing parameter,” is determined by the amount of devia-tor cutoff wavelength measurements were used to determine
tion from linearity. Moon and co-workers used 0.35 and 1.42the band gap of the samples, and updated relationships using
eV as the band gaps of InAs and GaAs, respectively, andore recent materials parameters of InAs are suggested by
0.478 was used as the bowing parameter. The line obtaine®Hr curve fits. These results should be very useful in the
using these values is also plotted in Fig. 10. The more recertesign and growth of lattice-mismatched, @, _,As (X
data compiled by Adachl suggest that the room- >0.53 detectors and lasers with high quantum efficiencies
temperature band gap of InAs is closer to 0.36 eV. If we usé@nd low leakage currents.
that value to fit the quadratic function to the PL data, wepackNOWLEDGMENTS
obtain c=0.479+0.010, with y*=0.414. The resulting line
from the fit,
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