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LIQUID PHASE EPITAXY OF HEAVILY Te DOPED Ga1 ~Al~SbON GaSB
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Heavily tellurium dopedGa1 ~AlxSballoyswere grownby liquid phaseepitaxyon p-GaSbundopedsubstrates.For high Te
contentliquid solutions(XJj~~~ 0.5 at%),quaternaryGa1_~Al~Sbi~ solid solutionsweredeposited,with Yconcentrations
up to 0.23 near the substrate—alloyinterface.The effective segregationcoefficientof tellurium was found to bekeff = 23 at
500°Candkeff 12 at 550°C.An n-typeconductivitywasobservedwith anupperelectrondensityn = 3 X 1018 cm

3.Measure-
mentsof the electronbeaminducedcurrentby SEM haveshownthatthen—p junctionsweresituatedat thechemicalinterface,
with holediffusionlengthsof about1 ~m,andelectrondiffusionlengthsof about2 #m.

1. Introduction axis were studiedby electronmicroprobeanalysis,as
the segregationof Te betweenthe liquid and solid

The Gai~Al~Sbsolid solution has been grown phases.For the highestvaluesof the liquid Te con-
by zone melting [1—4], horizontal normal freezing centrations (0.5 at%), an n-type quaternary
[4], Bridgman growth [5], liquid phase epitaxy Gai~Al~Sbi~Te~solid solution was deposited.
[6—22], and chemical vapor deposition [23]. This Some electrical characteristicsof the epilayers are
alloy appears very attractive for application in presented.
optoelectronic devices [10], as selective 1.06 pm
photodetector[24], highspeedavalanchephotodiode
[25,26] or solarcell [27]. 2.Experimental

The undopedsolid solution is a p-type semicon-
ductor. The n—p junctions have beenpreparedby 2.1. Growthprocedure
liquid phase epitaxy using tellurium doping, with
electron concentrationless than 1018 cm3. Some Epilayers have been grown on single crystals
electrical and photoelectrical properties of n—p (111 )B undopedp-typeGaSb substrates(p = (1—2) X
Ga

1_~Al~Sb—GaSb [8,15,19] or 1017 cm
3). A conventionalsliding graphiteboat in a

Ga
1~2A1~2Sb—Gai~1Al~1Sb[16—18,27] hetero- horizontal quartz reactor tube in a pure hydrogen

junctionshavebeenstudied. atmospherewas used. The GaSb substrateswere
In this paper,we presentour resultson the liquid preparedfor growth by a 1 pmmechanicalpolishing

phaseepitaxy of heavily TedopedGa1 ~A1~Sbfrom followed by a 15% bromine—methanoletch just
galliumrich liquid solutionontop-GaSbsubstrates.A prior to insertion into the furnace. The lightly
nearly equilibrium growth method was used. The unsaturatedsolutionwas initially preparedwith 6-9’s
variations of the layercompositionalong the growth Ga andAl elementsandGaSbcrystals.Thetellurium

336



P. Gautieretal. /LPEof heavilyTe dopedGa
1 ~Al~Sb on GaSb 337

was addedunderthe form of a 6-9’s element,or with
the aid of Te doped GaSb crystals (n = 1018 cm

3)
whena layerdopinglevel of lessthan 1018 cm3was
required.A graphitepistonundera quartzrod kept
up the flatnessof the liquid solution of 3 mmheight
andpreventedanySb or Te lossduring theheattreat -____________________________________________
ment. After the meltwaskept at 550°Cfor anhour, _____

it was brought into contactwith thepolished(111 >B
surface of a GaSh source, held in the horizontal - ~

graphite drawerjust before the GaSbsubstrate.The . I~OOp-

immersion time was 40 mm. With theseconditions, I
the melt was supposedto be very slightly super-
saturated,whenthe GaSbsourcewas slowly butcon- Fig. 1. (110) Cleavageplaneof anepitaxiallayerof Te doped
tinuously dissolvedin the melt [28]. At this timethe Ga

0~oAlo40Sb on (111)B GaSbsubstrate;growth condi-vL —ic in—S ~ . _c°r’. _‘,‘, or’ —1.

systemwas cooled,andthenthe sourcewasretracted ions. Te — U a . X., — , — . mmgrowth interval495-480°C.
andreplacedby the GaSbsubstrate.Thegrowthwas
initiated on the substratefor variousvaluesof super-
cooling ~ (0—5°C)and cooling rateR (0.025,0.66 20°C(~= 0°C).The efficiency of the LPE experi-
and2.25°Cmin~).As the first layerswere deposi- ments,calculatedfrom the Ga—Al—Sbphasediagram
ted on the GaSb source, the growth on the sub- [28], was about20%.The as-grownsurfacewas deter-
stratewasvery neartheequilibrium, mined to be dependentof the substrateorientation.

The (ill )B surfacescurrently showedmanyripples
2.2.Compositionprofiles or triangular facets. Shining smooth surfaceswere

The solid compositionswere determinedusing
quantitative electron microprobe analysis; by corn- —

parisonof theemissionintensityof theGa Ka, Al Ka
Sb La and TeLa radiations of the layer, with the
emission intensity of Al, GaSb and GaTe
check samples.The real concentrationswere cal-
culated using a correcting program taking into
accountbackscattering,absorptionand fluorescence
effects[29].

The layersuniformity normal to the growthaxis
was controlledto bebetterthan theaccuracyof the
microprobeanalysis(±2absoluteat%).

The variations of the solid composition were
studiednormal to the substrate.The Teprofileswere
obtainedby recordingthe signalof the Te La radia-
tion. Tellurium concentrationof 3 X l0~at.fraction _____ _______

couldbe detectedin the solid phase.

3. Results -

3.1. Layermorphology .

Epilayersof 50-80pmthicknesswere obtainedfor Fig, 2. (11 l)B surfaceof aGa0.60A1040Sbepilayershowing

growth intervals varying from 15°C (i~= 5°C) to stackingfaults.
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Fig. 3. Dislocation loops chemicallyrevealedby 1 HNO3, 1 H202,1 H20 on aGai_~Al~Sbi_~Te~—GaSbstructure(X = 0.27);
Y= 0.23 attheinterfaceand0.02nearthe surface.

-~

Fig.4. Cracksandlarge striationsparallel to the interfaceattributedto compositionalTe variationsrevealedby 1 HNO3, 1 HF,
1 H20 on thesameGa1 ~Al~Sb1 ~Te~—GaSbstructureaspresentedin fig. 3.
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_____ obtained only with (111>B substratesperfectly
oriented. On these surfaces, some stacking faults
appearclearly. Otherclassicalorientationswerenot
selectedfor this study,as they appearedless favour-
able for the LPE growth: (111>A surfacesshowed
hillocks and spiral growth patterns,and (100>sur-
faceswerecellular.

The substratewas strongly dissolvedwith i~= 0
and slow deposition rates. This dissolution was

___________________________________________reduced until a few microns using ~ = 5°Cand
highest cooling rates.Linear layer—substrateinter-
facesfree of solvent inclusionswere obtainedif the
seedorientationwas off by less than about 1/2°and
for high tellurium concentrationin the liquid. It has
beenshownthat misorientedsubstratesgive a stepped
etchback[30]. Thefavourableinfluenceof tellurium
upon the linearity of the interface,observedfor other
LPE experiments[31], couldnotbeenexplained.

Typical cleavagesof the structureand as-grown
surfaces are shown in figs. 1 and 2. Some defects
revealedby chemicaletchingnormal to the substrate

Fig. 5. p—n Junctionof aGa1 ~Al~Sbi ~Te~_GaSbstruc- are resentedin fi s 3 and4
ture visualizedby EBIC in a SEM. The junctionlies at the g -.

substrate—depositinterface. The position of the n—p junctionsandthe diffu-
sion length of the minority carrierswere determined
from the currentinducedby the electronbeamof a
SEM. As shown in the fig. 5, the n—p junction
revealedby scanninglays at the substrate—deposite
interface.Hole diffusion lengthsof about 1 pm were
measured from the drop of the induced current
profile (fig. 6). Electrondiffusion lengthsin the sub-

strareare 1—2pm.

3.2. Compositionprofiles

Fig. 7 shows the recordedconcentrationprofiles
of tellurium in epilayersof Al compositionX ‘~‘ 0.20,
for various Te liquid concentrationsX~eA great
quantity of tellurium was found in the deposite.A
sharp increaseof the Te profile was notednear the
substrate—alloyinterfacefbr layersgrown withX~e=

5 X l0~at.fr.TheTepeakvalueis ~10at%.Thispeak
becomesweaker as XJh decreases.For the lowest
values of X~e,the distribution of Te through the
layer seems to be uniform, but in this case the
microprobesensitivity (300 atppm) is of the same
order of magnitudeasthe measurement(300 to 1000

Fig. 6. Electron beam induced current across the same atppm).
cleavageof fig. ~ Quantitativemeasurementsof the compositionof
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S $e(MI
10%k(at) ______

0.1% 3 Fig. 8. Quantitativeelectronmicroprobeanalysisof the four
elementsonacrosssectionof theepilayer.

0 0 • 40 60 80

Fig. 7. Tellurium concentrationprofiles in epilayersgrownat
500—480°C from liquidsof differentTe concentrations. atomsreplacetheantimonyatomson theB sublattice.

This resultagreeswith the reportedworkson the
GaSbTephasediagram,which indicatethe existence

the whole solid phasewere madein severalpointsof of a GaSb—GaTesolid solution up to 16.4 mol%
the layers. Resultsare indicatedin fig. 8 for a layer GaTe [32,33].
grown from a liquid of tellurium concentration The value of X was determinedfrom the ratio of
X~e= 5 X i0~at.fr. It canbe seenthat in all cases: the calculatedatomic concentrationsof GaandAl in

vS vS vS vS ,~. the layers.The variationsof X along the growthaxis
Ga

1’”~A1 ~Sb~Te 0.5at.~r. are reported in fig. 9. They are comparedwith the
So the deposit appearsto be the quaternarysolid theoreticalprevisions made from the knowledgeof
solution Ga

1~Al~Sbi_~Te~,where the tellurium the ternary Ga—Al—Sb phase diagram [28]. The

0.66 C/mn L 3
S XTe_ 510 at.fr.

XAISb ... ~ in—

5

(moifr)
— — — theoretical curves (Undoped

o.3o liquid)

Q20 ~25~/mn~~.

0.66°C/mn
o’o

I I

0 10 20 30 40 e(p)_...

Fig. 9. Aluminum concentrationprofilesof epitaxiallayerson GaSbsubstrates.
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influenceof R andXJ~was studiedfor layersgrown whereX~,Teis the tellurium atomic concentrationin
from aliquid containingonepercentof aluminium, the first deposite which was determined by

The theoretical predictions give a homogeneous microprobeanalysis.Fig. 10 showsthevaluesof k~4
alloy in the whole range of growth.This is not the versusX~fefor layersof X = 0.20grown at 500 and
case here.The Al concentrationdecreaseswithin a 550°C.Thevalueofk~wasfoundto beindependent
thickness of 20—30 pm and remains under the of X~ein thestudiedliquid compositionrange: =

equilibrium value. The slope of the profile is more 23 at 500°Cand 12 at 550°C.Thesevalueshavethe
pronouncedwhen the cooling rate increases.Such sameorder of magnitudeas the distribution coeffi-
behaviourwas notedin theLPE of Ga~Inj_~Sb[34]. cients of Al and Sb calculatedin the same manner
It can be explainedby the formation of a solute (table1).Formelt growthat750°CofGa0,70A10.30Sb
depletion layer which takes place near the solid— crystals,k~was determinedto be equalto 0.7 [5].
liquid interface[35,36]. Sok~(ask~)is strongly reducedwhenthe growth

Forepilayersgrown from a lightly Tedopedliquid temperatureisincreased.
solution, the X value of the first depositecrystals is
predictedby the ternary Ga—Al—Sb phasediagram. 3.4. Electricaldata
This composition is higher for strongly tellurium
dopedliquids.In this casetheliquid concentrationof Theelectricalpropertiesof the layerswerestudied
tellurium cannotbeneglected.It hasbeenshownthat by Hall effect and resistivity measurementsafter
the 5 36°Cliquidus isotherm of the Ga—Al—Sb lapping the GaSb substrateand the inhomogeneous
ternary diagramis slightly displacedup to higher Sb part of the depositenearthe substrate.Thematerial
liquid concentrationswhen the melt is dopedwith conductivity was n-type.The variationsof thecarrier
0.04 at% tellurium [18]. So, for highly Te doped concentration (n = 1/RHe) and electron mobility
liquids, the quatemaryGa—A1—Sb—Tephasediagram (p = RH/p) versus are shown in the fig. 11. The
must governthesolid phasecomposition,as its evolu- valuesof n determinedfrom C—Vmeasurementsby
tion during thecooling. Anderson et al [14] on Ga0,45A10,55 Sb samples

grown at 500°Care also reported,with the Te con-
3.3. Telluriumsegregation centration ND(atoms cm

3) calculated from the
knowledgeof k~and taking the obtainedinterface

The effective segregationcoefficient of tellurium value as bulk value (this assumptionappearsreason-
was definedas: able for X~< 10~at.fr) Fig. 11 shows that for

kTe~XS XL X~f~<3.10-6 at.fr., n —‘ ND. Eachatom of telluriumeff — 0,T Te, furnishesa conductionelectron.ForX~e>3 X l0.’6

0.20

::~}Ij ~0t

2 ~eob _________
—.‘-~(.Lfr.)

0 ir’

Fig. 10. Tellurium segregationcoefficientk = X~,TeI.4easafunctionof the Te concentrationof the initial liquid life.
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Table 1
Measuredeffectivesegregationcoefficientsof Al, SbandTe in theLPE andmelt growthof Gaj~ Sb1..~Tey

L L Al Sb TeSaturationtemperature
1Te keff keff keff X Y

(°C) (atlr.) (at.fr.)

500 0.01 0 12 22 23 0.24 0

500 0.01 0.005 14 17 23 0.28 0.23

550 0.01 0.005 10 9 12 0.20 0.12

750 0.02 0.001 7.5 1 0.7 0.30

(from ref. [5])

Thevariationsof X~jandIf
5 resultingfrom theGaSbchargedissolutionwereneglected.k~wasestimatedtaking the equffib-

rium valuesof 1kb furnishedby theGa—Al—Sb ternarydiagram[281,neglectingtheinfluenceof tellurium upon the liquidus
isotherm.

at.fr., the carrier concentrationtends to an upper remainstoo low to compensateTe donorsnear
limit of about3 X 1018 cm

3. cm3.
The limit of the effective number of tellurium It has been shown in GaSb dopedwith tellurium

donors may be the occurrenceof a compensating that lattice vacanciestend to developon theA sub-
mechanismdue to p-type impurities (like Cu—U) or lattice as the concentrationof Te is increased[37].
latticevacancies. But this mechanismis regularandcannotexplainthe

The carrierconcentrationof undopedGai~Al~Sb sudden drop of the electron mobility to very low
grown by LPE in our experimentswas p = 8—10X valuesasXfe>l0~at.fr. (fig. 11).
1016 cm3. This residualconcentrationis relatively This drop cancoincidewith the appearanceof a
high and can be attributed to an off-stoichiometry secondphaseas observedby Hall andRacette[38]
defect like in GaSb [40] or GaInSb [41]. But it on heavily doped GaSb crystals although chemical

Ii n 9
600 ~

• .
‘.10 •._.—.

~18 — . —. — . sq ..

U // £/ ~

o
,,._~ ‘ 0 Hall mobility data

(~‘ $ • electron density
10 ../ 0 o \O £ Andersonet al.

LA—.,,

200. ~.‘ ,‘

id6’ ,‘

- ,, o~
(~1~)

0/ 8 7 6 5 _4 •5 o~/ 10~ 10 10 10 10 100 ~ I ~ ~jli~~i~I Jl~IjlIhI ~I~ljl(at. f r.Fig. 11. Electricalcharacteristics of Te dopedGa
1_~Ai~SbLPE layers(I = 0.20—0.30) grown at 500°C.
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