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Knowledgeof thediffusion coefficientand solubility of soluteatomsin liquid meltsis requiredin orderto accuratelypredict
the diffusion limited growthrate of crystalsnucleatedfrom the liquid phase.In this work, diffusion coefficientsandsolubilities
are determinedindependentof the growth processby measuringtheweight loss of a semiconductorwaleralterbeingplacedin
contactwith a melt. Dataarereportedfor thesystemsGein Pb andGaAsin Pb,over thetemperaturerangesnormallyemployed
in liquid phaseepitaxy.Solubility datafor eutecticPb-Snmelts arealsoreported.Addition of Al or Ga to aPb-Gemelt is found
to greatly lower the solubuity of GaAs in themelt; this facilitatesthe growth of p~nGe—GaAsheterodiodesby substantially
reducingthe possibility of substratemeltback.Ge layersaregrownon <111B) GaAssubstratesby astep-coolingtechnique.Excel~
lent agreementbetweenobservedgrowthratesandthosepredictedfrom thediffusion coefficientandsolubility datais obtained.

1.Introduction the boundaryconditions appropriatefor the growth
techniqueused.It is evident,then,thatknowledgeof

Growthof singlecrystalsfrom dilutemetallic solu- the diffusion coefficient andsolubility of the solute
tions by liquid phaseepitaxy (LPE) is widely usedfor atomsin the liquid melt is a requisite for predicting
preparationof thin semiconductorlayers. Typical crystalgrowthrates.
growth apparatusemploysa horizontalboat with a Diffusion coefficients for certain systems have
movable compartmentthat brings a saturatedmelt beendeducedby previousworkers [3—7]who have
into contact with a seedcrystal.Alternatively, verti- taken the diffusion coefficient as~an adjustable
cal systems,in which a seedis dipped into a melt, parameterandhavefitted theexperimentaldatato an
havebeenused.Epxitaxial growthis normally driven appropriategrowth rate equation.While self-consis-
by lowering the furnacetemperatureaftermelt—seed tent results are reported,the techniquedoes not
contact (equilibrium cooling) [1], having the seed necessarilylend itself to universal application,par-
somewhatcoolerthan the meltat the initial contact ticularly sinceconvection,consitutionalsupercooling
(stepcooling) [I], employinga temperaturegradient and substratedissolutioncan play a role to varying
normal to the seed(constanttemperatureepitaxy) degreesin someepitaxialgrowth systems.The latter
[2] or usinga combinationof thesetechniques.For caseis particularly true for heterojunctiongrowths,
most typical semiconductorsgrown by thesemeth- since the growth melt is rarely nearthermodynamic
ods, transportof soluteatomsfrom the melt to the equilibrium with the seedcrystalat the initiation of
growing interfaceis usuallygovernedprimarily by a growth.
diffusion process.Growth rateis thusspecifiedby a Measurementof solubiity, or the liquids line of a
solution of the classicalheatflow equationsubjectto phase diagram, is more straight forward. Typical

methodsinclude determinationof the arrestof a
cooling curve as the temperatureof a meltof knownt Work supported by Air Force Office of Scientific constituentsis lowered,or observationof the corn-
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* Present address:Energy Center, University of Pennsyl- pletedissolutionof a crust of solid soluteon the sur-

vania, 3221 Walnut Street, Philadelphia,Pennsylvania, faceof a meltasthe temperatueis raised.In thelatter
USA. method, solute density must be less than the melt
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densityat the liquidus temperature. ator to observethe melt surfaceduring the experi-
In this work, the diffusion coefficientsandsolu- ment.

bilities of solute atoms in liquid metals are deter- The diffusion coefficient of thesoluteatomscorn-
mined by measuringthe weight loss of a semiconduc- prising the semiconductorwafer, in the liquid metal
tor wafer after it hasbeenplacedin contactwith the melt, was determinedby bringing the two into mo-
melt. For diffusion coefficient determination,the mentarycontact.As the wafer was dissolvedby the
contacttime is kept short so that the melt appears solvent,a concentrationgradientof soluteatomswas
“semi infinite;“ the diffusion coefficient is then establishedin the melt. The resultingconcentration
readily calculatedby assumingan error function dis- profile, C(x,t), is given by a solution of the classic
tribution of soluteatomsin the melt. For solubiity diffusion problemfor a constantsource:
measurementsmelt seedcontactis maintainedlong
enough for the systemto reachequilibrium. These C(x, t) = C0 erfc[x/2(Dt)~’

2] (1)
procedureshavebeenapplied to the systemsGe and where C

0 is the solutemolarsolubility per unit vol-
GaAs in Pb andeutecticPbSn.The effect of addition ume of melt, D is the diffusion coefficient,x is dis-
of p-type Ge dopantson solubilities in the Pb based tanceinto the meltand t is time.
systemhave also beenstudied.Excellent agreement Integrationof eq.(1) from x = 0 to 00 yields the
betweenpredictedandobservedgrowth ratesfor Ge total amountof dissolvedsolute:
on GaAs is obtained,and applicationto growth of
Ge—GaAsp~nheterodiodesis described. Q = ~ -~?!!Lx5~—_) , (2)

Mm ~
where Q is thenumberof molesof materialdissolved,

2. Experimentalprocedure A is the wafer area,X~is the equilibriumsolubiity
expressedasatomic fraction,andpm/Mm is the ratio

A standardliquid phaseepitaxial growth system of the meltdensityto gram molecularweight,i.e., the
was employedin this study. The systemconsistsof a molar meltvolume.
horizontalgraphiteboatwith a substraterecessanda ExpressingQ in terms of the weight loss, .~W,in
1.2 cm highsliding graphitemeltcompartment;both the timeintervalt, andsolvingforD, gives
haveidentical cross-sectionalareasof 2.4 cm

2.Metals / ~ ~ M \2

of “six-nines” orbetterpurity wereemployed;the Pb D = ~- k— — ‘ (3)
was etchedin a mixture of aceticacid andhydrogen t 2AX

5 Pm Mm

peroxide prior to loading into the systemwhile the whereM~is the gram molecularweightof the solute.
Sn was etched in a mixture of nitric acid, hydro- All termson the right handside of eq.(3) areknown
fluoric acid andwater. The Ge wafers were chemi- or canbemeasured.
cally—mechanically polished with Br—methanol, In order to ensurethevalidity of thesemi-inifinite
degreased,and then etchedin CP4 just prior to the melt approximation,the contacttime t is chosensuch
experiment.The GaAswaferswere degreased,etched that Dt<<L

2, where L is the physical height of the
in warm Caro’s solution (H

2S04 : 11202 : H20 = melt. Typically, a contacttime of 30 swaschosenso
3 1: 1),andthen soakedin warmHC1. that the validity of the semi-infinite approximation

Prior to loading, the crystalwaferswere weighed was insured while yielding a wafer weight loss of
on an electronicbalancewith 10 ug sensitivity.The severalmilligrams,whichis easilymeasured.
LPE systemwas evacuatedand then purgedwith Pd- By invoking eq.(1), the effect of the moving dis-
purified H2. For experimentsinvolving GaAs, the solution interfaceand the role of dissolutionkinetics
furnacetemperaturewas raisedpast 700°Cto ensure are ignored. Assumptionof a stationaryinterfaceis
completeremovalof residualsurfaceoxides.The fur- quite reasonable,however,since the dissolvedlayer
nace was then stabilized at the desiredtemperature, thickness(‘-‘l —2 pm) is severalordersof magnitude
by using a controller capableof maintainingbetter less than the typical diffusion lengths (~-‘500pm)
than ±1/4°C/h.A “transparent”furnacewith semi- encounteredin the measurement.The stationary
transparentgold-coatedpyrexwalls allowedthe oper- interfaceassumptionis, in fact, valid for mostsitua-
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tions involving diffusion limited LPE growth [8]. material and the weight lost by the wafer was deter-
Likewise, reaction kinetics are not judged to play a mined after removalfrom the furnace.Generally,the
significant role in thesemeasurementsnor havethey melt wiped cleanlyoff the wafer;waferswere exam-
been shown to be a factor in most reported LPE med for residualmelt dropletswhich were cleanedby
growths in which thickness—time dependencesof warmHC1 if necessary.The solubiity is then givenby

or t
31’2 are reported [1,3], dependingon the thefollowing:

growth technique.Growths dominatedby interface
kinetics would be expectedto exhibit a t2 depen- x = I~W (4)
dence [9]. Furthermore,diffusion coefficientsmea- ~W+ WmMs/Mm
suredby the methodreportedherehavegivenequiva-
lent resultswhen(100) and(111)orientedsubstrates whereWm is the initial weight of the puremelt.
were utilized.

For determinationof solubility, the melt com-
partment was moved over the wafer andheld long 3. Resultsanddiscussion
enoughto ensurethat the solventwas saturatedwith
the solutematerial. Typically, this was on the order 3.1. Diffusioncoefficients
of 60 mm. By observingthemelt surfacethroughthe
transparentfurnaceduring this period, the operator Diffusion coefficientsfor the Ge Pb andGaAs—
could insure that the measurementwas not influ- Pb systemswere determinedat threedifferent tern-
enced by precipitation. After saturation,the melt peratures;results are shown in fig. 1. Diffusion da~a
compartmentwas moved off the remainingsource can be approximatedby an exponentialrelationship
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Fig. I. Diffusion coefficient of Ge andGaAsin liquid Pb as a function of reciprocal temperature.
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of the form 3.2. Solubiity
D = D0 exp(—Ea/kT) (5)

Solubility data were takenat severaldiscretetem-

whereD0 is a constant,Eais an activationenergy,T is peraturesover a 400—700°Ctemperaturerange and
the Kelvin temperature,andk is the Boltzmanncon- were fit to the exponential relationship for dilute
stant.Valuesof D0 andEaaresummarizedin table 1. solutionsgivenby:

Three assumptionsare implicit in the diffusion
X~= X0 exp( ~H/nRfl, (6)

coefficient measurementtechnique: (1) the melt is
isothermal,(2) the melt appearssemi-infinite,(3) the where ~H is the enthalpy of the system, T is the
melt is stagnant.The first assumption,that of an iso- temperaturein degreesKelvin, R is the universalgas
thermal melt, is clearly justified, as the thermal dif- constantandXo is a constant.Theparametern repre-
fusivity in liquid metals is typically on the order of sents the numberof molesof solute in the solution.
0.1 to 0.5 cm

2/s,severalordersof magnitudehigher Thus n equals 1 for Ge, but canvary from 1 to 2 for
than the measureddiffusion coefficients. If the melt GaAsdependingon themolecularspeciespresent.
is presumedto be stagnant,the secondassumptionis Resultsare presentedin fig. 2 for Ge andGaAsin
also justified since contacttimes,which were typi-
cally on the order of 30 s, resulted in a diffusion 600 500 400 C

length of 500 pm, whereasL is approximately1.2 N I I

cm. Assumptionof a stagnantmelt is not necessarily N
valid, however,as factors exist that may leadto con- \\ N
vection, including thermal gradients, buoyancy o ‘N.
effects(i.e., solutegradients)andmechanicalstirring N
of the melt. However, while no attempt hasbeen 2 ‘-Briqqs & Benedict
made in this studyto quantify theseeffects,assump- 10 (1930) -

tion of minimal convection appearsreasonablein ~
light of experimentalgrowth results reportedbelow i~ Ge in Pb

which are in excellent agreementwith predicted ~
growth ratesbasedon the diffusion coefficient mea- this work

surement.This is true for all growth datathat span ~ ° i.
growth timesof 15 to 300s, or factorsof 1/2 to 10 ~
times the diffusion coefficient measurementtime.
Thus, even though a constantweak convectionmay io~- GaAs in Pb\ -

be present,the methodyields self-consistentresults, \~
which give an “effective” diffusion coefficient,andis
valuablefor predictinggrowth ratesin a givensystem.

U

Table 1 1.0 1.12 1.14
Diffusion constantandactivationenergyfor Ge andGaAsin Reciprocal Temperature.100011 (K)
Pb

Fig. 2. Solubility versusreciprocaltemperature.Dashedline
Ea is extrapolatedfrom high temperaturedata of Briggs and

(cm2/s) (eV) Benedict [10] for Ge in Pb. Solid lines arebest fits to our
experimentaldatafor Ge in Pb (.) andGaAsin Pb (u) The

GeinPb 0.37 0.55 open circles andsquarearetakenfrom refs. [11] and [12].
GaAsin Pb 3.18 0.76 The triangles(A) representthe solubility of GaAsin asatu-

ratedPb—Gemelt.
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4040
Pb. Measurementswerealso takenfor eutecticPb—Sn (ii 40
solutions;theseare given in fig. 3. The solid lines in
the figuresrepresenta best fit of eq.(6) to the data 840401

84011
points representedby the solid squaresandcircles in

840401
the figures. The parametersof eq. (6) are given in
table2. 840111

Also shown in fig. 2 are publisheddataextrapo- III
6*40

lated from high temperaturemeasurementsby Briggs
1/

and Benedict [10] for Ge in Pb. Their discrepancy 401440
with the presentwork is not surprisingin that they 11 401/Il

£‘ — — ,•
report considerableuncertainty in the arrest of a 4040 4040*40)
cooling curve for low concentrationsof Ge m the 4040140*404040140*1

40*melt. In an unpublishedwork by F.X. Hassioncited
40~

by Thurmond and Kowalchick [11], a solubiity of III
0.021 and 0.040 atomic fraction at 901 and953 K, 1*5U

140*
Table 2 4040
Solubility constantandenthalpyfor Ge andGaAsin Pband U
Pb-Sn .

___________________________________ 40 *408
(*5

MI/h •14040*5*5*5
(kcal/mole) 1 ~ 1440) US

°

Ge in Pb 77.3 15.7 Fig.4. Surfaceof GaAs substrateafterequilibratingfor 1 hat
GaAsin Pb 32.4 16.5 550°C with a Pb melt containingvariousquantitiesof Al.
GeanPb—Sn 58.3 10.7 Note decreasein solubility of GaAs with increasingamounts
GaAsinPb—Sn 62.8 14.3 of Al: (a) 10 X 10~,(b)5 X 10~,(c) 2.5 x l0~,(d) 1 X
________________________________________________ 10~atomicfractionAl in Pb.
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respectively,is reported;this is also shown in the 4. Epitaxialgrowthandapplications
figure (open circles). Thesedata are in much better
agreementwith the present work which extends In order to assessthe validity of the results,Ge
knowledge of the Pb—Ge liquidus line down to epitaxial layer thicknessdatawereexamined.The Ge
400°C.Similarly, our measurementof Pb—GaAs layerswere grown on (111B) GaAs substratesfrom
liquidus dataalso extendsbelow the last reported supercooled Pb melts by using the step cooling
results at 640°Cby Greenand Davies [12] (open growth technique [1]. For this method of growth,
squarein fig. 2). the layerthickness,d,as a functionof time, t, is given

The triangulardata points in fig. 2 representthe by
liquidus line of GaAs in a Pb solution saturatedwith 1/2

- d=(2i~T
5/C5m)(Dt/ir) (7)

Ge. It canbe seenthat the presenceof Gein thesolu-
tion has no effect on the GaAs solubility over the wherez.~T5representsthe supercoolingin degrees,C5
range measured.Solubiity measurementswere also is the concentrationof Ge in the solid, andm is the
attemptedfor GaAs in Pbwhich hadsmall amounts inverseslopeof the liquidus line. Dataare presented
of Al. Aluminum is an attractive p-type dopant for in fig. 5 for layersgrown at 575°Cwith a4°Csuper-
Ge. Addition of Al to a Pb melt has a remarkable cooled melt. The layer thicknesseswere determined
effect on the solubility of GaAs. While the Ge solu- by anglelap techniques.The solid line in the figureis
bility over a 400 to 700°Ctemperatureinterval the theoretically calculatedthickness from eq. (7);
remaineduneffectedby the additionof 0.01 atomic the diffusion coefficient of 2 X l0~ cm

2/s deter-
fraction of Al, no GaAssolubility couldbe detected mined in this work was used in this calculation.
within the limits of the measurement;this implies Excellent agreementis seenbetweenthegrowthdata
that the solubiity decreasedat leasttwo orders of and that predictedfrom eq.(7) wherethe solubility
magnitude.A similar result was found when small and diffusion coefficient data determinedin this
amounts of Ga were added to the melt. Further studyare used.
solubiity measurementsat 550°Casa function of Al Layers were also grown at temperaturesas low as
concentrationresulted in no observableinteraction 400°Cusingmeltssupercooledto 14°C.Largervalues
betweena Ge saturatedPb melt andaGa~.ssubstrate of supercoolingare necessaryat the lower growth
for Al atomic fractionsof 1 o-~.This is demonstrated temperaturesto avoid gross meltback.In spiteof the
in fig. 4, which is a photographof the surfacemor- relatively large amount of supercoolingemployed,
phology of four GaAs substratesafter equilibrating excellent surface morphology is obtained on the
for 1 h at 550°Cwith Ge saturatedPb meltswhich (1 11B) orientation as shown in fig. 6. On the (100)
containedvarious amountsof Al. For Al contentof orientation,however,pyramidal Ge growth hillocks,
5 X l0~atomic fraction, somesurfaceinteractionis
observed and an apparentsolubility of 4 X l0~ I I I I I ‘‘I I I I iii

atomic fraction of GaAs is calculated,which repre- ~°

sentsa factor of 4 suppressionin the GaAssolubility. Is ~

However, the surfacemorphology of theselayers is
not characteristicof simplemeltback.The measured ._-~iJ~2 x 1ft14 CM 2/~

wafer weight loss may havebeendueto a combina- ~ i - ~ ° -

tion of meltbackanda solid—solidreactionbetween
the Al andGaAs,which resultedin a compoundthat
was etchedby HC1 in the post-cleaningprocedures.
Thus,theapparentsolubility shouldberegardedasan
upperlimit. The significanceof thesemeasurementsis 0.1 1 I iii I I jul I I ii~

in being able to grow a highly dopedp-type layerof GR00III TI~(MIS)

Ge on GaAs with no autodopingin the Ge layeror . . .Fig. 5. Thicknessdataof Ge epitaxiallayersas a functionof
rneltback of the GaAs layer at the initiation of growth time. The solid line is the theoreticalthicknessbased
growth. on eq.(7).
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faces are routinely obtained,as shown in fig. 8a,fl~/Jj whereasa high tendencyfor grossmeltbackoccurred

~. . ~-21 in growthsemployingequilibriumcooling asshownin
..\.1.. ..:l~.. . I: ,: ~ ~ fig. 8b. Suchlaterresultssuggestthatstrong localized
C .. . .. - densitygradientscanbe formeddue to the competing

processesof dissolutionandgrowth. It is clear then,
~ I” ,..t~..dI that some critical amountof melt supersaturationis

1 requiredto provide aneffective driving force to favor
1 1 ___________

‘~ -,-~ ~ _____ growth overmacroscopicdissolutionduringthe initial
______ melt seedcontact.However,asthe melt andseedare

-- ~ ~ ______ neverin thermodynamicequilibrium for heterojunc-
1 ~. . tion systems,microscopicdissolutionof a few atomic

- ______ layers cannotbe completely ruled out even though

planar interfacesare obtained.This may explain the

Fig. 6. Photograp~showing mirror-like morphology of Ge

layergrownon(l’l IB)GaAs.

as shown in fig. 7, were frequently observedwhen
layers were grown from melts supercooledsuffi-
ciently to avoidmeltback.

Step cooling was found to be the mosteffective
technique for eliminating macroscopic meltback
when usingundopedmelts.Sharpmetallurgicalinter-

~ J
- *~. p r

______________________________ — ~ a
- .,~ .° .. ._ø. . .

I _ -~

—. — 1~19~ ____

~ ___

~ ~p.4. __ ____

It. ~ ~ — — ~L3a 1 IJDIL ____

f~.
- -— -~.

10jim _____

Fig. 8. (a)CleavedGe—GaAsstructure;the Ge wasgrownby
Fig. 7.(a)Photographof a Ge layer showing hillocks ob- stepcooling. (b)Angle lappedsectionof a Ge—GaAsstruc-
servedfor growthson (10O>GaAs.(b) Cleaved sectionof the ture exhibiting meltbackof theGaAs substrate;the Ge was
abovelayer. grownby equilibriumcooling.



138 A.A. Immorlica, Jr., B. W. Ludington /Diffusion coefficientandsolubility

I I I ‘‘‘I I I L/ ii relatively high carrier densities (>1017 cm3) ob-

A : served in layers grown from undoped melts. By• / doping the melt with Al or Ga, however,the solu-
• / . bility of GaAs in the melt is greatly suppressedas

V . shownabove,andno dissolutionwould be expected.
Using ternary Pb Ge—Al meltswith a rangeof Al

E - / — atomic fractions varying between5 X i05 and 5 X

/ : l0~, a series of Ge layers were grown on
/ : (lllB)GaAs at 575°C.All layersexhibitedtheexcel-

/ . lent mirror-like surfacemorphologyshownin fig. 6.
/ - The net hole concentration,determinedby Van der

/1 Pauw measurements,is shown in fig. 9 as a function
/ of the mole fraction of Al in themelt, XAI. Meltback

~ io19 - / - suppressionhas also been obtainedwith Ga doped
melts and hole carrier concentrationsas high as 3 X

/1 1020 cm3 havebeenachieved.An applicationof this
/ meltback suppression techniquemight be in the
/ growth of emitterlayersfor Ge—GaAsheterojunction

/ bipolar transistorsor for p~contactsto microwave

18 / i diodes, applications in which it is critical that the10 I I I I I I I I I II underlyingGaAslayernotbedisturbed.
10 10 10 Meltback suppressionhas been exploited in the

Mole Fraction . .. +

formation of rectifying p Ge contacts to n-type
Fig. 9. Net hole concentrationof Ge layers on GaAs as a GaAs in lieu of the commonly usedSchottkybarrier
function of theAl mole fractionin themelt. or GaAs p~nhomojunctions.The single crystal Ge

10 I~ I

io2 - -

)Q-3 -

E

~ 10 -

I ~ 0~2 Q~I4 0~.60~8

VOLTAGE, V (volts)

Fig. 10. Lcg-linearplot of the forward current—voltagecharacteristicsof aGe—GaAsheterojunction.Theinsertshowsthereverse
characteristics.
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contact, which has an excellent lattice match to addition of small amountsof Al or Ga to a Pb—Ge
GaAs, could be expectedto exhibit a higherreliabil- melt greatly suppressesthe GaAs solubility in the
ity thanmetal GaAscontactswhile yielding a lower melt. This facilitates the growth of p~nGe GaAs
ohmic resistance and higher thermal conductivity heterojunctionsas it eliminatesthepossibilityof sub-
than p-type GaAs. Typical current voltage charac- strate meltback. Growth of p~nGe—GaAs hetero-
teristicsof anLPE grownp~Ge—GaAsheterojunction diodes has been demonstratedusing this meltback
are shown in fig. 10. The forward characteristicsfol- suppressiontechnique.Presumably,other elements
low a thermionic emission—diffusionmodel with an canbe found which suppressGaAssolubility andare
ideality factor of 1.19 and the reversebreakdown electrical neutral in Ge, facilitating the growth of
voltageof 30 V approximatestheexpectedvalue for undopedGelayerson GaAs.
the 4 X 1016 cm3 n-typeGaAs layer. The GaAswas
grown in situ at 700°C using a coveredmelt com-
partmentwhile the Ga dopedGe layerwas grown at References
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