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X-ray interferenceeffect and transmissionelectron microscopyare usedto studythe relaxation processin a series of laser
structuresas a function of InAs contentin the quantumwell. It is shownthat the X-ray interfrenceeffect is a powerful, fastand
non-destructivemethod to assessthe Strain Statusin samplesof this kind. A setof strainedlayer laser structurescontaining N
monolayersof InAs (N X(lnAs)

1(GaAs)3with N= 1, 3, 5, 7) in an 8 nm quantum well active region and a setof strainedlayer
quantumwells consistingof P monolayersof InAs (P x (InAs)1(GaAs)Qwith P= 2, 4 and Q = 2, 4) were grown [Dotor et a!., J.
Crystal Growth 127 (1993) 461 by atomic layer molecular beamepitaxy. X-ray interferenceeffect and cross-sectiontransmission
electronmicroscopyanalysisof thesamplesshowthat in theseriesof laserswith N monolayersof InAs thewhole laserstructureis
coherentwith thesubstrate(andconsequentlydislocation free) for 1 and 3 monolayersof InAs, while a samplewith 5 monolayers
of InAs is in a certainstageof relaxation(dislocationdensity ~d iü~cm

2) anda samplewith 7 monolayersof InAs is almost
completelyrelaxed(°d 108 cm2). In strained layer quantumwell samples,the influenceof the lnAs/GaAs thicknessratio
(P/Q) on the critical thicknesshas alsobeenstudied. These resultsare comparedwith those predictedby theoreticalcritical
thicknessmodels. Optical characterizationas well as thresholdcurrentmeasurementsof the lasers are correlatedwith X-ray
diffraction and transmissionelectronmicroscopyrelaxationstatusresults.

1. Introduction with simulationusingdynamicaltheoryof diffrac-
tion as a non-destructive,post-growth meansof

Strained layer semiconductorstructureshave evaluatingthe indium content,a keypoint for the
received considerableattention in the last few design of these devices[3] and the relaxation
years. Although use of strain can, in principle, processdue to increasingtotal contentof In in
improve device performances(e.g. lower thresh- the QW. Transmission electron microscopy
old current in quantum well (QW) lasers), it is (TEM) is used to confirm the relaxation status
well known that designof strainedstructuresis obtainedby XRD and to study the defectstruc-
limited by the thicknessat which theformationof ture in samplesof this kind.
dislocations becomes energetically favourable
(critical thickness)and degradationof crystalline
quality takesplace [1]. Recently,single ultrathin 2. Experimental procedure
strained layers of InAs as well as short period
InAs/GaAs superlattices(with a 7.16% misfit) Two typesof sampleswerestudied:laserstruc-
havebeentestedasan alternativeto Ga

1~In~As turesand quantumwell structures.The structure
alloys in order to obtain higher quality material, of the lasersamplesis as follows: (001) GaAs:Si
Several groups have reported results about de- substrate,0.5 ~m nt-GaAs buffer layer, 1 ~im
vices using structuresof this kind [2]. We have ntAl06Ga~As (n 5 >< i0’~ cm

3) cladding
used X-ray diffraction (XRD) analysiscombined layer, 1000 A undopedAI

02Ga08As waveguide,
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80 A undopedquantumwell that differs from TEM studyusingtheconventionalsandwichtech-
sample to sample, 1000 A of undoped nique. Two transmissionelectronmicroscopes,a
Al0 2Ga08As,1 p~mof p~-Al06Ga04As(p 5 X JEOL2000 EX anda JEOL 1200 EX, wereused
iO’~cm

3) and 1500 A p~-GaAs(p 5 x 10~~ for carrying out this study. High resolutionelec-
cm_3) contactlayer. The five different strained tron microscopy(HREM) anddifraction contrast
wells in the laserstructuresconsistof 100 A of wereusedto examinethe quality of the QWsand
Ga

08In02 As (sample A) and N ML of InAs the defectswhicharepresentin the studiedspec-
(N = 1, 3, 5, 7) (samplesB, C, D and E) sepa- imens. The materialwas studied in regionsfor
ratedfrom eachotherby either2 or 3 monolayers whichcontrastdue to superficialrelaxationasso-
(ML) of GaAs. The samplesthat consistonly of ciatedto thinning [61doesnot appear.
strainedQWs arenominally P ML of InAs (P x
(InAs)1(GaAs)Qwith P = 2, 4 and Q = 2, 4).

The sampleswere grown at low temperature 3. Results and discussion
(350°C)by a developmentof the conventional
molecularbeamepitaxy (MBE) techniquenamed In structuresof this kind, a characteristicmod-
atomic layer MBE (ALMBE) [4]. The main fea- ulation of the intensity(Pendeilosung)dueto the
ture of ALMBE is a periodicperturbationof the interferenceof X-ray wavesinside the crystal is
growing surfaceby meansof the cyclic modula- predictedby the simulation.Among the samples
tion of the molecular beams which enhances with the laserstructurewe observethat thismod-
two-dmensionalgrowth kinetics. ulation existsin the samplescontaining10 nm of

High resolution X-ray diffraction measure- Ga081n02As (sampleA), 1 and 3 ML of InAs
ments were perfornied by meansof a double- (samplesB and C, fig. la) in the laser active
crystal diffractometeraroundthe (004) GaAsre- region. For the samplewith 5 ML of InAs (sam-
flection. Experimentalscanswerecomparedwith pie D) this modulation is not observedand the
calculateddiffraction patterns[5] using the dy- backgroundintensity is normal. In the sample
namical theory of X-ray diffraction. In this way with 7 ML of InAs (sampleE, fig. ib) no Pen-
we determinedthe structuralparametersof the dellosungis observedandthe backgroundinten-
different layerssuchas thickness,chemical corn- sity is much higher than normal. Chemicalcom-
position andstrain status, position and thicknessof the A1~Ga1_.~Asalloy

Cross-sectionspecimenswere prepared for layers and the InAs content found were very
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Fig. 1. Experimental( ) and simulated (— ‘—) diffraction patternof a laser structurecontaining3 ML (a) and 7 ML (b) of
InAs in thequantumwell. Experimentaldiffraction patternshavebeenshiftedfor clarity.
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Fig. 2. Dark-field (220)imagetaken in theQW region ol laserwith 7 Ml. of InAs ontrastdue to deformationin the QW appears.

close to the nominal values. In all the samples The relaxationstatusof the lasersamples(A—
that consist only of the strainedQWs, interfer- E) found by TEM is in agreementwith the XRD
ence fringes were always observed.In this case results: samplesA, B and C were found to be
the relaxationstatuscan be assessedby measur- defect free, while defectsappearedfor sampleD
ing the angular distancebetween interference (N = 5 ML InAs) with a dislocationdensityn~
peaksat bothsidesof the substratepeak[7]. i0~cm2 andin sampleE (N= 7 ML InAs) with
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Fig. 3. 1-IREM imagesho~tngthat QW possesseshatandwell-definedinterlaces.
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10~cm2. The sample with 7 ML InAs 6
shows a particulardefectdistribution. Groupsof s - //

defects with triangular shapeappearto be dis- - /
posedwith a certain periodcity(period 3 J.Lm).

Dark field (220) imagesobtainedfrom this sam- 3 - • /
pie show muchcontrastprobablydueto deforma- 2 - • *~ * ~ *
tion in the region of the interface(fig. 2). Some .~ //

vicinality has been observedby HREM for the 1 - \\ // /
substratesurface in strained layer laser struc- 4. I I I I

tures’ the inclinationof the substratesurfacein 1 2 3 1, 5 6 7 8 9
Total tnAs Thickness ML)

relationto the (001) planebecomesgreaterthan
2° in some regions.The other set of samples, Fig. 5. Plot of the GaAsbarrier thicknessversustotal lnAs

content. The straight line correspondingto Q = 1.26(P—2.3)
strainedlayer,QWs, showedcompletely flat and separatestherelaxedandthe strainedsampleregions.Sample

well-orientedinterfaces. Jhasbeenmarked(seetext).

The values of the strain statusobtained by
XRD in this study havebeenplotted in a thick-
nessversusmisfit diagram(fig. 4). Matthewsand
Blakesle’scritical thicknesstheory[1] for a single strained have been plotted by circles. Data
heterojunctionhasalso beenplottedfor compari- markedby arrowshavebeentakenfrom previous
son. The agreementof experimentalXRD data work [8]. A clear relationship between the
with the Mathews—Blakeslemodel is good when GaAs/InAs thickness ratio and the relaxation
the misfit is larger than 1.5%. The dislocation statusis found, as expected.For the separation
densityfound by TEM in sampleJ (fig. 4) is much betweenthe regionof relaxed andstrainedsam-
lower than the otherrelaxedsamples.The dislo- pIes, the relation Q = 1.26(P— 2.3) holds,where
cation densityestimatedis lower than iO~cm2. Q representsthe GaAs barrier thicknessand P

The chemical composition and relaxationsta- thetotal InAs content.A studyof similar samples
tus of the different structuresobtainedby XRD to find outwhetherthis relationholdsfor awider
are shown in fig. 5. The X axis correspondsto rangeof GaAs/InAsthicknessesis underway.
the total InAs content in the structure.The Y Characterizationof the samplesas laser de-
axis correspondsto the GaAsthicknessbetween vices [9] shows that sampleswith Ga

081n02As
two InAs layers. Structuresfound relaxedhave (sample A), 1 ML InAs (sample B) and 3 ML
been plotted by stars and structures found InAs (sampleC) havegood lasercharacteristics

(e.g., ~th = 1.97 kA cm
2 and A = 884 nm for

20 ____________________ sample B), while the sample with 5 ML InAs
showspoorerperformanceandthe samplewith 7
ML InAs doesnot lase, as expectedby the high

do densityof dislocationsin the active region. In

~ * * addition, the agreementbetweenthe transitions

observedin the optical measurementsand the
• • ~ resultsof an envelopewavefunctioncalculationis

very good for coherentlystrainedlasers(samples
A, B and C). Transition for the relaxed laser

samplescannotbe fitted with the nominal struc-2 3 tural parameters(thicknessesand compositions)

MIS F I T ) 0/) consideringan in-planeparameterequal to that
of the substrate.The fitting improves qualita-

Fig. 4. Plot of the values of OW thicknessversus misfit.
Dashedline correspondsto theoryof MatthewsandBlakeslee tively, consideringthe relaxationstatusfound by

[1]. SampleJ hasbeenmarked(seetext). XRD.
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4. Conclusions [3] A. Mazuelas,J. Meléndex,ML. Dotor, P. Huertas,M.
Garriga,D. Golmayo,F. BrionesandF. Briones,J. App).

The relaxationprocessin lasersand OW with Phys., in press.

InAs layershasbeenstudiedby XRD andTEM. [4] F. Briones,L. Gonzalezand A. Ruiz, Appi. Phys.A 49

Strain statusis correlatedwith optical properties (1989)729.
[5] L. Tapfer andK. Ploog, Phys.Rev. B 40 (1989)9802.

and characterizationof the laserdevices.Good [61M.M.J. TreacyandJ.M. Gibson,J. Vacuum Sd. Technol.
agreementwith the critical thicknesstheory of B 4 (1986) 1458.

MatthewsandBlakesleeis foundfor misfits larger [7] L. Tapfer, 0. Brandt, K. Ploog, M. Ospelt and H. von

than 1.5%. Kane!, in: Proc. Conf. on Physics of Semiconductors,
Thessaloniki,1990 (World Scientific, Singapore,1990) p.
949.
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