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Photoluminescence and x-ray diffraction studies of the diffusion behavior
of lattice matched InGaAs /InP heterostructures

F. Bollet and W. P. Gillin®
Department of Physics, Queen Mary, University of London, Mile End Road, London E1 4NS,
United Kingdom

(Received 3 March 2003; accepted 30 April 2D03

Photoluminescence and high resolution x-ray diffracti®tRXRD) were used to follow the
diffusion of a lattice matched InGaAs/InP heterostructure at various annealing temperatures. At
900 °C no strain was observed by HRXRD and this indicated that the two sublattices in the sample
diffused at an equal rate and only compositions on the tie line between the two initial compositions
were formed. At lower annealing temperatures strain was observed in the wells and barriers, the
signs of which changed during the annealing process. This is indicative of the diffusion rates of the
two sublattices changing during the annealing process. It is suggested that these effects may be due
to the presence of the miscibility gap in the InGaAsP system.2003 American Institute of
Physics. [DOI: 10.1063/1.1586975

I. INTRODUCTION fraction (HRXRD) characterization of the intermixing of a
10 nm lattice matched InGaAs/InP quantum well at various
The InGaAsP system has attracted considerable intereg@mperaturésclearly showed that the miscibility gap had no
due to the wide range of band gaps that can be producegbticeable effect on the diffusion at a temperature of 900 °C.
from its alloys using the commercially important GaAs andBut at 600 °C, the HRXRD rocking curves showed that
InP substrates. Materials grown on InP are particularly im=strain had developed in the annealed specimen. The strain
portant due to their use in telecommunications lasers operafyas consistent with the larger diffusion length of group V
ing at both the 1.3 and 1.56m wavelengths. Despite com- atoms(As, P) at completion of the experiment. The photolu-
mercial interest in these materials there are still relativelyminescence data, which showed an initial blueshift followed
little data on the diffusion behavior of materials that utilize by a subsequent redshift back towards the initial phot0|umi-
the lattice matched InGaAs/InP system. nescence peak position, suggested that if group V atoms had
In recent years the InGaAsP material system has founghitially diffused at a faster rate than group (Ih, Ga ones,
use as a model system for understanding of the role of cahe diffusion would have reversed at a later stage of anneal-
herency strain on the structural properties of materials. Inng with predominant interdiffusion of indium and gallium.
1995 Kelly suggested that structures with alternating thinThe miscibility gap was suggested to alter diffusion and gen-
coherently strained layers in tension and compression coulgrate strained layers.
be of interest for high temperature applicatidriiwo years In this article, additional HRXRD measurements were
later it was demonstrated using the InGaAsP SemiCOﬂdUCtQﬁken upon Comp|etion of |Ong anneals at various tempera-
system that superlattices with alternate layers in tension anﬁhres and a more systematic study Showing the history of the
compression and with a nonzero net strain could maintaijevelopment of strain according to the anneal time is also
this average strain at high temperatures, whereas comparaljgesented. The data confirm previous results that suggest that
homogeneously strained systems would relax under identicghe miscibility gap alters diffusion at higher temperatures
conditions? Although these results show the potential benefitthan were previously expected.
of pseudomorphic strain-balanced structures for structural
materials, a potential problem of the approach would be ther-
mal interdiffusion of the structure at high temperature. Thug!- EXPERIMENT

stability with regard to diffusion is necessary to help prevent 145 hm I, G, 4AS single quantum wellSQW) speci-
the homogenization of the modulated strain field and to ©Xmnens, lattice matched to 001 InP substrates, were grown by
tend the durability of the mechanical properties under proy,giecular beam epitaxyMBE). They consisted of an InP
longed exposure to high temperatures. The positive enthalpy e layer (~300nm), the quantum well, and a 100 nm
of mixing that exists in alloy systems with a miscibility gap |np parrier layer. A 50 nm silicon nitride cap layer was sub-
might provide a controlled way in which to generate a”dsequently deposited by plasma enhanced chemical vapor
conserve such thermally stable inhomogeneous Str“Ct“res-deposition(PECVD) to prevent surface decomposition of the
The InGaAsP quaternary system is characterized by @pecimens during annealing.
miscibility gap with a calculated critical temperature of The samples for the annealing experiments were typi-
808 °C? Photoluminescence and high resolution x-ray dif'cally 7x5 mn? and were cut from two nominally identical
wafers, referred to as A and B in this article. HRXRD rock-
dElectronic mail: w.gillin@gmul.ac.uk ing curves of the original wafers coupled with simulations
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FIG. 1. Experimental and simulated 002 and 004 x-ray rocking curves for Wi i | | | | b
as-received wafer B. The simulations are for the structure given in Table | 0 ‘
although the 004 simulation of the nominal structure is shown for compari- -6000-4000-2000 0 2000 4000 6000
son. The inset is an enlarged view of the 004 rocking curve around the .
substrate peak. Rocking Angle / arcsec

FIG. 2. Experimental 004 x-ray rocking curves for samples following an-

showed that wafer A had thir- 1 monolayer strained Iayers nealing at different temperatures. The samples annealed at 600 and 700 °C
! ’ show the well in tension whereas the sample annealed at 850 °C shows the

between the wells and barriers. It was also observed that thg i compression. The sample annealed at 900 °C is unstrained.
top barrier was slightly(1.2% contaminated with arsenic
over a larger extent~20nm). Figure 1 shows the 004 and
002 HRXRD experimental rocking curves of as-grown wafer
B. The x-ray profile fits were calculated for 002 and 004
reflections using Philips X'PertpiTaxy 3.0 software. The
software calculates rocking curves by the dynamical theor .
of x-ray scattering from a model virtual crystal made of lay- alues. Note.that %31Ga°-469A50-145P.0-855 would sut the.

ers of uniform composition. The prominent shoulder mea_—2.86% strain value and In:Ga ratl_o. These stralned inter-
sured on the substrate peaks and the high frequency structd?gases _account for _the large amplitude of the fringes Ob_'
visible in the enlarged window of the experimental 004 rock-s’fer\/e‘]l_In the experlr_nental measu_rements compared to in
ing curve were unexpected and signaled the presence ofse\mmat'On of the nominal sfcructur(@g. 1).' .
large layer(generating high frequency featuyesith slight Th? Sa”?p'es were subjgcted tQ rapid th(_armallannealmg
compressive straiigslightly offset by the layer peak to the (RTA) in helium ambient using a triple graphlte strip heater
left of the substrate peakAll those features could be with the temperature controlled by an Acguflbre optlcgl ther-
matched by including a background concentration of 0.5% Ofnometry s.ystem. .The system was calibrated against the
arsenic in the epitaxially grown InP buffer layer and barrier,mEItlng point of silver and was found to be accurate to

suggesting persistent As contamination throughout the cry$ 1°C. Anneals were performed at temperatures between

tal growth. Details of the model structure used to produce th(?00 and 900 °C for various times and the SQW diffusion was

fits in Fig. 1 are given in Table I. The strained interphasesChamCterized by HRXRD and low temperaté® K) pho-

arise during MBE growth when the group Il sources aretolumlnescence measurements. To reduce the scatter in the

closed and the group V sources switched, leading to subst\qata a single sample was repeatedly annealed and measure-

tution on the anionic sites grown last. No exact compositio ents taken after each anneal.

is given for the second interphase Table | because all thte :]—he low level Otf t?]rsen;](i i:ont.am_lfnatlclr ar;j t?ihth'g,;fn'
quaternary compositions between l#Ga gfAs and erphases were not thought fo significantly aftect the difiu-

INg 6dG&y 4P With a misfit value of-2.86% provide the same sion experiments.

curve fits. A phosphorous rich phase would nevertheless be
expected since the arsenic would tend to be substituted, and
he indium/gallium ratio should be very close to the well

TABLE |. Thicknesses and compositions used to model HRXRD of asl||. RESULTS
received wafer B.

HRXRD measurements conducted on lattice matched

Composition Thicknesenm)  Misfit (%) specimens of type A or B after the completion of long diffu-
Substrate InP sion experiments qualitatively demonstrate various states of
Buffer layer INR 995AS0.005 298.5 0.016 strain for annealing temperatures as high as 850 °C; Fig. 2.
Interphase 1 INFo14S0.087 0.15 3.20 Strain is only expected to develop if the diffusion rates of the
Well layer M 551G asf\S 9.85 group Il and group V sublattices are different. In the case of
Interphase 2 InGaPAs 0.15 —2.86 . N .
Barrier layer INB a6eAS0 00 101.0 0.016 faster intermixing of the group V sublattice, the quaternary

compositions on the well side of the interface are in tension
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FIG. 4. Shift of the photoluminescence peak vs the annealing time for
FIG. 3. Compositional map of the INGaAsP system schematically showingsamples annealed at 80drcles, 850 (squaresand 900 °Cltriangles. The
the calculated bimodal isotherm at 677 ¢@ashed ling (from Ref. 3. The samples from wafer A are shown by closed symbols while those from wafer
thick line that joins InP and ks{Ga, 4/As describes the range of composi- B are shown by open ones.
tions that are lattice matched to InP. Constant gap energies are also repre-
sented forE,=1.25, 1.00, and 0.75 eV.
concentration and type of point defects in the two crystals,
hence the slight alteration of the temperature dependence and
whereas those on the barrier side are in compression. If thyte of interdiffusion. Overall, however, there is no signifi-
group Il sublattice diffuses faster, the strain takes an oppocant qualitative difference in behavior between the two
site sign. specimens. As will be shown, they both display consistent
A. Photoluminescence strain and photoluminescence shifts.
_ Except for anneal temperatures of 850 and 900 °C, the
~ Annealing a sample from wafer A at 900 °C leads 10 yhqtojuminescence shifts follow the same trend: an initial
intermixing of the SQW and barriers along the line of com-p)eshift that reaches a maximum, followed by redshifting

positions lattice matched to Inffig. 3). No strain is evident  y4\ards the initial photoluminescence peak position. Figure
by HRXRD, and the blueshifts in photoluminescence can be

modeled by a Fickian diffusion process where the group IlI
and group V diffusion coefficients are equal and concentra- 120
tion independent. However, it should be stressed that other,
e.g., concentration dependent, mechanisms could possibly fit~
all the data, provided that the rates of diffusion in the two &
sublattices remain equal at all times so that the compositions =
that formed remain on the lattice matched tie line. At anneal- <
ing temperatures below 850 °C, specimens from wafers A 3§
and B display an initial blueshift of the photoluminescence. &
However, with subsequent annealing the rate of the blueshift §
falls and eventually for the lower temperature anneals the
photoluminescence starts to redshift towards the initial pho-
toluminescence peak position. Figure 4 shows shifts of the
photoluminescence peak for the different wafersHB) as a
function of the annealing time for temperatures between 800
and 900 °C. The results for temperatures below 800 °C are &
shown in Fig. 5. In comparing the photoluminescence shifts

e

hotoluminescen

in Figs. 4 and 5, diffusion for specimen type B appears to 0 T T T
have a stronger temperature dependence. Although it is gen- 0 500 1000 1500 2000
erally believed that vacancies are the main vector of diffu- Anneal time / minutes

sion, the exact mechanism is not known. Differences in the

; ; ; FIG. 5. Shift of the photoluminescence peak vs the annealing time for
q“a"Fy. of the substrate wafers and Sllghtly dlﬁer?m grOWth.sampIes annealed at 6Q€rcles, 700(squaresand 750 °Ctriangles. The
conditions for wafers A and B, such as the arsenic Cor‘tam'éamples from wafer A are shown by closed symbols while those from wafer

nation in wafer B, can reasonably account for the variation irg are shown by open ones.

Downloaded 01 Oct 2003 to 138.37.50.206. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 94, No. 2, 15 July 2003 F. Bollet and W. P. Gillin 991

vV"::; 16
v Ak
E 200 | ot |
~ vvaIA‘A“ o
b= 0000°° =1l !
= = ‘ 12600s
2100 | 51 |
8 ........ w2 l
= oh | 8800s
-] o) \
2 © = ’
g 0 ¢ k=2 Ldji1 @ 8 r 48005
E o k=inf. Ldq)1 e ‘
= ®  Kk=125LdIII Peee*® = ‘
e » k=0.5Ldy = 2400s
@]
e v k=0Ldy 4k
= -100 | o o 1000s
) l ' * . Uannealed
0 10 20 30 40 50 60 ‘
0 i L I 11 178
. . 2 - - -
(diffusion ]ength)2 /nm 6000 -4000 -2000 0 2000 4000 6000
FIG. 6. Simulations of the shift of photoluminescence vs the diffusion Rocking Angle / arcsec

length squared for various values lo£ Ld,, /Ld, . The abscissa i&d?,

for k>1 andLd? for k< 1. Note that the abscissa scale is linear with anneal
time. A significant redshift is associatedko-1. The calculations assume a
constant diffusion coefficient for each sublattice.

FIG. 7. Experimental 004 x-ray rocking curves for a sample from wafer B
annealed at 800 °C for various times. From qualitative modeling of HRXRD
the broad feature to the right of the substrate peak for samples annealed for
1000 and 2400 s is indicative of tensile strain in the well. The shift of the
broad feature to the left of the substrate peak for the sample after it was
annealed 8800 s or longer is indicative of compressive strain in the well.

6 shows the calculated photoluminescence peak shifts for a

10 nm lattice matched InGaAs/InP well as a function of the

square of its diffusion length. The calculations assume thatompressive and tensile layers. The final two rocking curves
the diffusion follows Fick’s law and the factds, defined as (8800 and 12 600)sare qualitatively consistent with larger
k=Ld,, /Ldy, measures the ratio of the diffusion length of intermixing of group Il atoms with the sign of the strained
the two sublattices. Essentially=0 if there is no group lll  layers being reversed and the well having compressive layers
interdiffusion, k= infinity if there is no group V interdiffu- and the barriers being tensile. HRXRD measurements of the
sion, andk=1 for identical diffusion rates. The quantum specimens annealed at lower temperature and whose photo-
confinement effects and the well/barriers composition gradituminescence peak shift is shown in Figs. 4 and 5 are given
ent are both taken into account in calculation of the photoin Fig. 2. The strain evidenced by the rocking curves implies
luminescence shift® In the case ofk#1, the diffusion greater group V diffusion in specimens from wafer A at
length used on the abscissa in Fig. 6 is relevant to the faste600 °C for 30.5 h and from wafer B at 750 °C for 10.83 h,
diffusing species. It should be noted that, with these Fickiargreater group Il diffusion in wafer A at 850 °C for 25 min
conditions, the square of the diffusion length varies linearlyand no strain in wafer A at 900 °C for 380 s.

with the annealing time at constant temperature, so the ab-

scissa is a normalized time axis. It is clear from these cality. pjscussION

bration curves that the significant photoluminescence red-

shift is associated with indium and gallium diffusing faster ~ AS illustrated by the data for specimen B at 800 °C, Figs.
than arsenic and phosphorus. 4 and 7, there is confirmation that, for low temperature an-

neals, arsenic/phosphorus interdiffusion is initially favored
but with subsequent annealing group Il diffusion becomes
dominant. The initial photoluminescence blueshift, coupled
The 800 °C data from the wafer B specimen displayed inwith the development of strain seen by HRXRD, is consis-
Fig. 4 are typical of the photoluminescence behavior detent with greater group V diffusion; it is then followed by a
scribed. At each annealing step, a HRXRD measurement waegime where strain appears to relax and the photolumines-
also conducted to correlate the changes in photoluminesence trend is inverted towards a redshift. Finally dominant
cence according to the strain induced in the specimen by thgroup Ill diffusion characterized by the subsequent redshift
interdiffusion process. Figure 7 shows the set of resultingand strain inversion is observed.
experimental 004 rocking curves. The specimen is initially ~ For the specimen from wafer A at 850 °C, strain inver-
unstrained; following annealing for up to 2400 s it developssion has occurred without a photoluminescence redshift. This
tensile strained layers within the well and compressiveseems to imply that the difference in diffusion rates in the
strained layers in the barrier. These are qualitatively consistwo sublattices is small and could be compared using Fig. 6
tent with a higher rate of diffusion of group V atoms. The to the case wher& is slightly larger than 1e.g.,k=1.25)
next measurement, for a total anneal time of 4800 s, showand does not generate a significant redshift. In Ref. 4 it was
lower levels of strain, although with the same arrangement oftated that for these samples annealed at 800, 850, and

B. Strain buildup
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900 °C the photoluminescence data seem to confirm that théMQW) structure which had been annealed2c at 750 °C.
samples were diffusing in a Fickian manner at these temperdark field transmission electron microscopy micrographs
tures. However, given the HRXRD data here that show theshowed diffused interfaces and HRXRD displayed amplifi-
development of strain, it is obvious that this is not the caseation of the satellite peak consistent with the development
for the 800 and 850 °C annealed samples and demonstratesstrain. Ryuet al.*® also noticed strain buildup caused by a
that it is not possible to solely use photoluminescence datdarger anionic diffusion rate in lattice matched InGaAs/InP
even as a function of the annealing time, as proof of a Ficksuperlattices annealed at 800 °C, and they quantified the co-
ian diffusion process. Given that the HRXRD data presentee@fficients of diffusion in the two sublattices by modeling the
in this work show that the two sublattices diffuse at differentdiffusion and interpreting photoluminescence and HRXRD
rates at all temperatures below 900 °C the diffusion lengthsneasurements. Yet all* characterized the interdiffusion
qguoted in Ref. 4 cannot be correct. of InGaAs/InP superlattices from their Raman spectra and
The fact that inversion of the photoluminescence peaknferred the presence of small tensile strain in the wells
shift tends to appear at earlier stages of diffusion with low-for smaller diffusion lengths and compressive strain for the
ering of the annealing temperature reinforces the argumerirgest.
that the miscibility gap is responsible for alteration of the
diffusion process observed at 900 °C. V. CONCLUSION
This result is in contrast to calculated binodal isotherms ~ HRXRD characterization of isothermal interdiffusion in
in the literature since strain is still generated at 850 °C, &0 nm lattice matched InGaAs/InP SQW shows that for tem-
temperature at which the miscibility gap should have shrunkperatures up to 850 °C strain develops in the well/barrier
from the lattice matched compositic?ns or even interface region. The HRXRD and photoluminescence data
disappeared® Chu et al® questioned the validity of these modeling are consistent with unequal diffusion rates in group
models by noting some phase instability in quaternary alloys!l and group V sublattices, with the anions diffusing faster at
grown by vapor phase epitaxy at compositions and temperaarly stages of annealing, while cationic intermixing domi-
tures outside the calculated miscibility gap. Currently, therenates at a later stage. Because no strain is observed at 900 °C
is still some controversy about the origin of compositionand the differences in diffusion rate appear to be more sig-
modulation in epitaxially grown layer®.The miscibility gap  nificant with a decrease in the annealing temperature, the
has often been blamed despite the calculated critical tentlata are consistent with the presence of a miscibility gap in
peratures(especially coherent spinodal calculatipriing  the InGaAsP quaternary system at temperatures as high as
too low to justify it, and surface instability during epitaxial 850 °C.
growth,.which has _higher critical temperature, provides anlA Kelly, Ceram, Trans57, 117 (1999
altematlv_e gxplanatlon. . . . 2M.. E. B’renchleg/, M. Hor;kinson, A. kelly, P. Kidd, and D. J. Dunstan,
Our findings are nevertheless consistent with a bulk dif- ppys. Rev. Lett78, 3912(1997).
fusion mechanism; the alternated strain domains modeledG. B. Stringfellow, J. Cryst. Growt5s8, 194 (1982.
rule out the possibility that strain could have deVEIOpedAEégfIISSOW' P. Gillin, M. Hopkinson, and R. Gwilliam, J. Appl. Phys,
thrO,UQh a type of macroscopic' bend?ng of the SpECimen%W. P.(Gillir:?,'S. S. Rao, |. V. Bradley, K. P. Homewood, A. D. Smith, and
during annealing, and the strain inversion and photolumines- a. T. Rr. Briggs, Appl. Phys. Lett63, 797 (1993.
cence data are consistent with alteration of the ratio of an®S. S. Rao, W. P. Gillin, and K. P. Homewood, Phys. Rev5® 8071
ionic to cationic diffusion rates. ,(1994. _ o
. . . . B. De Cremoux, P. Hirtz, and J. Ricciardi, Inst. Phys. Conf. 56r.115
This result is not entirely unexpected because similar (1981,
diffusion related strain build up has already been observedsk. onabe, Jpn. J. Appl. Phyg1, 797 (1982.
For example, strained layers were imaged by scanning tunf-’ghN- 57- i'é‘ib Sigl\éakahara, K. E. Strege, and W. D. Johnston, Jr., J. Appl.
neling microscopy (STM) in initially lattice matched 2= 461 E: V\Zétherlyy 3. Cryst. Gron#sa 88 (2000,
InGaAs/InP superlattices which were thermally diffusediiy cpenet al, 3. Appl. Phys89, 4815(2001.
following phosphorus implantation into the barrier 2R, E. Mallard, N. J. Long, E. J. Thrush, K. Scarrott, A. G. Norman, and G.
region:* Mallard et al.** found, using compositional energy _R. Booker, J. Appl. Phys73, 4297 (1993.
dispersive x-ray microanalysis, greater interdiffusion of > W Ryu, B. D. Choe, and W. G. Jeong, Appl. Phys. Lét.. 1670

group V atoms in an initially lattice matched g j \.(u, H. Asashi, S. Emura, and S. |. Gonda, J. Appl. Pfi§s204
INg 5dG&y 47AS/ INg 7§58 21ASy 48P0 55 Multiple quantum well (1992).
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