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GROWTH OF HIGH PURITY MN CRYSTALS

Glen A. SLACK andT.F. McNELLY
GeneralElectric ResearchandDevelopmentCenter,Schenectady,New York 12301, USA

Received25 April 1975; revisedmanuscriptreceived13 January1976

Theproblemsassociatedwith thegrowth ofhigh purity crystalsof AIN arereviewed.The impuritiesBe,C, Mg, Mn, 0,
5, and Siarediscussed.From a reviewof theliteratureit appearsto bepossibleto makeboth n-typeandp-type MN. A
techniquefor producinghigh purity AIN powderfromAl metalby useof A1F

3as anintermediateproductis described.
This MN powdercanbeconvertedto singlecrystalsby sublimationin a closedtungstencrucibleor in anopentubewith a
gasflow. Crystalsup to a few millimetersin sizehavebeengrown.

1. Physicalpropertiesof AIN at 100 atmpressureof N2 the first liquid phaseoccurs
at 2800 C. Itis probablyat this temperaturethatA1N

Aluminum nitride (MN) is a Ill—V semiconducting decomposesinto liquid aluminumsaturatedwith nitro-
compound.It crystallizeswith a wurtzitestructure[1], gen andinto N2 gas.This maybe a peritecticdecom-
andthereareno otherpolytypesknown.Accordingto position similar to that foundin SiC at 2830°C[31].
the periodictable,it is relatedto two othercompounds, The pressureof N2 gas over solid A1N in equii-
BP andSiC. Whenpure,MN crystalsarehard,colorless, briumwith liquid Al maybe calculatedfrom available
andtransparent.The optical bandgapof 6.2 eV [2] in- thermodynamicdata[32]. The vaporoverA1N consists
volves direct photontransitionsat thezonecenter [3— of only Al(g) andN2(g);no A1N moleculesexist. The
5]. Thereis a smallvariationin thegap with photon reactionof liquid Al with N2 has a negative
polarization[4—6].A similaranisotropyoccursin Al ~ + ~_ N ( \ MN ( 1
GaN [3,4] which alsohas the wurtzite structure.Other ~ 2 2 ~
physicalpropertiesof AIN, suchasthermalexpansion free energychangefor all temperaturesbelow2563°C.
[7], refractive index [8], hardness[9—11],sound The pressureof N2(g)necessaryto reactwith A1(l) to
velocity [12], Young’smodulus [13, 14], Debye tem- formA1N is 1 atmat 2563°C.At all lower temperatures
perature[7], dielectricconstant[15,16], hole mobil- it is less.ThevalueofP(N2)in equilibrium with the
ity [17], and photonenergiesat variouscritical points two-phasesystemM(l) andA1N(s) ascalculatedfrom
in theBrillouin zone [15, 16, 18,19] havebeenmea- theJANAF data [32] is labeledP0(N2).If, for the
sured. given temperature,the N2 pressureexceedsthe value

given, MN is the only condensedphasepresent;if it is

less,only liquid Al is present.The curve of P0(N2)ver-

2. Chemicalpropertiesof MN sus is plottedin fig. 1. This calculatedpressureis
1, 10 or 100 atmat 2563,2815,or 3117 C, respectiv-
ely, asshown in table 1. Thepressureof aluminum

2.1. Dissociationat hightemperature vaporoverthe aluminumliquid in eq.(1) is assumed

to be the sameas that overpureliquid aluminum.This
Manychemicalpropertieshavealsobeenstudied, assumptionis valid if the solubility of nitrogenin Ii-

andsomereviewsexist [9, 20—24].The meltingpoint quidaluminumis verysmall, asit appearsto be [20].
of A1N hasbeenthesubject of somecontroversy[25— Thus, in fig. I theP0(M) refersto thevaporpressure
30],but themostextensivework [29] indicatesthat of monatomicAl gasoverpureAl(l). Thecalculated
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Fig. 1. Vaporor dissociationpressureversusreciprocaltemperaturefor severalsystems,see text, ascalculatedfrom the JANAF
tables.Thecritical temperaturefor stoichiometricallyevaporatingMN is Tc. Thedashedverticalline indicatestheapparentmelt-
ing or peritecticdecompositiontemperatureof AIN. Theseverallabelledcurvesare:P0(N2)= pressureof N2 over the two-phase
systemMN(s) + Ai(l), P0(M) = pressureof Ai(g) over Al(l), P5(M) = pressureof Al(g) over MN when thegasis stoichiometric,
PB(Al) = pressureof Al(g) over MN whenP(N2) is heldat 1 atm. The curve shownis for (1/10) of PB(Al).

boiling point of Al is 2494°C(table1). Thenext step Thiscanbedoneby combiningeq.(1) with
is to calculatetheequilibrium constant,K, for the re- Al (1) -~ Al (g) . (3)
action

A1N (s) -~ Al (g) + 4 N2 (g). (2) TheK for eq.(2) is

Table ~ K = F(Al) [P(N2)]~
2. (4)

Importanttemperaturesfor MN If one is interestedin thestoichiometricvaporover

(°C) Condition A1N(s), thenP
5(Al) = 2P5(N2).The subscripts denotes

stoichiometric.SolvingK = [P5(Al)]3/2 2—1/2 for
3117 P0(N2) 100 atm a P5(Al)versustemperaturegivesthe corresponding
2815 P0(N2) = 10 atm a curve in fig. 1. Notein fig. 1 that theP5(Al) curve
2563 P0(N2) = 1 atm a
2494 P0(M) = 1 atm b meetsP0(Al) at a temperature,tc, of 2493°C.This
2493 P0(M) = P5(M) c meansthat above2493°Csolid A1N held in equilibrium
2433 P5(A1)=2/3atm with its stoichiometricvapordecomposesinto Al(l)

a) Overtwo-phasesystemA1N(s) + Al(O. andN2(g). This is a critical temperaturefor A1N be-
b) Boiling point of aluminum, cause,if A1N powderis hermeticallysealedinto an
c) Critical temperaturewhenthe stoichiometricgasphaseis in evaluatedcrucible and heatedup from room temper-

equilibrium with the two-phasesystemMN(s) + A1(l). ature,a liquid phasealways occursat andabove
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2493°C.This liquid aluminumphaseinvariably reacts 3. Productionof AIN powder
with thecrucible anddestroysit. Thus,A1N(s)should
neverbe heatedabove2493°Cin a sealedcontainer. 3.1. Aluminummetalplusgas
This temperatureis labeledthe decompositiontem-
peratureof A1N by Stull andProphet[32]. They cal- The compoundA1N wasfirst made [40] in 1862
culatedits valueas 2516°C,but 2493°Cis perhaps from liquid Al andN2 gas.The majordifficulty in
moreaccurate.The closenessof this temperatureto sucha direct reactionmethodis that the surfacefilm
the boiling pointof Al(l) is strictly coincidental, of A1N on theAl is very adherentandimpedesfurther

The temperatureat whichP5(Al) 2/3 atm is also reaction.Someexperimentsrun in this laboratoryand
usefulbecauseP5(N2)= 4 P~(Al)andsoP5(Al) + P5(N2)= elsewhere[41] haveshownthat in 1 atmpressureof
I atm. This temperatureis 2433°C(table 1).This is the N2 the protectivesurfacefilm on liquid Al beginsto
temperatureat whichthe pressureinsidethe sealedcon- breakdown only at temperaturesabove1500°C.
tamerreachesone atmosphere. In anothertechniqueA1N powdercanbe formed

Eq. (4) showsthat if the nitrogenpressureis raised from Al electrodesin a direct currentarc. This tech-
aboveP0(N2) for any fixed temperature,theP(Al) will niquewasfirst reportedby Ahrons [42], andothers
go down. Hence,the appearanceof an Al(l) phasewill subsequently[20,43]. The methodproducesonly
be suppressed.The resultingpressureof thealuminum smallamountsof A1N per day,and thepowderusually
gas overA1N(s)whenP(N2) = I atm is calledthebuf~ hasseveralpercentof excessaluminumbecauseeven
feredpressurePB(Al). If F(N2)= 100 atm, thenP(Al) = here the A1N skin is protective.

[PB(M)]/10; this is shownin fig. 1. Note thatunder Somesuccessat makingA1N hasbeenachievedby
P(N2)= 100 atm A1N(s) shouldbestableagainstde- exposingeitherZn—Al [44] or Hg—Al [45] alloysto
compositioninto pureAl(l) andN2(g)up to 3117°C. N2 or NH3 at hightemperatures.
However,A1N appearsto peritecticallydecomposeor
melt(?)at 2800°C[29]. Exactlyhow thecurvesin 3.2. ReactionofA1F3 with NH3
fig. 1 shouldbe drawnabove2500°Cis unclear;more
experimentsareneededin orderto be able to tell. For Themostsatisfactorymethodthat we havefound
example,thereare no gooddataon thesolubility of sofar for makingpureA1N is to reactA1F3 powder
nitrogenin aluminumat thesetemperatures.Thus withNH3 gas at hightemperatures.A variationof
valuessuchas tc at 2493°Care approximationsto this hasbeendescribedby Rabenau[46]. Funkand
the actualbehavior. Boehland[47], andHejduk [48]. The reactionat

hightemperaturesnear 1000°Cis:
2.2. Surfaceoxidation

A1F3 (s) + NH3 (g) -+ A1N (s) + 3 HF (g). (5)

Aluminum nitride is unstablein air at roomtern- In order to promotetheformationof A1N in eq.
perature,asis aluminummetal.Both reactwith mois- (5) it is best to keepthe NH3 partial pressureashigh
ture and/oroxygenin theair to form a surfacelayer aspossible,i.e. near 1 atm. This is accomplishedby
of aluminumoxide.This layeris protectiveandre- usinga Pt—10%Rhfurnacetube in fig. 2 becausethe
tardsfurtheroxidation.On aluminummetal,this sur- NH3 dissociation,which occursonly on the furnace
face oxide layergrowsto a thicknessof about30A walls or on the A1F3 powder,is muchreducedfrom
in oneday [33—35]. whatit would bewith molybdenumor otherwalls

ForMN measurementsmadein this laboratory by theadsorbedH2 layeron Pt—10%Rh.
usingneutronactivation[36,37] on highsurface-area In orderto makeeq. (5) go towardcompletion,
powder,supplementedby optical ellipsometry [38] theHF gas must be continuallyremoved.At one
on single crystals,indicatethat on A1N anoxide thick- atmospherepressureof NH3 a minimum of about
nessof 50 to 100 A forms in one day at roomtemper- 25 moleculesof NH3 are neededfor eachmoleculeof
ature.By wayof contrast,the surfaceoxide onAlP A1N produced.Our measurementsshowthatwhen
crystalsis unprotective[39], andthecrystalsreadily this ratio is raisedto 400 the resultingA1N powder
decomposein moistair to A1203 . 3H20 andPH3. containsabout0.6 wt% of fluorine(asA1F3) asa re-
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Fig. 2. Platinum—10%rhodiumtubefurnacearrangedfor convertingMF
3 powderto MN powder.Thepiping is monelor stain-

lessteel.(A) scales,(B) ammoniatank,(C) flow meter,(D) pressuregaup,(E) 90%Pt—b/Rh chamber,(F) NH3 inlet, (G) gas
outlet, (H) AIF3 powder,(I) 60%Pt—40%Rhresistancefurnace(J) —37 coldtrap, (K) cold proberefrigerator,(L) pressurere-
ducingthrottle valve, (M) —78°dry ice bath, (N) vacuumpump,(0) vent,(V) valve.

sidual.The residualA1F3 canberemovedfrom the gasesareremovedby introducingabout 1 gramof
A1N powderby mixing theresultantpowderand metallicNaperliter of liquid NH3 into the stainless
furthertreatingit with NH3, or by heatingthe pow- steelstoragevessels.This techniqueof purifying NH3
derabove1260°Cto evaporatetheMF3. Thevapor hasbeenusedfor manyyears [56—58].
pressure[49—54]of solid AIF3 reaches1 atmat
1260°C.TheAlF~+ A1N mixture,must,however,be ,3.3. Aluminumnitridefluoride
removedfrom the plantinumtube furnacefor this
operation.If MN is heatedin contactwith Pt above
thetemperatureof theAl—Pt eutecticat 1260°C[55] So far, it hasbeenassumedthatMN andA1F3 do
theMN- is decomposed. not reactto form the compoundaluminumfluoride

Thesublimationof theresidualMF3 from the nitride. Recently,suchcompoundshavebeenfound
MN canbe carriedoutat 1400°Cto 1450°Cin a [59—63]for Mg, Ca,Sr, Ba, La and U. An experiment
tungstenor molybdenumtube furnace.In this way wasperformedin whichhighpurity MN powderand
theresidualconcentrationof fluorinehasbeenre- MF3 powderweremixed in sucha proportionthat
ducedto 0.04 wt%. The presenceof AIF3 in theA1N they might makeA14N3F3 in analogywithA1203.
is undesirable,becauseit interfereswith theneutron The powderswere heatedtogetherfor 4 h at 1250°C
activationanalysis[36,37] for oxygenin the A1N. It in anevacuatedandsealedtungstencrucible.Both
may also causeexcessivepressurebuild-upin the visualandX-ray examinationof the productshowed
sealedcrucibleswhenthe A1N is usedforcrystalgrow- only MN andMF3 at the endof therun. Hence,no
ing. aluminumfluoridenitride compoundswere madeor

TheNH3 gasusedin eq.(5) needsto havea very existin thetemperaturerangeof interest.Thusthe
smallH2O and02 content.The NH3 is purchasedas conversionof A1F3 withNH3 shouldproceeddirectly
liquid NH3 with<10 ppmof H2O or 02. Theseresidual to MN withno intermediatecompounds.
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3.4. ChemistiyofAIF3 versionrateat 600°Cand anHF pressureof I atm

is about0.003cm/h.After 24 h about95% of theAl
The purity of theA1F3 usedin makingtheA1N metal hasbeenconvertedto A1F3 andthe result is a

powderis of prime importance.It is relativelyeasy light greypowder.If the temperatureis now raised
to keepthe level of metallic impuritiesin A1F3 at ac- to 1000°Cthereactiongoesto completionandthe
ceptablelevelsof 10 ppm or less by startingwith pure powderhas50 ppm of oxygen.No metallic impurities
Al metal.The reallydifficult problemis to keepthe >10 ppmwere detected.This reactionis carriedout
oxygencontentof theAIF3 low. CommercialAIF3 in thePt—RhfurnacewheretheAl strip is held in a
powder(anhydrousA1F3) is usuallymadeby therm- glassycarbon[83] boat.
ally decomposingA1F3 . 3H2O [64—66].Thisdecom-
positionby heatingin air to about200°Cproceeds 3.5. Hygroscopicnature ofA1F3
easilyto A1F3.~ H2O. At this point, the crystallattice
hascollapsedsufficiently [67] so that the lastwater Once AIF3 powderhasbeenpreparedwith a very
moleculeis trappedin what would be a normally low oxygencontent,it must bekept away fromwater
vacantsitein the pureMF3 crystal.Uponprolonged vaporin theatmosphere.It it is not, it will slowly con-
heatingthe resultantMF3 normally containsabout vert to MF3 .4H20. The equilibriumH20 pressure
3 wt%oxygenas Al2 03. It hasbeensuggested[68, [65] over A1F3 ~H2O is 0.8Torr at 27°C.Thus,the
69] that AIF3 contaminatedwith A12O3 canbe pun- powderhasto be handledin a dry box andstoredunder
fled by sublimation.Suchsublimationexperiments a dry atmosphere.
havebeencarriedout in this laboratory,but the re-
sultantMF3 alwayshada few tenthsof a weightper 3.6. HygroscopicnatureofA1N
centof oxygenin it. Presumablythe oxygenis carried
over as oxyfluoridevapormolecules,A1OF [70—72]. If A1F3 with only 50 ppmby weight of oxygenis

Higher purity A1F3 canbe made from ammonium usedin eq.(5), and if all of this oxygenis retainedby
cryolite (NH4)3 MF6 by thermaldecomposition.The theMN formed, theoxygenconcentrationin theA1N
(NH4)3A1F6 is made [73] from Al metal,aqueousHF, powderwill be 100 ppm.By usingneutronactivation
andNH4OH. Thedecomposition[74—76]proceeds the lowest oxygenconcentrationfound in the A1N
by liberationof NH4F viaNH4A1F4 to ‘y.A1F3 and powdermadeby this methodwas muchhigher, about
finally to a.A1F3.SuchA1F3 madeherecustomarily 3000 ppm. Thesourceof this largeamountof oxygen
contained0.2 wt%oxygen.Thisoxygenanalysiswas appearsto be therapid reactionof theA1N with atmos-
performed[77] at OakRidgeNationalLaboratory phericmoisturewhenthe powderis removedfrom the

by dissolvingthe A1F3 powderin moltenKBrF4 and furnace,seefig. 2. Considera 100 A thick layerof
collectingthe liberatedoxygen. A1203 on particlesof MN powder2 pmin diameter.

The residualoxygenin eithersublimedA1F3 or If all of theparticleswere coatedin this manner,the
MF3 madefrom (NH4)3MF6 canbe removedby averageoxygencontentof theAIN would be 2000
heatingtheA1F3 powderin a streamof anhydrous ppmby weight.Since theoxidationof MN is strongly
HF gas [78] at 1000°Cin the Pt—Rhfurnace(fig. 2). exothermic,thereis no way of reducingthe H20 con-
WhenHF gas [79] containing0.04wt% H20 wasused tent of anydry box in which theA1N powderis hand-
at 1000°Cfor 24 h, the resultantAIF3 contained150 led to a level wherethe oxidationneveroccurs.
to 300ppm of oxygen.Evenloweroxygencontents
are desirable.

The bestprocesssofar foundin this laboratoryfor 4. Impurities in AIN
makinghighpurity A1F3 is to reactAl metaldirectly
with HF gas.The first partof the reactionis carried An understandingof which elementsmight act as
out at 600°C;belowthemelting pointof Al at 660°C. impurities in MN is importantin growingcrystalsof
The Al metal [81] is usedin theform of 0.025cm highpurity. Atomswith tetrahedralradii closeto those
thick sheet.Theconversionof Al to A1F3 is linearin of M andN would be thosemostapt to substitutefor
time [821;the A1F3 layeris not protective.Thecon- Al or N. Values for suchradii canbe takenfrom
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Pauling[84], or Phillips [85]. Consideronly those solid solutionsfrom MN to nearlypureA12CO. In fact
impuritieswhich would be isoelectronicor act assingle M2CO doesnotappearto be a stablephasein itself,
donorsor acceptors.A differencein radii of 0 to 10% but requiresa smallamountof MN to stabilizeit [87].
indicatesa high solubility, a 10 to 20% differencein- Since oneexpectsC to act asan acceptorwhenreplac-
dicatesa moderatetolow solubility, andgreaterthan ingN, and0 to act as a donor, thenA12CO additions
20%indicatesa very low solubility. Thesecriteria in- shouldbe electricallyinactivein A1N. A net acceptor
dicatethat C and0 shouldhavea highsolubility in the concentrationis probablyproducedonly whenthe C
Al sublattice;andBe,Cd, In, Hg, Tl, andPb should contentexceedsthe oxygencontent.
havea moderateto low solubiity in theAl sublattice. As for isoelectnicreplacementsfor N, Addamiano
In consideringthe commonamphotenicimpurities, [97] foundthatA1N will notform mixed crystalswith
note that C will not readily replaceAl, nor will Si, Ge AlP. This is in agreementwith the radiusof Pbeing
or Sn readilyreplaceN. muchlargerthan that of N.

A secondcriterion thatshouldbe appliedis thestab- Forsubstitutionsin theAl sublatticethework by
iity of the impurity-to-latticebondsat the tempera- Tiedeet al. [98] indicatedthat up to 5 wt% Si canbe
turesat which the crystalsare grown or annealed.This putinto A1N. More recentwork by Kamyshovet al.
meansthat for C or 0 to be substitutionalimpurities [99] indicatesa maximumsolubility of 0.12 wt% Si
in A1N crystals,the compoundsA14C3 or A1203 should or 8.8 X l0

19/cm3 of Si atoms.The additionof Si is
be stableto a temperatureof at least1500°C.Both reportedto makeA1N n-type [100, 101], which is the
are stableto this temperature.The compoundA1

2O3 behaviorthat would beexpectedif Si replacesAl.
meltscongruently[86] at 2051°C;the compound Thereare no reportsin the literatureon Be dopingof
A14C3 decomposesperitecticallyat 2 135°C[87]. MN. However,Be dopinghasbeenusedto makep-type
Thus both C and0 areexpectedto actas highly sol- cubic BN [102], BP [103], GaP[104, 105], SiC [106],
uble impuritiesin A1N by substitutingfor N. andBe is solublein GaN [107]. HenceBe may well act

Of the possiblenitrogencompoundsonly Mg3N2, as ap-typedopantin MN. The behaviorof Mg in A1N
Si3N4 andBe3N2 exist [88—90]above1000°Cat a hasbeenstudiedonce [108], it givesp-typeA1N. Addi-
pressureof 1 atmof N2 gas; for temperaturesabove tions [104, 109] of Mg to GaPmakeit p-type,Mg in
1500°Conly Si3N4 andBe3N2 exist. ThusSi andBe GaN makes[107] it highresistivity,while Mg seems
shouldbe consideredas possiblesubstituentsfor Al. [102] to be toolargeto enterthe lattice of cubicBN.

If weconsiderthe first transitionmetalseries,their GaN apparently[110] formsmixed crystalswith
tetrahedralradii [91], andthe stability of their nitrides MN over the wholecompositionrange,andthe Ga
[88,89], then Ti, V andMn might well substitutefor actsasanisoelectronicsubstituentfor Al. The solubil-
Al in A1N. ity at hightemperaturesmay be very low becauseof

What dataare availablein the literature to testthese theinstability [90] of GaN. Mixed crystalsof A1N and
hypothesesabout impurities?Oxygenis a well known SiC have beenmade[111—113],presumablyover the
impuril~yin A1N. It canbe presentin highconcentra- whole rangeof composition[113]. Note that thein-
tions [92] up to 1.5 X 10

22/cm3andits incorporation teratomicdistancesin MN, SiC, andGaN areequalto
reduces[92] the latticeparametersof AIN. Thesolub- within 3%. SinceSi actsas a donor andcarbonasan
ility of A1

4C3in MN hasnotbeensystematicallystu- acceptorin MN, then SiC dissolvedin MN shouldbe
died,however,many differentaluminumcarbonitrides electricallyneutralto a first approximation.
exist [93,94]. The solubility of carbonor carbon—oxy- A few of the impurities that probablyhavelow
gencomplexesin A1N is sufficient to producep-type solubility in MN havebeenstudied.Sulfur hasbeen
crystalsof low electricalresistivity [17], i.e. about foundto affect [113, 114] the electricalresistivityof
io~ohm cm at roomtemperature.Both C and0 to- MN. IfS substitutesfor N, it shouldbe ann-typedo-
getherin the form of A12CO aresolublein A1N up pant,in contrastto thereportedbehavior[113]. This
to ratherhighconcentrations.The crystalstructure reportin the patentliteraturemaybe in error.Sulfur
[95] of A12CO is the sameas thatof MN. Solubiities impuritiesin cubic BN yield [102] n-typecrystals.
up to 14 mole%M2CO in M2N2 havebeenmeasured Severalarticles[108, 114, 115] dealwith Zn, Cd, Hg
[96]. In all probability thereis a continuousrangeof or Se additionsto A1N.
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Both n-typeandp-typeA1N havebeenproducedby 5. Removal of oxygenfrom MN
severaldifferent techniques[94,100,113,115]. Thus
MN behavessimilarly to cubic BN, which hasbeen Aluminum nitride powdercoveredwith a surface
made [102] bothn-typeandp-type. By contrastGaN oxide canconceivablybe purifiedby heatingin a gas
has,to date,only beenmaden-type [107]. Thesere- streamof highpurity NH3. Thus,
suits on A1N are in agreementwith thespeculationof
Dismukeset al. [116] thatMN of bothconductivity 2 NH3 (g) + Al203 (s) —~ 2 AIN (s) + 3 H20 (g). (8)
typescanbe made.Theydisagreewith Mandelet al. If a largequantityof NH3 is used,a smallquantityof
[117], who statethat only p-typeA1N is possible. H20 will be removedat 1000°C. Theabovereaction

Otherelementalimpuritieshavebeenput into A1N is stronglyendothermic,hence,a largeamountof
in orderto alterthe luminescencepropertiesrather pureNH3 is neededto removea small amountof
than theelectricalproperties.Mn hasbeenusedand A1203.
studiedby numerousauthors[118—124].A few people A bettermethodof removingthe A1203 is by sub-
[120, 123, 125] havestudiedthe luminescenceof rare- limation at evenhighertemperatures.This technique
earthimpuritiesin A1N. The solubility of Mn in A1N hasbeenusedby others [20,43]. The oxygenis re-
shouldbe moderatelylarge.The Mn—N averagetetra- movedby the formationof volatile aluminumsub-
hedraldistancein MnSiN2 crystalsis [126] 2.04 A, oxide approximatelyas:
while in A1N theAl—N distanceis 1.89 A. Thediffer- M2O3 (s) + 4 A1N (s)—~3Al20 (g) + 2 N2 (g). (9)

encein distancesis only 8%. Usinga N radiusof 0.70A,
theMn radiusis 13%largerthan that of Al. Therare- The formationof A12O as a gaseousspeciesover
earthions areconsiderablylargerthanAl (about50%), A1203 + Al at hightemperatureshasbeenseenin a
hencetheir solubilitiesshouldbe muchlower than that massspectrometerby variousauthors[132—134].
of Mn. Its dissociationenergy[134] is 10.9 eV. Thedissocia-

Thus,oneshouldexpectBe, C, 0, Mg andSi to have tion energiesfor a numberof otherimportantdiato-
high solubilitiesin MN and,potentially, to actas donors mic moleculeshavebeenlistedby Gaydon [135]. For
or acceptors.Otherimpuritiessuchas 5, Mn, or therare triatomic andtetra-atomicmolecules,othersources
earthsmay haveimportantproperties,but will prob- [136—142]havebeenused.
ably possesslowermaximumsolubilities. We ranexperimentswith impureA1N powderscon-

Someestimateof the impurity activationenergiesis taming3 wt% M203 andhaveverified that the oxygen
useful.Theeffectivemassbindingenergyis [127] canbepreferentiallydistilled leavingpurerA1N be-

EB = 13.6(m*/m0K
2)eV. (6) hind. If the temperatureis sufficientlyhigh, the A1N

particlesalsoexhibit a substantialincreaseis sizeviaThe static dielectncconstantK of AIN is [15]K = .
localizedvaportransport.Hence,their surfaceareais9.1. If theeffectivemassis asa guess l.Om then

0’ alsogreatlyreduced,as well asthe possibleoxygenpick-
EB = 0.16eV. (7) up by surfacereoxidationwhenlaterexposedto room

The smallestactivationenergyfor electricalconduc- air. In theexperiments,thepowderis sealedinsidea
tion that hasbeenobserved[128, 129] is 0.5 to 0.6 tungstencruciblewhich is filled to about50% of cap-
eVin AIN. The ionizationenergiesof donorsandac- acityandis then placedin a radio-frequencyinduction
ceptorsin GaN are [130] 004and0.2 ev respectiv- furnace(fig. 3).The lowerendof thecrucible is heated
ely. Theseenergiesin cubic BN range [102] from to 2200°Cwhile thetopendis only 2050°C.After 4 to
0.05 to 0.2eV. Thuseq.(14) shouldgive an approx- 8 h runningtime, the coolerendof the crucibleis
imatevaluefor impuritiesin MN. The oneexception coatedon the insidewith a denselypackedlayerof
might be oxygen.Oxygenhasbeenfound [13I]to be colorless,transparentaluminumoxynitride whiskers
a verydeepdonorin GaAsandGaP.In GaPtheioni- andneedles.Thesedo nothavethe MN crystalstruc-
zationenergyis 0.9eV. In MN it is probablyeven ture,but possessa morecomplexhexagonalstructure.
larger.Sinceoxygenis a commonimpurity in almost Analysis indicatesabout10 wt% oxygen.A fewcryst-
all crystalsof A1N, it may dominateor severelymodify talsof amber-coloredA1N are alsooccasionallyfound
theelectricalbehavior, in thecoolerend.The oxygenanalysisof the A1N
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in diameter.Using thefocusedarc, they locally heated
A1N ceramicunderP(N2) of 1 atm. In their method

POWER thetemperaturegradientswere very large;therefore,
VARIABLE TAP it would be difficult to grow largecrystals.However,

no crucible is involved.

______ Anotherpossibilityis to usesomecrucible material

cruciblesof Mo, Os, Ta, Re, W, or C. Molybdenumis
ruledoutbecauseof its low-meltingeutectic [144]

c~k with Al at 1760°C;Os is tooexpensiveandtoxic; and
Ta reacts too readily withN to form Ta2N andTaN.

— ~i — — -j that meltsabove2500°C.For theelementsthis meansThis leavesRe, W, C, or perhapsTaN. Tungstencruc-
ibles were first usedby FichterandOesterheld[145].
They also showedthat carboncruciblescontaminate
theA1N with carbonandaluminumcarbide.Sataand

CRUCIBLE Urano [146] showedthat tungstendoesnot reactwith
ASSEMBLY MN up to 2 100°C;while Class [29] alwaysfound a

— ~1 reactionabove2300°C,evenat highN2 pressuresup
to 100 atm.

GAS In experimentsin this laboratoryhigh purity AIN
INLET TO i powderhasbeenheatedin sealedW cruciblesup to

PUMP 2275°Cwith novisible attack.The Al contentof the
Fig. 3. High-temperatureradio-frequencyinduction furnace W at this temperaturerises to 400ppm by weight,
for heatingsealedcruciblesto temperatureof 2500°Cin an while theW contentof the A1N is about50 ppm. At
inert atmosphereorvacuum.Thevariabletappermitsoneto 2300±25°Cthereis a rapidattackby Al vaporat the
vary thelongitudinaltemperatureprofile of thecrucible. .

grain boundariesof thetungstencrucible atP(N2)=

1 atm. This takesthe form of anintergranularliquid
from thehotterendshows2000 ppmby weight.The phasein the W andleadsto smallpin-holes(up to 5 pm
oxygencontenthasdecreasedby a factor of 7. If this in diameter)throughthe walls of the W crucible,parti-
MN is reheatedin a secondtungstencrucibleat2300°C cularly at the triple-pointswherethree tungstengrains
for 6 h, the oxygencontentcanbe reducedto about meet.The integrity of the crucibleis not immediately
600 ppm.A third run hasgiven a few gramsof A1N ruinedby this grain-boundaryattack.On the average,
with aslittle as 350 ppmof oxygen.ThisA1N islower theAl contentof theW rises to about 1500ppmat
in oxygenthan anyothersamplesmentioned[43] in 2350°C.For shorttimesof about30 mm, sealedW
the literatureby a factorof 6. cruciblescontainingMN havebeenheatedto 2450°C

in an externalN2 pressureof 1 atmwithout grossfail-
ure. Fromtable 1 it canbe seenthat the total internal

6. Sublimationgrowth of singlecrystalMN pressureis slightly greaterthanone atmosphereat
this temperature.With only an externalpressureof

6.1. A1Nusedasthesource one atmosphereof N2 thecruciblesfailed beforewe
reachedtc = 2493°C.

The mostsatisfactorymethodsof growinghigh Rheniumhasbeenused [29] in contactwith A1N
purity A1N singlecrystalsappearto be thosewhere up to 2700°Cwith P(N2)= 100 atm.Above this tern-
MN itself is usedasthestarting material.Sincehigh peraturea liquid phaseformed.In our experimentsa
temperatures(i.e., 1500°Cor above)are required, liquid phaseoccurredat 2380°CwithP(N2) = 1 atm.
contaminationfrom cruciblesis alwaysa problem. At 2370°C theAl contentof the Re due to theabsorp-
By usingan arc image furnace,EvansandDavies[143] tion of M(g) from the MN wasmeasuredas 1000ppm
were ableto growwhiskers 1.6mmlongby 0.02 mm by weight.This is comparableto that foundfor W. The
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Re contentof theA1N was 60 ppmby weight,not much with metalimpurities. The arc-imagefurnacemethod
higher than theW contentwhenW crucibleswereused. [143] maybe evencleaner.In all of the othermethods,
So Re is notsignificantly betterthanW atP(N2) = 1 eithercarbonor oxygenor bothmay endup in the
atm. MN crystals.In theA1N + C systemat high temper-

Carbon(i.e., graphite)cruciblesor furnacetubescon- aturesvapormoleculesof MCN, AIC2, M2C2, C2 and
tamingMN havebeenusedby many [9,25,94,108,129, CN may all exist [135—142]to providecarbonatoms
147—150]people forgrowing A1N crystalsfrom A1N in thevaporfrom which the crystalsaregrowing.The
powder.Class[29] hasshownthatatF(N2) = 100 atm presenceof A1CN in the vaporturnsout to havesig-
no liquid phaseoccursuntil 2800°Cis reached.The nificant importancein commercial[159] A1N furnaces,
main disadvantageof carbonis carbonimpurity in the and is presentin large quantities.Whenthe systemis
crystals. MN + C + A12O3,manymorevaporspeciesare present,

andbothoxygenandcarboncanbe incorporatedinto
6.2. SublimationusingAl orA1203sources .thegrowingcrystalsin varyingratios.Such crystals

Others [9,151—154]have usedAlas thestarting often exhibitbandsof yellow, blue,brown, or color-
chargein graphitecruciblesor tube furnaceswith a lessregionsin rapidsuccession,presumablycausedby
flowing N2 atmosphere.Anothervariantuses [155— rapidchangesin thegasatmosphere.By contrast,the
157] Al203 in graphitefurnaceswith flowing N2 gas. crystalsgrownin W or Re cruciblesare generallyof
Thislatter methoddependson theSerpekprocess uniform ambercolor. Thusbothoxygenandcarbon
[211reaction.This processhasbeenusedcommercial- shouldbe scrupulouslyavoidedin the furnacecon-
ly by the PechineyCompagniefor producingA1N, and structionor in the sourcematerialif highpurity A1N
some of the largestcrystalsof A1N ever produced crystalsare desired.
havebeenaccidentallygrown in their furnaces[158—
160]. Crystalsup to 1.5 cmlongand0.3 cm in dia- 6.4. Sublimationwith a carrier gas
meterhavebeenfound [92,161]. The furnacesare a
meteror morein size, and themassesof the A1N In additionto sublimationin a closedtube in a
chargearegreaterthantensof kilograms.Yet another temperaturegradient,it is possibleto aid thetrans-
crystalgrowing technique[162] usesMN placedin port by useof a carriergas.Onesuchschemeis shown
an M203 tube furnacewith flowing N2 gas. in fig. 4. A thin wall tungstentube 2.5 cm in diameter
6 3 Cr~tiue by 30 cm long is held in a fusedquartzapparatusand

q is heatedby a radio frequencyinductionheater.The

The MN plusW or Re systems,asusedin thislabo- hotzonewith theMN chargeis held at 2000to 2250°C,
ratory,leadto very little contaminationof the A1N thegas streamof NH3, N2 + H2, or pureN2 is passed

AGAS OUTLET
T RF HEATING COIL
I K COOLING WATER
1 GROUND ‘~ “ f OUTLET
r~~O1NT ~ ~ o oo 00 0 oo iflI~O-RING

!~~Y~ALS GAS INLET

TUNGSTEN i 000000/ CVD
SCREEN 0-RING ~ TUNGSTEN

COOLING GAS BAFFLES TUBE
WATER

IN
Fig. 4. Tungstentubefurnaceusedfor growingAIN crystalsin aflowing gasstream.The tungstenwire screenprovidesa largenu-
cleationsurfacefor crystalgrowth.
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over the charge,and thecrystalgrow on theinner walls Furthermore,thehot A1C13vaporreacts[174] with
of the tubeat 1700 to 2000°C.Crystalsup to 1 mm the Si02 walls of theapparatusto give bothoxygen
wide and 1 cm longhavebeengrown in this furnace and siliconcontamination.In severalexperimentsthe
in a time of 6 h. oxygencontentof thepyrolytic A1N films was 2.2

wt%. The methodwasnot pursuedfurther.

6.5. Othersublimationexperiments
7.2. Plasmatorch, rf sputtering,etc.

Extensiveexperimentson sublimationgrowth of A1N
havebeencarriedout by CampbellandChang[108] Severaltechniqueshavebeenemployedto breakup
andby KnippenbergandVerspui [113]. In the Campbell theN2 moleculesbeforecombiningthemwith Al.
andChangexperimentsratherimpure MN powdercon- Smallcrystalsof MN havebeengrownin a N2—C12
tamingbothcarbonandnitrogenimpuritieswasused, low-pressureplasmatorchby Vepreket al. [175]. No
temperaturesof 1950 to 2200°Cwere employed,and dataon purity or perfeátionwere given.The crystals
graphitecrucibleswere used.Cruciblesof Ta, Mo, SiC, were quitesmall in size.Theliteratureon similar
andM2O3 were also tried,but were mostlyunsuccess- techniquesfor thin films is fairly extensive[176—184];
ful. Plate.likecrystalsup to 1 mm acrosswere produced noneof theseseemapplicableto thegrowthof large
in thegraphitecrucibles.No impurity analyseswere crystalsof A1N. In all of themthe masstransportper
madeon thesecrystals.butan extensivereportof crystal unit time is quite small.
morphologywas made[108].

The experimentsof KnippenbergandVerspuiwere 7.3. Flux growth
carriedoutbetween1800 and2300°Cin graphitecm-
cibles.Sometimes[46] tantalumnitride linerswere Becauseof the difficulties associatedwith thegrowth
usedinsidethe graphitecrucibles.Sometimescrystals of A1N by sublimationat high temperatures,it would be
were grown on MN andsometimeson SiC plateletsas attractiveto reducethe temperatureby usingprecipi-
substrates.Crystalsup to a fewmillimetersin size were tation of A1N from a suitablesolventor flux at lower
produced.Somestudieson thesecrystalshavebeenre- temperatures.Liquid iron is a solvent [185—187].
ported[163]. Whiskersof A1N havebeengrown [156,188] from

dropsof liquid Fe by thevapor—liquid—solidor VLS
mechanism.

7. Other growth techniques Growth of MN from liquid iron hasbeentried in
this laboratory.High purity iron with the additionof

7.1. Vaporcracking a fewpercentof highpurity aluminumwas meltedin
a hot-pressedA1N crucible andheldat a temperature

A variety of techniquesotherthan sublimationare of 1600to 1700°Cfor 6 h. Oneexperimentwasrun
of possibleuse for MN. A commonmethodusedfor in NH3 gas at I atmpressure,anda secondwasrun in
makingthin films of A1N is to use thealuminumhalide— N2 gas at 82 atm. In bothcases,the amountof A1N
ammoniacomplexessuchas MX3 NH3. They are de- transportedwas discouraginglysmall. Somewater
composedat temperaturesof 800 to 1500°Con heated white crystals 1 mm by 0.1 mmweregrown. The
substratesto yield MN. Thismethodwasusedby Tiede nitrogensolubility is low [186] andincreasesonly as
et al. [98], andby numerousothers [2,164—171] since. ‘.,/P(N2). In order to increasethenitrogensolubility,
The trimethylaluminumveisionhasbeentried by an alloy of 40% Fe plus60%Mn washeld at 1400°C
severalpeople[172,173]. Thesemethodsproduce in a small temperaturegradientfor 76 h in aP(N2)of
thin films of MN at a slowrateof 1 to 30 pm/h.The 5 X 1 0~atm in a high-pressurepress[189]. A number
films usuallycontainexcesschlorine [171] asan im- of 0.1 mmsizecrystalsof MN weregrown.Theywere
purity aswell as oxygen,andmaycontaincarbonif waterwhite in color buthadsubstantialamountsof
A1(CH3)3 is used[172, 173]. Oneof the seriouspro- Mn in them,whichproducesa characteristicorange-
blemsencounteredwhenthis methodwastried in this redluminescence.
laboratorywastheunavoidablepickup of oxygen. CampbellandChang[108] reportan attemptto



GA. Slack, T.F. McNelly / Growth of high purityA1Ncrystals 273

grow A1N from moltenNa3MF6,cryolite. The solvents 8. Characterization of MN crystals
Li3N, Mg3N2, andCa3N2havebeenused[190,191]
for growingBN crystalsat highpressures.MoltenCa3N2 Severaldifferentphysicalmeasurementshavebeen
hasbeenusedby Dugger[192] for growingA1N crys- madeonthesinglecrystalsandon the polycrystalline
talsin sealedcruciblesat or below 1600°C. aggregatesgrownin this laboratory.PureA1N has

extrapolated[92] lattice parametersof a0 = 3.1127±

0.0003 c~= 4.9816±0.0005A at 25°C.TheX-ray
i.’t. Chemicallyaidedvapor transport . . 3

densityof pureA1N is [92] 3.255 gJcm at roomtem-
perature.Wehavemeasuredflotationdensityat room

In orderto reducethe temperatureneededfor MN temperatureof MN singlecrystalsas 3.260±0.001
growthbelow 2000°C,it may be possibleto usea g/cm

3 for sampleR169(seeref. [92]) grownby
variety of chemicaltransportreactions[193]. Some Pechiney[158]. The calculatedX-ray densityfor this
experimentsusing Cl at 1200°Cin sealedtubeshave particularcrystalwas 3.257±0.001 g/cm3.The flota-
beenreportedby Chu et al. [194]. Thetransport tion densitywas 3.261±0.001 g/cm3 for thesamples
rateswerevery small.The mostpromisingtransport in fig. 5. Samplesgrown by sublimationin a flowing
system,basedon work donein this laboratoryap- N

2 + H2 gas streamhada densityof 3.257 ±0.001
pearsto be one usingMF asthe carriergas.The reac- g/cm

3.The densitydifferenceof 0.004g/cm3 between
tion is thesetwo samplesis a realeffect,andis probablyre-

lated to a differencein purity or stoichiometry.These
A1F

3 + 2 A1N ~ 3 A1F + N2. (10) densitieswere determinedby makinga liquid mixture

The reaction of CH212 (diiodomethane)andC6H6(benzene)inwhich thecrystalswould justbarelyfloat or sink. The

MF3 + 2 Al ~ 3 A1F (11) liquid densitywasthen measuredby using a weighing
bottle.

hasbeenstudiedby Ko et a!. [52]. By combiningtheir
resultswith the thermodynamicdata [32] forMN,
one cancalculatethequilibrium constantfor eq.(10).
The equilibriumconstantis unity at 1760°C.This
meansthatMF3 gas canbeusedto transportMN
from a sourceat a highertemperatureto a sinkat
lower temperature.Crystalsof MN cangrow at a sink
temperatureof 1500to 1700°C.Onesuchsetupin
this laboratoryinvolved an 8 cm longsealedtungsten
tube about1 cm in diameterplacedin a two-zone _________

furnace.The hotter zone,at one end,is the location _____

of the MN powdersourceat about1800°C.Thecol-
der~zone,theotherend,holdsMF3 powderat about
1200°Cwith a vaporpressureof about0.36atm.The
A1F3 vaporreactswith the solid A1N at 1800°Cto give
MF andN2. The reactionproductsdrift downthe
temperaturegradientto about1600°Cwherethey re-
form togive A1N andMF3.A substantialamountof
MN was transportedin 6 h time.An X-ray analysis _______

showedthe correctlattice parameters.The presence
of largeamountsof F in thegasphasedid not alter ________

the crystalstructureor thelatticeparameters.All of
thecrystalsformedwere verysmall, sothatcontrol Fig. 5. Somecrystalsfrom furnacein fig. 3. Thescaledivisions
of nucleationmay be a problemwith this method. are 1 mmapart.
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The indentationmicrohardnessof someof theMN Thetwo phononabsorptionregion hasbeenstudied
singlecrystalsfrom fig. 5 hasbeenmeasuredas 1200 by PastrnakandHejda[19] andby Collins et al. [15].
to 1550kg/mm2 in roomair at roomtemperature. Theabsorptionpeakat 7= 1990 cm~in fig. 6 is
Thesevaluesare in generalagreementwith valuesin causedby the generationof threetransverseoptic
the literature [9—11]. phonons.Between2500 ~ 17 ~ 43,000cm1pure,

Thethermalexpansionof MN hasbeenmeasured stoichiometricA1N shouldshowno optical absorption,
[7], andis comparablein magnitudeandtemperature i.e. theabsorptioncoefficient,a,shouldbe<1 cm~.
dependenceto othercrystalswith a diamond-like The steeprise for17>43,000cm~is basedon the
crystalstructure. work of Yim et al. [2] on thin films. The residualab-

Crystalsup to 3 mmlongand 1 mmhavebeen sorptionfor 5000 ~i~Z 43,000cm1 where 1 ~ a ~
grownin this laboratoryby sublimationof A1N pow- 10~cm1 is shown in moredetailin fig. 7. Herethe
derin sealedtungstencrucibles.Threecrystalsgrown resultson a numberof samplesmadein this laboratory
this wayare shownin fig. 5. They areclear,transparent, areshown. The dominantdefectsin thesesamplesare
andamberyellow in color. Crystalsgrown in rhenium oxygenimpuritiesanddeviationsfrom stoichiometry.
cruciblesarethe samecolor. Theyellow colorationis Fig. 7 shows,asin samplePF,a broad,featurelessab-
probablycausedby a nitrogendeficiencyin the lat- sorptionrising from a= 1 cm~at17 = 6000 cm’ to
tice.This deficiencymay be causedeitherby nitrogen a~ 1~ cm’ for i7 ~ 40,000cm~.In additiona
vacanciesor aluminuminterstitials.The excessaluminum peakoccursin othersamplesat 7 23,070cm~super-
theoryhasbeenproposedpreviously [17,129]. A imposedon topof the featurelessrise.
typical optical absorptioncoefficientversusphoton Lagrenaudie[1281hasseenan absorptionbandin
wavenumbercurvefor MN is shown in fig. 6. The lat- MN at p= 25,000cm~,butmadeno assignmentas
tice phononbands[15,18,19] producethe absorption to its cause.PastrnakandRoskovcova[6] found ab-
fori7valuesbelowi7=2000cm1. sorptionbandsat17°36,540cm’ and38,720cm~
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Fig. 6. Opticalabsorptioncoefficientversusphoton wavenum- 5 10 20 30 40 50

berfor MN. The3TO peakin theinfrared is clearlyvisible. PHOTON WAVENUMBER, I0~cm~

The peakat~ = 23,070cm-i (2.86eV) is probablycausedby Fig. 7. Optical absorptioncoefficientversusphotonwavenum-
oxygenimpurities. The fundamentalabsorptionedgeoccurs ber for MN. Seetable2 for a descriptionof thesamples.The
atF = 50,000 cm~(6.2eV). absorption-edgeline is anextrapolationof datafrom ref. [2].
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Table2 TheseveralW samplesin fig. 7 haveonly oxygen
Opticalabsorptionsamples ________ __________- as themajor impurity. In addition, they mayhavea

variableconcentrationof N vacancies.Impuritiessuch
Sample Growth Oxygen Oxygen

temperature content concentration asB, Be, C, Si, 5, etc.havebeencarefullyexcluded.
(°C) (wt%) (atoms/cm

3) Fromfig. 7 it is clear that theabsorptionon the low
energysideof the edgeis extrinsic andvariesfrom

W-2 2090 >0.5 >6 X 1020 sampleto sample.This resultis in agreementwith
W18 2130 0.16 2.0 X 1020 bandstructurecalculations[3—5]whichpredicta
W-25 2300 0.054 0.66 X 1020 .
W-39 2330 —~ 08 ~ ~ 10~° direct bandgap for MN, andhencea sharplyrising
PF 1000 absorptionedge.The two featuresof theextrinsic
P(R169) >1700 0.2 ±0.1 (3 ±2) x 1020 absorptionare the broadbandextendingfrom
CC —2000 ? ? 6,000~ 43,000cm1and therathersharppeak

at 17 = 23,070cm~or 2.85 eV. Oneof thesefeatures
is probablycausedby oxygen,the otherby nitrogen

which they attributedto oxygen.Kawabeet al. [17] vacancies.If theW-2 throughW-39seriesis examined,
andCoxet al. [129] found a bandat17 = 22,600cm~ andif it is assumedthat the concentrarionof N vacan-
whichthey attributedto excessaluminum.Yim et at ciesis greaterat thehighergrowingtemperatures,
[2] foundonly a broad,featurelessrise in 17 over the then theheight of the peakat 23,070cm~(above
range29,000~ 43,000cm1. Fromtheseprevious background)seemsto correlatewith the oxygencon-
resultsit is ratherdifficult to ascertainthe causeof the centration,while the magnitudeof the broadback-
extrinsicabsorptionin fig. 7. Let us seewhat canbe groundabsorptioncorrelateswith the N vacancycon-
concludedfrom an analysisof the samplesstudiedin centration.
fig. 7 aslistedin table 2. ThesamplesW-2, W-18, W-25
werepolycrystallinedepositsgrown in tungstencruc-
ibles. The tungstensubstrateonwhich theygrew was 9. Conclusions
etchedaway,andthe depositswerepolishedto obtain
successivelythinnerpiecesfor the optical measure- (1) It is possibleto makehighpurity A1N powder
ments.SampleW-39 waspreparedsimilarly, but it from Al metalusingMF

3 as an intermediatecom-
was grownin a Re-linedW crucible.SamplePFwasa pound.If surfaceoxidationof thepowderis avoided,
0.007cm thick polycrystallinedepositgrownon Pt at it appearsto produceMN with only 100 ppm of oxy-
1000°Cfrom a mixtureof MF3 gasandNH3gas.it gen andloweramountsof otherimpurities.The purest
wasproducedaccidentallyduring the conversionof MN madein this laboratoryhas350ppm oxygen.
A1F3 to MN in thePt—Rhtube furnace,seefig. 2. (2) Single crystalsof MN up to a few millimeters
SamplePwas cut from asinglecrystalof A1N grown in sizehavebeengrownby gasphasetransport.Both
by Pechiney.It was a particularlyclearsectionalmost openandsealedtungstentubeshavebeenused.The
water white in color. Thecrystal is the sameas crystal crystalsare yellow-brownor amberin color.
Rl69 measuredby Slack [92]. SampleCC was a (3) Optical absorptionstudiesindicateextrinsicab-
singlecrystalof A1N grown by CampbellandChang sorptionon the low energyside of the opticalband
[108]. This crystalhadbothclear anddarkblue bands gap at 6.2 eV. Somecombinationof oxygenimpurities
in it. The spectrumgiven in fig. 7 is for a clearsection andnitrogenvacanciesappearto be responsiblefor
of the crystal.The dashedline labelededgeis theex- the absorptionseenin thepresentsamples.
trapolatedabsorptionedgefrom Yim et al. [2]. Sam-
ples Pand CC probablycontainbothoxygenandcar-
bon asimpurities. This assumptionis basedon a know- Acknowledgments
ledgeof the way in which they weregrown. SampleP
actuallyhas3 ±2 X 1020oxygenatomsper cm

3. These The authorswould like to thankW.S. Knappand
two samplesare notcharacteristicof pureA1N, but P.P.Friguletto,Jr. for considerablehelp in all phases
areshownfor comparison, of this work. Thanksare alsoextendedto R.B.
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