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HILLOCK DEFECTS IN InGaAs/InP MULTI-LAYERS GROWN BY MBE
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Commonmacroscopicdefectson (001) lnGaAs/lnP multi-layersgrown by molecularbeamepitaxy (MBE) arehillock defects
elongatedalong the(110) orientation.The morphology of these hillockdefectshas beeninvestigatedby selectivechemicaletching
and transmissionelectronmicroscopy (TEM). The hillockdefectswere classifiedinto: (i) smallerhillocks with no noticeablestructural
defects and (ii) largerhillocks with stackingfaultsand dislocations.It is alsoshownthat thephosphorussourcecondition and the
substratesurface cleaningcondition play an importantrole in theformation of largerhillocks andsmallerhillocks. respectively.

1. Introduction 2. Experimental

Semiconductorlaserswith InGaAsP/InPand The MBE systemusedhereis the same asthat
InGaAs/InP multi-layer structures have been describedelsewhere[7,8]. The system hasan air-
studied extensively as light sourcesfor optical lock mechanismso that the substratecan be set
communicationsystemsin the 1.0 1.7 ~m wave- onto a substrate holder without breaking the
length region. The relationship between device vacuumin the growth chamber.The effusioncells
performanceand crystal defects waswell investi- aremountedat thebottomof the growthchamber
gated for laser crystals grown by liquid phase with a vertical configuration.In this experiment,
epitaxy(LPE) [1]. Recently,room temperatureCW In Ga alloy and In, containedin pyrolytic BN
operationof MBE(molecularbeamepitaxy)grown cruciblecells,were used asgroup III beamsources.
InGaAs/InP DH lasercrystals was reported[2]. Red phosphorusandarsenicwere used asgroupV
However, crystal defects in InGaAs/InP multi- beamsources(P4 andAs4).
layers grownby MBE havenot beensufficiently The substratesused herewere Sn-doped(n =

investigatedand evaluated.Hillocks, called “oval
defect”, in GaAs layersgrown by MBE are well
known and the morphology of the hillocks has smaller hillock
beenwell investigatedandreported[3 6]. dislocation / larger hillock

Similar defectswere observedin MBE grown ia —~ _____________ _______ p-InGaAs
InGaAs/InP multi-layers. This report describes (b) f -I ~
the morphologyof the hillock defectsandpresents ~ 111 ____________ _______ p

_____________ _______ u InuaMs
the results of astudyon defectcharacterizationby (e) -

selectivechemical etching,Nomarskicontrastnij- ~ ~—s n lnP
croscopy, scanningelectron microscopy (SEM), stacking fault n-InP Sub
transmission electron microscopy (TEM) and
Auger electronspectroscopy(AES).

* Department of Material Science and Engineering, Mas- Fig.1. MBE-grown InGaAs/InP multi-layer structure and

sachusettsInstitute of Technology,Cambridge,Massachu- schematicconfiguration of the defects under study (not to
setts 02139, USA. scale);(a) (f) correspondto figs. 6a 6f. respectively.
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(1 2) x 1015 cm ‘) and Fe-dopedsemi insulating 3. Re~ult~and di~cu~sion
(001) lnP. The etchpit density for thesesubstrates
vvas about 3 x lO~ cm ~. After Br niethanol I he surface morpholog\ of MBl~-grown In-
chemicaletching, the substrates‘Acre mountedon GaAs loP multi-layers ~sas studied, first of ill.
the Mo block by using In solder. Just prior to using Nomarskicontrastmicroscopyand scanning
growthof the first lnP layer. a flash heattreatment electron microscop\(SEM). Hillocks similar to
at 480°Cfor I mm under a phosphorusvapor those observed in MBE-grown GaAs ssere oh
pressure(2.4 X 10 ~ Torr) was carriedout on the serted,as sho’An in fig. 2.The hillock size ranged
InP substrateexceptwhen the effect of the sub- from 2 to 15 gm and theheight ranged from300
strafe surface treatment process on the hillock to 3000 A. Thesehillock defectscan he classified
density wasstudied. into: smallerhillocks (height 300 A) and larger

lnP layers were grown at a substratetempera hillocks (height 1500 A). The smaller hillocks
ture of approximately450°Cand at a growth rate ha~ea ‘Aillow leaf (elongatedoval defect) shape
of 1 ~im h. InGaAs layerswere grown at a sub- structure,indicatedby A in fig. 2. Their long axes
stratetemperatureof about 480°Cand a I ~im h were aligned along the 110) orientation. fhe
growth rate.The MBE-grown lnGaAs InP multi- larger hillocks hase an ellipse shape structure.
layer structure‘Aafers used for this experimentare The\ were also elongatedalong the 110 direc-
composedof (i) an Sn-dopedn-type lnP cladding tion. indicated ~ El in fig. 2. Most of the larger
layer (first layer), (ii) an undopedInGaAs active hillocks appearto have a nucleusat their center.
layer (second layer), (iii) an Mn- or Be-doped fhe density of the smaller hillockswas about 10
p-type lnP claddinglayer (third layer) and(iv) an cm . while the density of the larger hillocks was
Mn- or Be-doped p-type InGaAs layer (fourth aboutl0~cm 2~Theotergrowthdelineatesa regu-
layer). as shownin fig. 1. lar edge on the top of the smaller hillocks. as

Selective chemicaletching wascarried out in shown in the SEM photographs0f fig. 3a. Fur the
order to investigatethe hillock propagationhe- larger hillocks, this edge blurres as shownin fig.
tween layers.andthe relationshipbetweenhillocks 3h.
and crystal defects.Selectiveetchantsused were
sulfuric acid solution, composed of3 vol. H~SO4:
vol. H202: I vol. H20 for InGaAs. which attacks
InGaAs but doesnot attack InP,andhydrobromic

acid solution, composed of I vol. HBr: 2 vol.

H~PO4for InP, which is known asa defectetching
solution for InP [91and doesnot attack InGaAs.

The TEM sampleswerepreparedin the fctllow
ing manner to observethe defects in the region
near thesurfaceof the p-lnP claddinglayer (third
layer). The p-InGaAs cap layer (fourth layer) was

removedby sulfuric acid solution. The surfaceof
the p-InP layer (third layer) was protected by

using wax, and the chemical etching wasper-
formed to removethe n-lnP substrateand n-InP
cladding layer (first layer) by 10 vol. HBr: I vol. ~ Op
HF solution, and undopedInGaAs active layer
(second layer)by sulfuric acid solution. Then, the
samplesweremountedon meshesandwerethinned i ig. 2. N0010rsk i i_ontrast 11111.rographof as grossn surfate of
to foils of -~ 0.5 ~smthick by ion milling. The foils

lnGaAs lnP mulii lasers grossii by NI BE ‘smaHer hiilock
wereobservedwith a transmissionelectron micro- (height 300 A) is indicatedby A larger hillock (height 1600 A)

scope(JEOL-200B)at 200 kV electronenergy. i~ indicated hs’ B
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claddinglayer (first layer), as shownin fig. 1. The
characterof these faults cannot be decided on,

__________ _____________________ becausetwo faults pile up.
_____________ _________ High densitydislocationsalso existaroundthe

larger hillocks. Moreover, dark contrastdefects
___________ exist in the center of the larger hillocks, as also

~ ~ ___________ shown in fig. 4a and 4b. Theelectrondiffraction
patternsselectedfrom the central region of the

___________ largerhillocks are shown infig. 4c. Thediffraction
—~ patterns are composedof diffraction spots and

rings. Thesepatternsreveal thepolycrystallinena-
ture of InP as well as thesingle crystalnatureof
InP. Electronbeamscannotbe transmittedthrough

the dark contrastdefects.Therefore,theseresults
indicate thatInP polycrystalshavegrown around
the dark contrastdefects.

The central region of the larger hillocks was

also studiedby Augerelectronspectroscopy. Auger
measurementswere carriedout on the slightly Ar
ion etchedsurfaces.The results of theAugermea-
surementsare shown in table1, where theAuger
signal ratiosof In/P and 0/P are listed. The
ratios from the flat region (InP single crystal re-

1 ).J gion) are also shown. In thecentral region of the
largerhillocks, In/P and0/P are increased,com-
pared with those fromthe flat region.This mdi-

Fig. 3. SEM rnicrographsof thehillocks: (a) smallerhillock: (h) catesthat moreindium is containedin the central
largerhillock, region (probably in dark contrastdefects), al-

thoughthe detectedoxygen signal isconsideredto
come fromadsorbedoxygen atomson the wafer

3.1. Larger hillocks surface.
It has beenobservedthat thephosphorussource

To investigatethe natureof the larger hillocks, conditionplays animportantrole in the formation
TEM observationswerecarried out. Fig. 4 shows of larger hillocks.When a phosphorussource (red
TEM photographsin the regionnearthe surfaceof phosphorus)storedin a dessicatorwas used, the
the p-InP cladding layer (third layer). It is clear densityof thelargerhillocks wasaboutiO~cm 2

that stackingfaults and dislocationsexist in the The densityincreased whengrowth wasrepeated.
largerhillock. The contrastof the trapezoidelon- For this case, aconsiderableamount of white
gated along the (110) direction disappearsfor powderwas observed in thephosphoruscrucible
(220) reflection (fig. 4a), and the contrastof the cell when the growth chamberwas opened to
trapezoidelongatedalong the <110)directiondis- rechargethephosphorussource. On theotherhand,
appearsfor (220) reflection (fig. 4b). No extra the use of a phosphorussource stored in an
spots are observedin the selectedarea electron evacuatedampoulereduced the amount of white
diffraction patternsof thesetrapezoids.Thesere- powderand thedensityof the larger hillocks by
sults meanthat thesetrapezoidsare stackingfaults. oneor two ordersof magnitude.Red phosphorus
From a considerationof the length of the cross easily absorbswaterandeasilyoxidizes.Therefore,
sectionbetween faultsanda samplefoil, the stack- this white powderseemsto be phosphorusoxide.
ing faults in fig. 4 originatefrom neartheinterface Perhaps,this white powder (phosphorusoxidepar-
betweenthe n-type substrateand then-type InP tides) adheresaccidentally to the wafer surface
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during growth. Theseadsorbedphosphorusoxides central region of the larger hillocks. Although the
will decomposeand lorm indium oxides on the formation mechanismof the largerhillocks must
s~afer surfaceh\ combining with Impinging in— he studied in more detail, it is ser~iniportant to
ilium. The overgrowthoccursaroundtheseindium shut out the air from the phosphorussource, in
oxidesand the lnP polvcr~stalsare l’ormed in the order to eliminate largerhillocks.
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Fig. 4. TEM niicrographsof the region around the larger hillock: (a) (220) reflection; (b) (220) reflection; (c) electron diffraction
patternselected fromthecentralregion of the larger hillock.

3.2. Smallerhi/locks an undoped InGaAsactivelayer(second layer,0.2
p.m), (iii) a p-type InP claddinglayer (third layer,

In contrast to the larger hillocks, near the 1.6 ~tm)and(iv) a p-typeInGaAscaplayer(fourth
smaller hillocksthereare nonoticeablestructural layer, 0.3 ~sm).
defects,such asdislocationsor stacking faults, as Fig. 6ashowsthe as-grownsurfaceof the p-In-
shown in the TEMphotograph(fig. 5). Moreover, GaAs layer (fourth layer), in which twosmaller
no extra spotsor diffraction rings were observed hillocks exist. Fig. 6b shows the surfaceof the
in the diffraction patterns. The monocrystalline p-InP layer (third layer), in which two smaller
natureof this regionwas revealed. hillocks exist, after removalof the p-InGaAs cap

In order to investigate the propagation of layer (fourth layer, 0.3 ~tm) by sulfuric acid solu-
smaller hillocksbetween layersgrown by MBE, tion.Thesehillockscorrespondexactlyto those in
selectiveetchantswere used.The etching process fig. 6a.
showedthat the hillockspropagatedfromthe lower Fig. 6c shows thep-InP (third layer) surface
layer to the upper layer. The Nomarski contrast after etchingthe p-InPcladding layer(third layer)
micrographs,figs. 6a 6f,correspondto theetching by hydrobromic acidsolution, in which hillocks
steps indicatedby (a) (f), respectively,in fig. 1. are blurred by the etching processand someetch
The wafer shown in fig. 6 is composedof (i) an pits appear.Theseetch pitscorrespondto dislo-
n-type InP claddinglayer (firstlayer, 0.8 ~em),(ii) cations [9]. It is noteworthythat the smallerhil-

locks observedin fig. 6c do not correspondto
theseetch pits. This indicates that the smaller

Table 1 hillocks do not relate to dislocations,as can also
Resultsof Auger measurementson theInP layersurface be seen infig. 5.

Augerintensityratio Fig. 6d shows thesurfaceof the undopedIn-

In P 0/P GaAs active layer (second layer), in whichtwo
hillocks exist, after removalof the p-InPcladding

Central regions 11.7 2 . .

of largerhiilocks 11 2.3 layer (third layer, 1.6 fem) by hydrobromicacid
solution.Thesehiulockscorrespondexactlyto those

Flat regions 6.1 0.8 in figs. 6a and6b. Fig. 6e shows the surfaceof the
(lnP single crystal) 5.8 0.75 . . .

~ 7 0 9 n-InP cladding layer (first layer), in which two
_______________________________________________smaller hillocksexist, afterremovalof the InGaAs
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Fig. 5. TEM micrographof the regionaround the smaller hillock.

active layer (secondlayer. 0.2 j.tm) by sulfuric acid sity of thesmallerhilloeks was studied, wherethe
solution. These hillockscorrespond to those in same chemical preparation processas that de-
figs. 6a. 6b and6d. This resultmeansthat hillocks scribed above was carried out for the substrates.
propagatefrom the lower layer to the upperlayer. First of all, thephosphorusvapor pressureduriiig

Other than this propagation, the size and the thecleaning processat 480°Cwas changedfrom
height of these hillockshardly change. 2.4 x 10 to I >< 10 Torr. The densit~of the

Fig. 6f showsthesurfaceof the n-lnP cladding smallerhilloeks did not dependon thephosphorus
layer (first layer), in which someetch pits appear, vapor pressure.However, the thermal cleaningof

after etching of the n-InP by hydrobromic acid the substrate under phosphorussapor pressure
solution. These etch pits also correspondto th~ (2.4 ,~10 ~ Turr) at 450°Cfor I mm caused an

etchpits shownin fig. 6c. This meansthatetchpit increasein thedensity of the smallerhillocks (l0~
defects propagate fromthe lower layer to the cm 2), as shownin fig. 7a. This is prohahis he-
upper layer. cause thedegreeof removingof substratesurface

From the above observation, it is clear that contaminationis poor. On theother hand,thermal
smallerhillocks propagatefrom the lower layer to cleaningof thesubstrateuiider arsenicand phos-
the upper layer, as shownin fig. 1. Etch pit defects phorus(~I : 3) vapor pressure(total pressureis
also propagate fromthe lower layer to the upper about 2.4 x 10 ~ Torr) at 520°C’for 4 miii im-
layer [10]. However, thesesmallerhillocks do not proved thedegree ofremovingof substratesurface
relate to etch pit defects (dislocations).It is odd contamination and reduced the smaller hillock
that smallerhillocks involve no structuraldefects, densityby about one order of’ niagiiitude (10~
such as dislocations orstackingfaults, but propa- cm 2) as shownin fig. 7b. These results indicate
gatefrom the lower layer to the upperlayer. that the substratesurfacethermal cleaning condi

The substratesurfacetreatment(thermalclean- tion plays an importaiit role in the formation of
ing) processeffect beforegrowth on the den- smallerhillocks.
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Fig. 6. Nomarski contrast micrographs: (a) as grown surface on the cap p-InGaAs layer (fourth layer); (b) p-InP clad layer (third
layer) surface; (c) p-InP clad layer (third layer) surface after p-InP layer defect etching; (d) undoped InGaAs active layer (second
layer) surface; (e) n-InP clad layer (first layer) surface; (f) n-InP clad layer (first layer) surface after n-InP layer defect etchin".
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(i) [here were no noticeable structural defects
associatedwith thesmaller hillocks(height300 A).
(ii) There were stackingfaults and high density

dislocations associatedwith the larger hillocks

(height 1500 A).
These resultsmake it possible toestablish the

tentativeconfiguration shown in fig. I for these
hillocks.

It was also shownthat the phosphorussource

condition playsan important role in the formation

I
of largerhillocks. In order to eliminate the larger
hillocks, it was very important to shut out the air

1~Q from the phosphorussource. Moreover, the sub-
strate thermal cleaning condition was au im-

portant factor in the formation of smaller hillocks.
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